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ABSTRACT

Adenovirus is the most prevalent enteric virus in waters worldwide due to its environmental stability, which leads to public
health concerns. Mitigation strategies are therefore required. The aim of this study was to assess the inactivation of human ade-
novirus type 5 (HAdV-5) by gamma radiation in aqueous environments. Various substrates with different organic loads, includ-
ing domestic wastewater, were inoculated with HAdV-5 either individually or in a viral pool (with murine norovirus type 1
[MNV-1]) and were irradiated in a Cobalt-60 irradiator at several gamma radiation doses (0.9 to 10.8 kGy). The infectivity of
viral particles, before and after irradiation, was tested by plaque assay using A549 cells. D, , values (dose required to inactivate
90% of a population or the dose of irradiation needed to produce a 1 log,, reduction in the population) were estimated for each
substrate based on virus infectivity inactivation exponential kinetics. The capability of two detection methods, nested PCR and
enzyme-linked immunosorbent assay (ELISA), to track inactivated viral particles was also assessed. After irradiation at 3.5 kGy, a

reduction of the HAdV-5 titer of 4 log PFU/ml on substrates with lower organic loads was obtained, but in highly organic ma-
trixes, the virus titer reduction was only 1 log PFU/ml. The D, , values of HAdV-5 in high organic substrates were significantly
higher than in water suspensions. The obtained results point out some discrepancies between nested PCR, ELISA, and plaque
assay on the assessments of HAdV-5 inactivation. These results suggest that the inactivation of HAdV-5 by gamma radiation, in
aqueous environments, is significantly affected by substrate composition. This study highlights the virucidal potential of gamma
radiation that may be used as a disinfection treatment for sustainable water supplies.

IMPORTANCE

Human adenovirus (HAdV) is the most prevalent of the enteric viruses in environmental waters worldwide. The purposes of this
study are to provide new insights on the inactivation of enteric virus by gamma irradiation and to introduce new concepts and
reinforce the benefits and utility of radiation technologies as disinfection processes. This may be an effective tool to guarantee
the reduction of viral pathogens and to contribute to public health and sustainable water supplies.

H uman enteric viruses infect and replicate in the gastrointesti-
nal tract of their hosts. Individuals suffering from viral gas-
troenteritis may excrete about 10° to 10'" viral particles per gram
of stool, consisting of various genera of viruses, such as adenovirus
(AdV), norovirus (NV), enterovirus, or rotavirus (1). The dis-
charge of inadequately treated sewage effluents is the most com-
mon source of enteric viral pathogens in aquatic environments.
The persistence of enteric viruses in environmental waters and
their tolerance to disinfection often lead to outbreaks of human
infections through the contamination of food and drinking
and recreational waters (1).

The detection and control of enteric viruses in waters remain
challenging. As one of the few enteric viruses with a double-
stranded DNA (dsDNA) genome, human adenovirus (HAdV) is
known for its high stability and persistence in aquatic environ-
ments compared to other viruses (2, 3). The adenovirus is recog-
nized as the most prevalent enteric virus in waters worldwide,
which can cause serious implications for public health (4). Adeno-
viruses are nonenveloped viruses and are about 65 to 80 nm in
diameter. The viral genome is a single linear dSDNA molecule (34
to 48 kb) that is surrounded by a complex icosahedral capsid and
a nucleoprotein core (5). There are 51 adenovirus serotypes, di-
vided into 6 subgroups (A to F), that can cause infection in hu-
mans, including clinical manifestations in the gastrointestinal
tract, respiratory tract, and urinary tract as well as in the eyes (6,
7). Viral infections can occur worldwide throughout the year (1).
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Adenoviruses in drinking and recreational waters are considered
to constitute a potential health risk because water may play a
meaningful role in the transmission of many of the serotypes,
specifically the enteric human adenovirus (HAdV), which is typ-
ically transmitted by the fecal-oral route (6, 7, 8). The study of
enteric adenoviruses, types 40 and 41, is limited by the complica-
tions associated with in vitro conditions. Adenovirus types 2 and 5
(nonenteric types) are more often used in laboratory research.
HAdV-2 and HAdV-5 are attractive model systems for laboratory
studies since they are more easily assayed in cell culture-based
systems and can be grown to higher titers (9, 10).

HAJV can be infectious at low concentrations, and it is docu-
mented to be the most UV-resistant virus. HAdV is also resistant
in water to monochloramine and other common chemical disin-
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fection methods. Adenoviruses are waterborne opportunistic
pathogens that have been detected in tap and treated drinking
water, surface water, coastal seawater, swimming pool water, and
treated and untreated wastewater (6, 11, 12, 13, 14). Adenovirus
outbreaks have been largely associated with water contamination
and human consumption. Therefore, HAdVs have emerged as
waterborne pathogens of health concern (10, 15).

The development of alternative or complementary disinfec-
tion technologies with enhanced efficacy against viruses is impor-
tant for sustainable water supplies (9). Ionizing radiation has
emerged as an alternative method to ensure the safety of drinking
water and to reduce the wastewater-linked contamination of fresh
food products (16, 17). The explanation for the effect of gamma
radiation on viruses is still unknown. It is believed that the mech-
anism of virus inactivation is based on the damage of nucleic acid
strands and viral coat proteins (18). Despite the existence of dif-
ferent molecular and structural targets, the radiosensitivity of vi-
ruses seems to be also related to several external factors, such as the
composition of the medium. The efficiency of gamma rays seems
to be impaired by the presence of solutes (scavengers), which react
with free radicals (indirect effect of gamma rays on aqueous solu-
tions), so ionizing irradiation of viruses is less effective in high-
protein-content substances (19).

The present work was carried out to contribute to the body of
knowledge on the inactivation patterns by gamma irradiation of
human adenovirus type 5 (HAdV-5) in different aqueous envi-
ronments. Seven aqueous irradiation matrices, with different or-
ganic loads, were tested to study the influence of the substrate
composition on the inactivation of human adenovirus. The sub-
strates were chosen to mimic potential scenarios where gamma
radiation may be used as a disinfection tool for human enteric
viruses, namely, in drinking, recreational, and wastewater treat-
ments. Furthermore, we investigated the effect of gamma radia-
tion on the cell culture assay of HAdV-5 and the capabilities of two
detection methods, nested PCR and enzyme-linked immunosor-
bent assay (ELISA), to detect the presence of infectious viral par-
ticles after inactivation. The intended purposes of this study are to
provide new insights on the inactivation of enteric viruses by
gamma irradiation and to introduce new concepts on the utility of
radiation technologies as effective tools to guarantee the reduction
of viral pathogens. This study reports the inactivation patterns of
human adenoviruses in different aqueous matrices by gamma ra-
diation.

MATERIALS AND METHODS

Viruses and cell cultures. Human adenovirus type 5 (HAdV-5; ATCC
VR-1516) was propagated in confluent monolayers of human lung carci-
noma cells A549 (ATCC CCL-185). Murine norovirus type 1 (MNV-1)
strain P3 (kindly provided by Christiane E. Wobus at the University of
Michigan Medical School, USA) was propagated in confluent monolayers
of mouse macrophages Raw 264.7 (ATCC TIB-71). Cells were maintained
at 37°C and 5% CO, in Dulbecco’s modified Eagle medium (DMEM;
Gibco, Life Technologies, Paisley, United Kingdom) supplemented with 1
mM L-glutamine, 10% fetal bovine serum (FBS) (heat inactivated; Gibco,
Life Technologies, Carlsbad, CA, USA), 1 U/ml penicillin, 100 pg/ml
streptomycin, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids,
and 1 mM HEPES bulffer.

To prepare HAdV-5and MNV-1 stocks, confluent A549 cells and Raw
264.7 macrophages, respectively, were infected with inocula containing
10° PFU/ml. After 1 h of incubation at 37°C with mild agitation, the
cellular monolayer was washed twice with phosphate-buffered saline
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(PBS) solution, and supplemented DMEM was added. The viruses were
harvested after 7 days and 3 days postinfection for HAdV-5 and MNV-1,
respectively, by three freeze-thaw cycles at a low centrifugation of 3,000
rpm (Beckman J2-21M, rotor J20-1) for 30 min at 18°C. The resulting
supernatants were aliquoted and stored at —80°C.

Sample preparation. Tap water (pH 7.6) was collected from the lab-
oratory, and deionized filtered water (DI) (pH 8.0) was produced by the
Milli-Q system (Millipore). Ten percent and 50% solutions of heat-inac-
tivated fetal bovine serum (FBS) (pH 7.7; Gibco, Life Technologies, Carls-
bad, CA, USA) were prepared in phosphate-buffered saline solutions (pH
7.2). Wastewater (pH 5.8) was collected before tertiary treatment from a
municipal wastewater treatment plant (Barreiro, Portugal).

Chemical oxygen demand (COD), a routine parameter used to indi-
cate the total organics in water and wastewaters, was measured for tap
water, FBS, and wastewater samples before inoculation according to the
closed reflux titrimetric method described in reference 20. All of the tested
solutions were filter sterilized using a nitrocellulose membrane of 0.2 pm
pore size (Sartorius).

HAAV-5 virus stock (10" PFU/ml) was inoculated into 1 ml of PBS,
deionized filtered water, tap water, FBS, aqueous solutions of 10% and
50% of FBS, and wastewater to achieve an inoculation level between 10°
and 10° PFU/ml. For the viral pool samples, HAdV-5 virus stock (10'*
PFU/ml) and MNV-1 virus stock (108 PFU/ml) were inoculated into 1 ml
of tap water, FBS, and wastewater to achieve an inoculation level between
10° and 10° PFU/ml.

Irradiation process. The irradiations were performed at room tem-
perature in a Cobalt-60 experimental chamber (Precisa 22; Graviner
Manufacturing Company Ltd., United Kingdom; 1971) with an activity of
165 TBq (4.45 kCi) and a dose rate of 1.6 kGy/h at Campus Tecnolégico e
Nuclear (Bobadela, Portugal). The dose rate was determined by Fricke
dosimetry (21).

For plaque assays and nested PCR, the spiked samples of deionized
filtered water, tap water, and PBS were irradiated to gamma radiation
doses of 0.9 kGy to 3.5 kGy; FBS virus suspension samples (100%, 50%,
and 10%) were irradiated at 3.2 kGy to 10.8 kGy; and spiked wastewater
samples were exposed to gamma radiation doses of 1.0 kGy to 4.5 kGy.

For enzyme-linked immunosorbent assay, the spiked tap water and
wastewater samples were irradiated to gamma radiation doses of 1.8 kGy
and 3.6 kGy, and FBS virus suspensions were irradiated to gamma radia-
tion doses of 3.6 kGy and 10.7 kGy at a dose rate of 1.6 kGy/h.

Absorbed doses were measured by routine dosimeters (batch X; Am-
ber Perspex Harwell, London) with nominal uncertainty limits of about
2.5% (22). For each set of assayed conditions, one sample was irradiated
per gamma radiation dose, and two independent irradiation batches were
performed. An average uniformity of dose (maximum dose [D,,,, ]/min-
imum dose [D,;,]) of 1.1 was obtained. Nonirradiated spiked samples
(0 kGy) followed all of the assays.

HAdV-5 plaque assay. The HAdV-5 plaque assay was performed in
A549 cells. Briefly, cells were seeded into 60-mm plates at a density of
7.5 X 10° cells per plate. After 24 h of incubation at 37°C and 5% CO,,
cellular monolayers were infected with 300 .l of 10-fold serial dilutions of
nonirradiated and irradiated HAdV-5 samples. Triplicates were made for
each sample. Then, they were incubated for 1 h at 37°C and 5% CO,, with
mild agitation every 15 min. After removal of the inoculum, cells were
overlaid with 3 ml of overlay medium (2X DMEM) with 0.5% agarose
(SeaKem ME; Lonza, Rockland, ME, USA). After incubation for 72 h, a
second 1.5-ml overlay of 2X DMEM with 0.5% agarose was added.
Plaques were subsequently counted 8 to 24 h after a third agarose overlay
(1.5 ml) with 1% of a neutral red solution (3.3 g/liter; Sigma, St. Louis,
MO, USA). Virus titer was expressed in PFU per milliliter of substrate
(PFU/ml).

Adenovirus DNA extraction and nested PCR. Viral genomic DNA
was extracted from nonirradiated and irradiated HAdV-5 suspensions
using the PureLink Viral RNA/DNA kit (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s recommendations. A total of 200 .l of
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FIG 1 Survival curves to gamma radiation of human adenovirus type 5
(HAdV-5) for several suspension matrices: phosphate-buffered saline (PBS),
deionized filtered water (DI water), tap water, 100% solution of fetal bovine
serum (FBS), 50% solution of FBS in PBS (50% FBS), 10% solution of FBS in
PBS (10% FBS), and wastewater collected from a municipal wastewater treat-
ment plant before tertiary treatment. Error bars correspond to the standard
errors about the mean values (n = 6).

unpurified virus sample suspensions (nonirradiated and irradiated) was
used for DNA extraction, and the purified nucleic acids were eluted in 15
.l of RNase/DNase-free water. Nested PCR was performed using MyTaq
HS Red DNA polymerase (Bioline, London, United Kingdom). Two
primers were used to flank an outer 301-bp fragment of the adenovirus
hexon gene, Hex1deg 5'-GCC SCA RTG GKC WTA CAT GCA CAT C-3'
and Hex2deg 5'-CAG CAC SCC ICG RAT GTC AAA-3'. The nested
primer pair, nehex3deg (5'-GCC CGY GCM ACI GAI ACS TACTTC-3")
and nehex4deg (5'-CCY ACR GCC AGI GTR WAI CGM RCY TTG TA-3'),
produced a 171-bp amplimer (23). The Ist-round reaction was performed
in a 50-pl reaction mixture containing 10 pl of reaction buffer 5%, 0.5
M each primer, 1 U of MyTaq polymerase and 5 .l of DNA template.
One-tenth of the PCR mixture was subjected to nested PCR in an identical
mixture but with nested primers. The first-round and second-round cy-
cling conditions were as follows: initial temperature of 95°C for 5 min
followed by 40 cycles of 95°C for 30 s, 56°C for 30 s, 72°C for 30 s, and a
final temperature of 72°C for 5 min. The amplified products were ana-
lyzed individually by 2% agarose gel (stained with gel red; Biotium, Hay-
ward, CA, USA) electrophoresis at 80 V.

Enzyme-linked immunosorbent assay. Enzyme-linked immunosor-
bent assay (ELISA) was performed using the Ridascreen adenovirus kit
(R-Biopharm, Darmstadt, Germany) according to the manufacturer’s
recommendations. Briefly, HAdV-5 stock was inoculated into 1 ml of tap
water, FBS, and wastewater to achieve an inoculation level of approxi-
mately 10° PFU/ml. Aliquots of 100 ul of nonirradiated and irradiated
unpurified virus suspension samples were used for ELISA protocol. The
samples were tested in duplicated. Absorbance was measured by a micro-
plate reader, EZ Read 800 (Biochrom), at 405 nm, using 620 nm as a
reference.

Data analysis. Origin software version 7.5 (OriginLab Corporation,
Northampton, MA, USA) was used for data analysis. Virus infectivity
determined by plaque assay was expressed as the mean log titer plus or
minus the standard error. D, (measured in kGy), which is the gamma
radiation dose required to reduce a virus titer by 1 log,,, was calculated
from the linear regression model of the log of the surviving fractions.
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Statistically significant differences for D, values were evaluated by a par-
allelism test (24) at a 0.05 significance level. ELISA results were expressed
as the mean percentages of the relative binding of antibody HAAV related
to nonirradiated samples plus or minus the standard error. These data
were subjected to analysis of variance (ANOVA), and significant differ-
ences among the means were determined by Tukey’s post hoc test at a
P of <0.05 significance level.

RESULTS

The inactivation of HAdV-5 by gamma radiation in different
aqueous substrates was tracked using three methods: plaque assay,
nested PCR, and enzyme-linked immunosorbent assay (ELISA).

Plaque assay infectivity assessment. When a suspension of a
microorganism is irradiated at incremental doses, the number of
surviving microorganisms after each incremental dose may be
used to construct a dose survival curve, that is, a log variation of
the surviving fractions in function of the absorbed radiation dose
(kGy). Such radiation survival curves in most cases follow expo-
nential kinetics. Figure 1 shows the logarithmical target viruses’
titer reduction measured by plaque assay after irradiation at sev-
eral gamma radiation doses for each tested substrate.

Seven aqueous matrices, with different organic loads (<50 mg
O,/liter to 60,532 mg O,/liter) (Table 1), were tested in order to
find out the influence of substrate composition on the inactivation
of human adenovirus. This approach intended to mimic potential
application scenarios where gamma radiation can be used as a
disinfection process for human enteric viruses, namely, in drink-
ing, recreational (pH 7.2 to 7.8), and wastewater treatment.

The inactivation of HAdV-5 by gamma radiation in the ana-
lyzed matrices appeared to follow exponential inactivation kinet-
ics, although the virucidal point turned out to be quite different
among the matrices. A maximum reduction of 4 log PFU/ml of
HAdV-5 titers was obtained after irradiation of PBS, deionized
filtered water, and tap water viral suspensions at 3.5 kGy. At this
radiation dose, only 1 log PFU/ml reduction of HAdV-5 infectiv-
ity was observed for the inoculated FBS solutions. It was necessary
to increase the dose to 10 kGy to obtain a 4 log PFU/ml decrease in
the virus titer. However, HAdV-5 in wastewater presented an in-
termediate radioresistance corresponding to a reduction of 2 log
PFU/ml after irradiation at 3 kGy. Therefore, the virus demon-
strated distinct patterns of radioresistance due to the different
matrices: tap water (sensitive), wastewater (intermediate), and
FBS (resistant).

TABLE 1 D, values of human adenovirus, individually or pooled, in
different substrates

D,, values
COD (HAdV-5) * standard
Substrate (mg O,/liter) error (kGy)®
Phosphate-saline buffer, pH 7.2 <50 09*01A
Deionized filtered water, pH 8.0 <50 0.9 = 0.1 AB
Tap water, pH 7.6 <50 1.0 = 0.1 AB
Tap water + 10° PFU/ml of MNV-1 ND? 0.8 = 0.1A
Wastewater, pH 5.8 76 1.3 £ 0.1 BC
Wastewater + 10° PFU/ml of MNV-1 ~ ND 1.6 = 0.1C
100% FBS, pH 7.7 60,532 29*+02D
100% FBS + 10° PFU/ml of MNV-1 ND 29*0.1D
10% FBS ND 32*+02D
50% FBS ND 3.6 *+0.1D

“The D, values that have the same letter are not considered significantly different (P <
0.05).
Y ND, not determined.
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FIG 2 Survival curves to gamma radiation of human adenovirus type 5
(HAdV-5) in the presence of murine norovirus type 1 (MNV-1, human noro-
virus surrogate) for three suspension substrates: tap water, fetal bovine serum
(FBS), and wastewater before tertiary treatment from a municipal wastewater
treatment plant. Error bars correspond to the standard errors about the mean
values (n = 6).

In line with simulating potential actual scenarios and because
the virus can be mixed together with other enteric viruses in the
environment, the infectivity of HAdV-5 was evaluated in the pres-
ence of murine norovirus type 1 (MNV-1) as a human norovirus
surrogate (viral pool) (25). According to the literature, human
adenoviruses (HAdVs) are present at a higher frequency in sewage
than are other enteric viruses (26, 27). Considering this data, a
potential worst-case scenario was assayed where other enteric vi-
ruses coexist at the same concentration as HAdVs. As such, sur-
vival of gamma radiation doses of adenovirus strain pooled with
MNV-1 was analyzed. The pooled viral suspensions were inocu-
lated in tap water, wastewater, and FBS, which demonstrated dis-
tinct patterns of radioresistance for the nonpool cases.

When HAdAV-5 and MNV-1 were inoculated together into the
different matrices, the level of inactivation of HAdV-5 was similar
to that seen in the samples spiked with HAdV-5 alone (Fig. 2).
Namely, after irradiation at 3.5 kGy, reductions of 4 log PFU/ml, 2
log PFU/ml, and 1 log PFU/ml were obtained for tap water, waste-
water, and FBS suspensions, respectively. Therefore, the irradia-
tion of adenovirus particles in a viral pool with MNV-1 seems to
have no significant influence on the resistance of HAdV-5 to
gamma radiation.

In order to characterize organisms by their radiation sensitiv-
ity, the D, value is used. This is defined as the dose required to
inactivate 90% of a population or the dose of irradiation needed to
produce a 1log;, reduction in the population. It can be calculated
using the reciprocal of the slope of the regression linear model of
the survival curve. Table 1 shows the calculated D, values for the
human adenovirus strain in the different analyzed conditions.

The calculated D, values of HAdV-5 ranged from 0.8 kGy (tap
water + MNV-1) to 3.6 kGy (50% FBS). The performed statistical
analyses of survival curves using the parallelism test indicated that
the D, values of HAdV-5 were not significantly different (P <
0.05) between PBS, deionized filtered water, and tap water. How-
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FBS Wastewater

FIG 3 Amplification products of the nested PCR of extracted genomic DNA
from HAdV-5 suspensions in tap water, FBS, and wastewater untreated and
treated with several doses of gamma radiation (0.9 kGy to 10.8 kGy). (A)
Detection of a 301-bp fragment of the hexon gene (1st round of amplification)
of HAdV-5. (B) Detection of a 171-bp fragment of the hexon gene (2nd round
of amplification) of HAdV-5.

Tap water

ever, the obtained D, values for these matrices differ significantly
(P > 0.05) from those estimated for FBS. The D,, values of
HADV-5 in FBS suspensions were not significantly affected by
FBS concentration. The D, values determined for spiked waste-
water were significantly different (P > 0.05) from the PBS and FBS
suspensions. The presence of another enteric virus (MNV-1) did
not appear to have a significant sensitizing or protective effect on
the HAdV-5 response to gamma radiation in the matrices tested.

Nested PCR assessment. PCR has become the most well-es-
tablished method for detecting or identifying enteric viruses in a
very large set of biological and environmental samples (23). In this
study, PCR detection of HAdV-5 was assessed to track the inacti-
vation of the virus in suspensions treated by gamma irradiation.
Figure 3 presents the representative results of the final products of
the nested PCR, which amplifies part of the coding region of the
hexon gene. As shown in Fig. 3A, in the 1st round of nested PCR,
the intensity of the amplified fragment (301 bp) is similar for all of
the nonirradiated samples (untreated) despite the inoculated sub-
strate. This fact can indicate the absence of inhibitory effects of the
technique in the tested matrices. With an increase in the absorbed
gamma radiation dose, a decrease was observed in the intensity of
the amplicon compared with the untreated controls. However,
with FBS viral suspensions, the intensity of the amplification sig-
nal seems to be equivalent for spiked FBS suspensions irradiated at
3 kGy and 10 kGy. Moreover, the signal was only detected in the
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FIG 4 Qualitative detection by ELISA using a monoclonal antibody to the
hexon antigen of human adenovirus types of HAdV-5 suspensions on FBS, tap
water, and wastewater that were untreated (0 kGy control) and treated with
different doses of gamma radiation (1.8 kGy, 3.6 kGy, and 10.7 kGy). Bars
represent the relative percentage to control HAdV-5 antibody binding. Error
bars correspond to the standard errors about the mean values of three repli-
cates (n = 3). ¥, negative result according to the manufacturer’s instructions.
Values with the same letter are not significantly different at a P value of <0.05.

first round of nested PCR in nonirradiated tap water samples con-
taining virus.

After the 2nd round of nested PCR, amplification yielded pos-
itive results for all of the tested samples with the amplification of a
171-bp hexon fragment (Fig. 3B). All of the amplified products
appeared to have similar intensities, including the ones resulting
from irradiated samples.

ELISA assessment. The presence and the infectious potential
of HAdV on irradiated suspensions were also assessed by a com-
mercial ELISA, which employs a monoclonal antibody (MAb) to
the hexon antigen of human adenovirus types. The results are
shown in Fig. 4. The relative binding of the HAdV monoclonal
antibody (HAdV MAD) was calculated based on the obtained val-
ues for nonirradiated control samples, which were considered to
correspond with 100% of binding HAdV MAbs. The detection of
HAJdV-5 viral particles in irradiated FBS suspensions was signifi-
cantly different (P > 0.05) from the control. This result may in-
dicate the inactivation of HAdV-5 virions by gamma radiation,
although no significant difference (P < 0.05) was observed be-
tween the detectable signals of FBS-spiked suspensions irradiated
ateither 3.6 kGy and 10.7 kGy. The recognition signals of HAdV-5
decreased significantly (P > 0.05) with the gamma radiation dose
applied to tap water and wastewater viral suspensions and were
not detected after irradiation at 3.6 kGy (negative result according
to the manufacturer’s instructions). Moreover, the detection sig-
nals of HAdV-5 viral particles by ELISA for the same dose of 3.6
kGy were significantly different (P > 0.05) between the three
tested irradiation matrices. The wastewater substrate seemed to
provide an intermediate level of protection to the viral hexon pro-
tein against radiolysis compared to tap water and FBS, which pre-
sented sensitizing and radioprotective effects, respectively.
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DISCUSSION

Inactivation patterns of human adenovirus. In this study, we
document new evidence about the reduction of viral contami-
nants in aqueous environments by gamma radiation, which is to
be further used as a disinfection treatment. Specifically, this work
generated data about the inactivation of human adenovirus in
different aqueous matrices by gamma radiation. The selected ma-
trices were used as potential application scenarios, where irradia-
tion can potentially be used to mitigate the presence of enteric
viruses, specifically in drinking and recreational waters as well as
in wastewaters. However, at the same time, the matrices should
not be very complex in order to correctly identify the factors that
influence the inactivation of the target virus. The results from the
infectivity assessment indicated that, for all of the irradiated viral
suspensions, the number of infectious virions decreased linearly
with an increasing gamma radiation dose (Fig. 1). Gamma rays
have direct and indirect effects on target molecules. They can di-
rectly “hit” the molecule or interfere indirectly via free oxygen
radicals formed after water radiolysis (28, 29). Radioresistance is
assumed to be inversely proportional to the size and complexity of
the organism. A large target is more sensitive to ionizing radiation
than a smaller one. Viruses have very small genomes (compared to
bacteria and fungi), resulting in higher resistance to ionizing ra-
diation than bacterial pathogens (17). To the best of our knowl-
edge, there is only one study that cites D, values for adenoviruses
(30). That study demonstrated that adenoviruses 3, 5, and 12 sus-
pended in Eagle’s minimal medium (MEM) plus 2% FBS required
4.9, 4.4, and 4.6 kGy, respectively, to achieve 1 log reduction.
These D, values are much higher than the ones that we document
in this study. This difference may be attributed to the fact that the
former experiments were conducted at much lower temperatures
(0.5°C). Low temperatures are known to have an increasing effect
on radiation resistance (31).

As shown in Fig. 1, the survival rates of HAdV-5 subjected to
gamma radiation differ among the tested virus suspension matri-
ces. These differences indicate the critical influence of the matrix
on the radioprotection of the viral particle. The results obtained
for matrices with higher organic loads (highly scavenged systems)
like FBS solutions (COD of 60,532 mg O,/liter) suggested that
these matrices offer a more protective environment for the viral
particles with respect to gamma radiation. The organic load of the
substrate may play a protective role, acting like a scavenger,
mainly by diminishing the indirect effect of gamma rays on the
viral particle. In water viral suspensions, the effect of gamma ra-
diation in decreasing the infectivity of HAdV-5 was more pro-
nounced. This can be explained by considering that tap water,
deionized filtered water, and PBS represent substrates with or-
ganic matter at levels that are too low (COD < 50 mg O,/liter) to
allow scavenging or protect against radiolysis.

Inadequately treated wastewaters are among the most impor-
tant means of environmental contamination with enteric viruses
like HAAV (32, 33). Adenoviruses are resistant to the disinfection
methods that are widely used in municipal wastewater treatment
plants (6, 10, 13, 34). It is fundamental to understand the behavior
of these viruses under alternative disinfection technologies, such
as gamma radiation. With this aim, the infectivity of HAdV-5 was
assessed following increasing gamma radiation doses in municipal
wastewater collected before tertiary treatment (since gamma radi-
ation is intended to be applied as a disinfection tertiary treat-
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ment). Also, in an attempt to mimic a real scenario, the varia-
tion of HAAV-5 radioresistance in a viral pool with MNV-1, as
a human norovirus surrogate (25), was studied. The interme-
diate organic load of wastewater (75.7 mg O,/liter), compared
with FBS and deionized filtered water, creates an in-between
context of viral sensitivity to gamma radiation as well. The
obtained results indicate that the presence of another enteric
virus seems to have no influence on the HAdV-5 response to
gamma radiation.

Viral concentrations of 5,000 to 100,000 PFU/liter are com-
monly reported in raw sewage and may be decreased during treat-
ment by only 2 log,, to 3 log,, (35). Despite this reduction in the
viral load of wastewater, the infectious potential of the remaining
enteric virus and its ability to persist in the environment do not
diminish its risk. The present study indicates that it is possible to
achieve higher viral reduction rates with gamma radiation. The
criterion normally set for virucidal efficacy is a 99.9%, 99.99%, or
99.999% reduction in viral load (36). Extrapolating to a potential
application as a disinfection treatment for tap water and wastewa-
ter, the data obtained showed that virus titers can be effectively
reduced by 4 log,, PFU/ml (virucidal efficacy of 99.99%) using
gamma radiation doses of 4 kGy and 6 kGy, respectively. Based on
previous studies, the 6-kGy dose may also attain the elimination of
the coliform load in municipal wastewater (37). Studies on other
irradiation disinfection technologies have shown that a UV dose
(UV fluence) of about 200 mJ/cm? from a low pressure (LP) UV
source (emitting at 253.7 nm) or the addition of 10 mg/liter H,O,
enhancing the UV-induced inactivation with a dose of 120 m]J/
cm? would also achieve a 4 log reduction in adenovirus. This 4-log
inactivation of adenovirus (set by U.S. authorities as the required
goal for groundwater under LP UV) (38) can be reached by using
irradiation at a dose of 6 kGy as a single treatment process without
adding any chemicals, with the added benefit of increasing the
water quality (39).

Detection methods to track adenovirus inactivation. Virion
detection methods are important to ensure our wellbeing, inves-
tigate outbreaks, and devise preventive measures (40). Cell cul-
ture-based methods, such as plaque assays, are classical techniques
commonly used to detect and quantify infectious viruses in envi-
ronmental samples as well as to analyze the viability of viruses after
treatment with disinfection agents. However, they are time-con-
suming, and not all viruses produce clear cytopathic effects
(CPEs) or plaques as occurs with some adenovirus serotypes (41).
Alternative methods to quantify and detect infectious enteric vi-
ruses in environmental samples should be assessed. The applied
PCR and ELISA detection methods are used as molecular detec-
tion methods in diagnostic and viral identification from environ-
mental samples (13, 14, 42, 43). In this study, the capabilities of
these simpler methods to track the inactivation of an adenovirus
strain by gamma radiation were evaluated. The results of this
study point out some discrepancies between nested PCR and
plaque assay assessments. For example, negative results in the first
round of nested PCR were obtained for tap water and wastewater
viral suspensions irradiated at 3.5 kGy and 4.5 kGy, respectively,
that the plaque assay was able to detect at an approximately 1 log,
PFU/ml viral titer. Nevertheless, the implementation of a second
round of amplification (2nd-round nested PCR) showed this PCR
assay to be more specific and to increase the accuracy of the
method in the detection of HAdV in aqueous samples. Despite the
gradual inactivation of HAdV by gamma radiation detected by
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plaque assay, the final PCR results do not show any difference
between nonirradiated and irradiated samples, even at the highest
applied gamma radiation doses. Still, our results confirm the util-
ity of nested PCR techniques as tools to determine the presence of
adenoviruses in final effluent samples (33). However, the detec-
tion of enteric viruses in the environment by PCR must be per-
formed with caution because the presence of genomic copies may
not be necessarily associated with infectious virus particles (27) as
was observed in this study.

The results obtained by ELISA through the detection of the
viral capsid hexon protein, which are the negative results (indica-
tive of absence of viral particles) measured for tap water and
wastewater samples irradiated at 3.6 kGy, did not correspond to
those achieved by plaque assays or nested PCR. The results sug-
gested a structural alteration of the hexon protein of the HAdV
capsid by gamma radiation treatment of the water viral suspen-
sions. This damage can have a major influence on the external and
more exposed regions of the viral proteins that disable interac-
tions with the anti-hexon antibodies, but it does not interfere with
the infectious potential of the virus, detected by plaque assay. Hu-
man adenoviruses are very complex particles. The viral nucleo-
capsid is composed mostly by hexon, penton, and fiber proteins
organized in an intricate network. Each one of these proteins plays
an important role in adenovirus replication (9). Generally, dam-
age to the viral capsid can result in the loss of its capacity to protect
the viral genome and its ability to replicate in the host (44). Alter-
ation in the adenovirus hexon protein may alter the shape of the
nucleocapsid and interfere negatively with the virus’ life cycle (2).
The potential alterations of the capsid proteins detected by ELISA
seem like they do not correlate with the loss of infectivity with the
increase of gamma radiation dose estimated by plaque assay. Since
ELISA signals are semiquantitative, the estimated relative binding
(%) may not be linearly correlated with the infectivity loss mea-
sured by plaque assay, although the influence of the suspending
matrices on the HAdV-5 response to gamma radiation was no-
ticed in both methods.

Conclusions. This study shows that gamma radiation has viru-
cidal activity against HAdV-5 in the tested conditions. Moreover,
among the tested methods of plaque assay, nested PCR, and
ELISA, the first technique (plaque assay) was the only one that
allowed tracking of the inactivation of the adenovirus strain by
gamma radiation. Considering the tested conditions, the adeno-
virus strain turned out to be significantly more sensitive to radia-
tion when suspended in water (radiosensitizing matrices) than in
organic-loaded aqueous solutions (radioprotective matrices).
Since part of the effect of ionizing radiation on an organism is due
to indirect action mediated through radicals (resultant from the
radiochemical reactions in the suspending matrices), the nature of
the medium in which the virus is suspended can play an important
role in determining the dose required for a given biocidal effect.
This study of HAdV inactivation patterns in different matrices can
open new insights into the virucidal mechanisms of gamma radi-
ation, with outcomes for safe, improved, and unique applications
for virus inactivation (e.g., wastewater treatment, vaccines, and
drug deliverables). Furthermore, this work may introduce new
concepts to reinforce the benefits of radiation technologies as an
effective mitigation tool to contribute to public health and sus-
tainable water supplies.
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