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Abstract

:

Enterovirus 70 (EV70) is an emerging viral pathogen that remains viable in final treated effluent. Solar irradiation is, therefore, explored as a low-cost natural disinfection strategy to mitigate potential concerns. EV70 was exposed to simulated sunlight for 24 h at a fluence rate of 28.67 J/cm2/h in three different water matrices, namely, phosphate-buffered saline (PBS), treated wastewater effluent, and chlorinated effluent. In the presence of sunlight, EV70 decreased in infectivity by 1.7 log, 1.0 log, and 1.3 log in PBS, effluent, and chlorinated effluent, respectively. Irradiated EV70 was further introduced to host cell lines and was unable to infect the cell lines. In contrast, EV70 in dark microcosms replicated to titers 13.5, 3.3, and 4.2 times the initial inoculum. The reduction in EV70 infectivity was accompanied by a reduction in viral binding capacity to Vero cells. In addition, genome sequencing analysis revealed five nonsynonymous nucleotide substitutions in irradiated viruses after 10 days of infection in Vero cells, resulting in amino acid substitutions: Lys14Glu in the VP4 protein, Ala201Val in VP2, Gly71Ser in VP3, Glu50Gln in VP1, and Ile47Leu in 3Cpro. Overall, solar irradiation resulted in EV70 inactivation and an inhibition of viral activity in all parameters studied.
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1. Introduction


Climate change, urbanization, and increasing global population have placed considerable pressure on freshwater supplies [1,2,3]. Wastewater can be used as an alternative water resource for agriculture irrigation and aquifer recharge but would first require appropriate treatment in wastewater treatment plants (WWTPs). WWTPs act as engineered barriers to treat municipal wastewater to a quality that is sufficiently safe for reuse. In most WWTPs, the final treatment step typically includes the use of chlorine as a disinfectant to reduce the biological activity of remnant pathogens present in the treated effluent [4]. However, each pathogen reacts differently to different disinfectants, and a single disinfection strategy is rarely effective against all pathogens [5]. For example, a WWTP utilizing chlorination as a disinfection strategy was able to inactivate human adenoviruses but not enteroviruses fully from wastewater [6]. Additional disinfection strategies, particularly those that are low-cost and easily accessible, may have to be deployed to further inactivate remnant viral contaminants.



Solar irradiation is a freely accessible, low-cost biocidal strategy that is abundant in many tropical countries and can be used to circumvent this need. The biocidal effect of sunlight works through the effects of ultraviolet A (UV-A) and ultraviolet B (UV-B). UV-A, of wavelengths 320–400 nm, is absorbed by molecular chromophores which, in turn, generate reactive oxidative species (ROS). ROS induce damage to cellular membranes, proteins and nucleic acids, rendering viruses and other pathogens inactive. UV-B, of wavelengths 280–320 nm, functions directly through absorption by nucleic acids and proteins. UV-B can also affect pyrimidines directly, inducing mutagenic and genotoxic effects in the genomes of microbes [7,8].



Several studies have documented the effects of irradiation on viruses. However, the dosage required for viral inactivation varies widely with viral species, particle size, genome type, length, and polarity [9,10,11,12]. For instance, numerous studies have investigated the effects of solar irradiation on members of the Picornaviridae family, which contain a single positively stranded RNA genome [13]. Heaselgrave et al., reported a 4-log inactivation of polioviruses with solar irradiation ranging from 198 to 1224 J/cm2 [14,15]. In contrast, Coxsackie viruses required 117–198 J/cm2 of solar irradiation for a 4-log inactivation, while ECHO viruses required 50–60 J/cm2 for a 2-log reduction [15,16].



The variation in solar intensity required to inactivate different RNA viruses within the same family shows that susceptibility of viruses to solar irradiation differs at the species level. A species within the Picornaviridae family that has not been studied in this aspect is enterovirus 70 (EV70). These viruses are mainly transmitted by the fecal-oral route and cause gastroenteritis. However, it can cause other symptoms, which include hemorrhagic conjunctivitis, diabetes (through infection of islet cells), and central nervous system complications [17,18,19,20]. These viruses are acid and heat stable, allowing for their survival in the gastrointestinal tract but inadvertently conferring persistence in WWTPs [21,22]. Infectious EV70 has been detected in the effluents of several WWTPs globally [6,23,24,25]. This indicates that the existing disinfection procedures employed are not adequate to provide safe water for reuse, and there exists a need to explore the efficacy of solar irradiation as a possible additional disinfection strategy against enterovirus 70 (EV70).



In this study, EV70 was exposed to simulated sunlight irradiation for 24 h at a fluence rate of 28.67 J/cm2/h. Aliquots of the virus were harvested at specific time points followed by determination of its infectious titer and RNA concentration. We employed a focus forming assay to overcome the inability of EV70 to replicate well in cell culture [6,26]. To determine if any damage was incurred on the capsid, viruses were assayed for their binding ability to Vero cells. The viral growth kinetics were also assayed by counting the foci generated over a nine-day infection period. Ten days after infection, the genomes of EV70 were sequenced. The assays revealed that irradiated viruses had inhibited replication and binding and harbored nonsynonymous nucleotide substitutions compared to dark-control viruses. Viruses suspended in a wastewater matrix also experienced a significant reduction in viral activity upon exposure to solar irradiation, albeit not as pronounced as that observed when suspended in a saline buffer. Interestingly, all of the irradiated viruses in this study failed to replicate in cell culture, providing a strong endorsement of sunlight as a low-cost natural disinfection strategy.




2. Materials and Methods


2.1. Cells and Viruses


Enterovirus 70 (EV70) was purchased from American Type Culture Collection (ATCC VR-836, Manassas, VA, USA) and propagated in human embryonic kidney (HEK) 293T cells (ATCC CRL-3216). HEK 293T cells were maintained in 75 cm2 flasks (Corning Incorporated, Corning, NY, USA) in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum and 1× penicillin and streptomycin (growth medium) (Corning Incorporated, Corning, NY, USA). For the infection study, the HEK 293T cells were seeded in 175 cm2 flasks till confluency and inoculated with EV70 diluted in 10 mL of DMEM supplemented with 2% FBS and 1× penicillin and streptomycin. Flasks were incubated for 1 h at 37 °C and 5% CO2. After incubation, another 10 mL of DMEM supplemented with 2% FBS (virus infection media) was added, and the flasks were returned to the incubator. The cells were observed daily for cytopathic effect (CPE). Once CPE was observed, cells were harvested in the supernatant and pelleted by centrifuging at 2000× g for 10 min. The cells then underwent three freeze-thaw cycles to release any intracellular viruses. The lysate was collected in the supernatant harvested earlier. Next, 30% polyethylene glycol (PEG) 8000 in 0.4 M NaOH was added to the total volume of the lysate and supernatant to a final concentration of 15%. This mixture was stirred at 150 rpm overnight at 4 °C. Viruses were pelleted by centrifuging at 10,000× g for 30 min. The pellet was resuspended in 50 mL of sterile 1× phosphate-buffered saline (PBS) or 0.45 µm-filtered effluent or chlorinated effluent wastewater collected from the Wastewater Treatment Plant of King Abdullah University of Science and Technology (KAUST) [6]. Physical parameters of these collected wastewaters are shown in Table S1. Resuspended viruses were immediately used for solar inactivation.




2.2. Simulated Solar Inactivation Trials


Six milliliters of PEG-purified viruses was dispensed into each of the six microcosms. Each microcosm was made from 5 mL glass beakers (solution depth: 2.7 cm) wrapped in black duct tape to prevent unwanted light penetration. Each microcosm contained a magnetic stirrer and was covered at the top with aluminum foil, in the case of dark controls (n = 3), or left open (n = 3). Each of these microcosms was then placed in 50 mL beakers containing 20 mL of water that served to regulate the temperature at 20 °C. The 50 mL beakers of the dark controls were also covered with aluminum foil, while the irradiated microcosms were covered with a glass filter (Newport Corporation, Irvine, CA, USA) that allowed light of wavelengths ≥280 nm to pass through. Each beaker was then placed in an Atlas Suntest® XLS+ photostimulator (Atlas, Chicago, IL, USA) equipped with a xenon arc lamp. The solar irradiation was measured by a spectroradiometer (ILT950, International Light Technologies, Peabody, MA, USA) to determine the UV irradiance as described previously [27]. The irradiance rate at 280–700 nm was ca. 28 J/cm2/h. The UV irradiance provided by the solar simulator approximated the irradiance measurements of direct noon sunlight measured at two locations on the KAUST campus [27]. Viruses (500 µL) were harvested from the irradiated samples and dark controls after 2 h, 4 h, 6 h, 8 h, 10 h, 12 h, 14 h, 16 h, 20 h, and 24 h (n = 3) of solar inactivation. Virus samples were stored at −80 °C until use.




2.3. Virus Inactivation Kinetics Evaluated by Means of Infectious Assay


Vero cells CCL-81 (American Type Culture Collection, Manassas, VA, USA) were seeded onto 96-well plates at 2 × 104 cells/well in growth media overnight at 37 °C with 5% CO2. Cells were infected with viruses harvested at all time points from the solar inactivation experiment described above. Briefly, viruses were serially diluted (100–10−4), and 50 µL of the diluted inoculum was added to a well with confluent Vero cells for 1 h at 37 °C with 5% CO2. The inoculum was aspirated and replaced with DMEM supplemented with 100 µL of virus infection media. Cells were then returned to the incubator for 16 h. After incubation, cells were washed with 1× sterile PBS and subsequently fixed and permeabilized with 100 µL of ice-cold methanol-acetone (50%-50%) for 10 min. Cells were then washed with 1× PBS three times and incubated with 20 µL of anti-EV antibody (Merck, Cat No. 3321) for 1 h at 37 °C. Cells were then washed with 1× PBS three times and incubated with 20 µL of anti-Mouse (Ms) IgG-FITC (Merck) for 1 h at 37 °C. Cells were washed again with 1× PBS before adding 100 µL of 1× PBS to each of the wells after the last wash. Wells were observed under an epifluorescence microscope for foci (single infected cells). Foci were counted, and the viral titer was estimated using Equation (1):


FFU/L=f × 106 µL50 µL × 1Dilution Factor



(1)




where FFU/L is focus-forming units per liter and f is the number of fluorescently labeled cells. The infectious titer of irradiated samples was compared against the dark control. Each viral dilution was inoculated in two wells of a 96-well plate, and titration was carried out in triplicate (n = 3). The results from this focus-forming assay were converted to log and natural log (ln) curves by calculating log(Nt/N0) and ln(Nt/N0), respectively, where Nt = virus titer at time t and N0 = virus titer at 0 h (start of experiment). The slopes of the dark-control and irradiated samples (k) were calculated from the ln curves. Prior to the solar inactivation experiments, the absorbance value at 280–700 nm of the PEG-purified virus was determined using a UV-3600 UV–VIS spectrometer (Shimadzu, Kyoto, Japan). The readings were used to generate correction factors that were applied to the slopes of the decay curves prior to half-life calculations and statistical comparison. The half-lives for each experiment, or the durations needed to reduce the viral titer by half, were calculated using the first-order kinetics Equation (2):


ln(Nt/N0) = −k*t



(2)




where k* is the corrected slope of the inactivation curve and t is time. Statistics were carried out by simple linear regression analysis of the log(Nt/N0) values of dark-control and irradiated samples.




2.4. Virus Inactivation Kinetics Evaluated by Means of RNA Concentration Decay


RNA was extracted from viruses harvested at each time point throughout the solar inactivation trials by an RNeasy Mini kit (Qiagen, Hilden, Germany). Viral RNA was eluted in 35 µL of water, and the concentration of extracted RNA was determined using the Qubit® single-stranded RNA assay kit with the Qubit® fluorometer (Thermo Fisher Scientific, Carlsbad, CA, USA). Decay kinetics and statistical comparisons were carried out similarly as described in the previous section. Specifically, the RNA concentration obtained at the start of the experiment was defined as N0 and was expressed in log(Nt/N0) and ln(Nt/N0) equations, where Nt is the RNA concentration of the virus sample harvested at time t and N0 is the RNA concentration harvested from 0 h (start of experiment).




2.5. Growth Curve Analysis


Vero cells were seeded onto 96-well plates at a cell density of 2 × 104 cells per well in growth media overnight at 37 °C with 5% CO2. Cells were then inoculated with 50 µL of serial dilutions (100–10−4) of T0, D24 or L24 at the multiplicity of infection of 0.1, where T0 is presolar-irradiated EV70 (wild-type), D24 is the dark-control EV70 post solar irradiation, and L24 is EV70 that had undergone 24 h of simulated solar irradiation. Cells were incubated at 37 °C with 5% CO2 for 1 h for viral absorption. Each dilution was added to two wells of a 96-well plate, and the titration for each virus sample was done in duplicate (n = 2). Virus inoculum was removed, replaced with viral infection medium, and incubated for infection to take place. Cells were fixed with ice cold methanol-acetone (1:1 v/v) for 10 min at 1, 3, 5, 7, and 9 days post-infection (dpi). Cells were subsequently labeled with anti-EV and anti-Ms IgG-FITC antibodies, and the corresponding viral titers were calculated as described above.




2.6. Virus Absorption Assay


Vero cells were seeded in 6-well plates at a cell density of 1.2 × 106 cells per well in growth media overnight at 37 °C with 5% CO2. Cells were then inoculated in 100 µL of T0, D24 or L24 diluted in 500 µL of 1× sterile PBS for 1 h at 4 °C. After binding, cells were washed with 1× sterile PBS and subsequently scraped and collected in 400 µL of 1× sterile PBS. This cell suspension went through three rounds of freeze-thaw to release bound viruses and were then serially diluted (100–10−4) and titered in a similar manner as described in Section 2.3.




2.7. EV70 Genome Sequencing


Vero cells were seeded in the same conditions as for the viral absorption assay described in Section 2.6. Cells were then inoculated with similar titers of T0, D24 or L24 in 500 µL of 1× sterile PBS for 1 h at 37 °C with 5% CO2. The viral inoculum was replaced with DMEM supplemented with 2% FBS and 1× penicillin and streptomycin. Cells were placed in the incubator for 10 days. At 10 days post-infection (dpi), cells were washed, scraped and collected in 400 µL of 1× sterile PBS. RNA was extracted from the cells by the RNeasy Mini kit (Qiagen, Hilden, Germany). RNA was used as the template for fragment Polymerase Chain Reaction (PCR) where the genome was amplified into 18 overlapping fragments of 750 base pairs. Reaction mixes were prepared by adding 25 µL of 2× RT Buffer, 1.5 µL of forward and reverse primers at 10 µM concentration, 1 µL of Life Technologies SuperScriptTM II RT enzyme (Thermo Fisher Scientific, Carlsbad, CA, USA), 18 µL of water and 0.83 µL of template RNA. Primers for each of the fragments are listed in Table S2.



Fragments were amplified by touchdown PCR, which included cDNA synthesis at 55 °C, for 30 min, an initial denaturation step of 94 °C, for 2 min, followed by 15 cycles of 94 °C for 15 s, annealing at 52 °C for 30 s, and extension at 68 °C for 100 s, with the annealing temperature decreasing by 1 °C with each cycle. This was followed by another 30 cycles of 94 °C for 30 s, annealing at 48 °C for 30 s, and extension at 68 °C for 100 s. A final extension at 72 °C for 5 min was performed. Amplicons were run on a 1.2% agarose gel and visualized by SYBR Green (Thermo Fisher Scientific, Carlsbad, CA, USA). Bands corresponding to ~750 bp were extracted using the Wizard® SV Gel and PCR Clean-Up system (Promega, Fitchburg, WI, USA). Purified PCR products were sent to the KAUST Genomics Core lab for Sanger sequencing. PCR sequences were aligned using the SeqMan program of the DNASTAR’s Lasergene software package (DNASTAR, Madison, WI, USA). Aligned contigs were saved as consensus sequences for each of the viral samples. Consensus sequences were aligned in BioEdit Sequence Alignment Editor [28] and translated in silico. The amino acid sequences of each generated genome were submitted to the Phyre2 web Portal for 3D structure prediction [29]. The .pdb files generated from Phyre2 were visualized in PyMOL [30].





3. Results


3.1. Viral Inactivation Upon Solar Irradiation


The infectious capacities of irradiated EV70 in phosphate-buffered saline (PBS), as well as in effluent and in chlorinated effluent wastewater matrices were assayed against dark-control EV70 (Figure 1A). After 24 h of irradiation, at a fluence of 688 J/cm2, the infectivity of dark-control EV70 was reduced by 0.18 ± 0.07 log, 0.11 ± 0.003 log and 0.12 ± 0.03 log in PBS, effluent and chlorinated effluent matrices, respectively (kobs = 0.014, 0.010 and 0.009) (Figure 1A and Table 1A). One-way ANOVA revealed no significant difference between the decay constants of the dark controls in the three different matrices (p > 0.1). Linear regression analysis of the slopes of the dark control showed no positive correlation with respect to time, suggesting that dark-control viruses were relatively stable in each of the matrices over a 24 h period (p > 0.01).



In contrast, irradiated EV70 reduced in infectivity by 1.7 ± 0.2, 1.0 ± 0.1, and 1.3 ± 0.3-logs in PBS, effluent and chlorinated effluent with decay constants of 1.4, 0.9 and 1.0 (Figure 1A and Table 1A). t-test analysis between the decay constants of the dark-control and irradiated samples showed that the decay within each matrix was significant (p < 0.05). One-way ANOVA of the decay constants of the irradiated samples revealed that the decay in each of the matrices was significantly different from the others, with the decay in PBS being the fastest (t1/2 = 30 ± 3 min), followed by the decay in chlorinated effluent (t1/2 = 41 ± 3 min), then effluent (t1/2 = 47 ± 5 min) (p < 0.05) (Figure 1A and Table 1A).




3.2. RNA Decay


After the same dose of simulated solar irradiation, the RNA concentration from dark-control EV70 decreased by 0.3 ± 0.1 log, 0.1 ± 0.02 log, and 0.2 ± 0.04 log in PBS, effluent and chlorinated effluent matrices, respectively (kobs = 0.002, 0.007, and 0.013). One-way ANOVA revealed that the decay constants of the dark control did not differ between the three matrices (p > 0.05) (Figure 1B and Table 1B). Linear regression analysis of the dark control showed a positive correlation with respect to time, suggesting that RNA of the dark-control samples was not stable in any matrix (p < 0.05).



The RNA concentrations of the irradiated samples decayed by 1.1 ± 0.1 log, 0.5 ± 0.1 log, and 0.4 ± 0.1 logs in PBS, effluent and chlorinated effluent, respectively (kobs = 0.77, 0.48, and 0.29) (Figure 1B and Table 1B). Within each matrix, the decay constant of the irradiated samples differed significantly from the dark control, suggesting that simulated solar irradiation sped up RNA decay in EV70 (p < 0.05). The decay constants of the irradiated samples did not differ significantly from each other (p > 0.05), but RNA from EV70 in PBS decayed the fastest (t1/2 = 57 ± 14 min), followed by EV70 in effluent wastewater matrix (t1/2 = 88 ± 9 min) and then EV70 in chlorinated effluent wastewater matrix (t1/2 = 145 ± 7 min) (Table 1B).




3.3. Irradiated EV70 Displays Inhibited Viral Replication


To study the replication kinetics of irradiated viruses, Vero cells were infected with the same titer of T0, D24 or L24 for nine days. Focus-forming units were counted throughout this period to produce the growth curves presented in Figure 2. Sixteen hours post-infection (hpi), T0 in PBS replicated to 3.9 × 103 ± 8.1 × 102 FFU/mL, and D24 in PBS replicated to 4.7 × 103 ± 1.1 × 103 FFU/mL. Both T0 and D24 peaked on the fifth day post-infection (dpi) at titers of 7.7 × 104 ± 4.1 × 103 FFU/mL and 6.3 × 104 ± 1.0 × 104 FFU/mL, respectively. A titer of 2.9 × 104 ± 1.0 × 104 FFU/mL and 3.2 × 104 ± 1.4 × 104 FFU/mL was observed for both these viruses at 9 dpi, respectively. This apparent reduction in titer was probably due to the detachment of infected cells from the monolayer nine days after infection. In contrast, L24 in PBS replicated to 6.4 × 103 ± 1.3 × 103 FFU/mL 16 hpi and remained relatively similar over the 9-day period. Nor did L24 display a peak at 5 dpi, as seen in T0 and D24 in PBS (Figure 2A).



T0 in effluent matrix replicated to 1.1 × 104 ± 2.6 × 102 FFU/mL at 16 hpi and peaked to 4.5 × 104 ± 4.7 × 103 FFU/mL at 5 dpi, and this titer reduced to 3.1 × 104 ± 4.5 × 103 FFU/mL at 9 dpi. D24 in effluent matrix exhibited a similar growth pattern, with a titer of 1.2 × 104 ± 1.4 × 103 FFU/mL at 16 hpi, 5.1 × 104 ± 5.2 × 103 FFU/mL at 5 dpi and 3.6 × 104 ± 9.1 × 103 FFU/mL at 9 dpi. L24 in effluent matrix replicated to 1.1 × 104 ± 1.8 × 103 FFU/mL at 16 hpi. On 5 dpi, when T0 and D24 replicated to peak titers, L24 in effluent matrix only displayed a titer of 1.1 × 104 ± 5.1 × 103 FFU/mL. The titer of L24 in effluent matrix did not exceed the titer displayed at 16 hpi throughout the course of the experiment (Figure 2B).



In the chlorinated effluent wastewater matrix, T0 replicated to 1.5 × 104 ± 1.4 × 102 FFU/mL at 16 hpi and peaked at approximately 4.0 × 104 FFU/mL approximately 130 hpi. It reached 3.0 × 104 ± 2.5 × 103 FFU/mL at 9 dpi. D24 in chlorinated effluent replicated to 1.3 × 104 ± 1.3 × 103 FFU/mL at 16 hpi and peaked at 4.2 × 104 ± 8.1 × 103 FFU/mL at 7 dpi, before finally reaching a titer of 2.0 × 104 at 9 dpi. In contrast, L24 in chlorinated effluent replicated to 1.3 × 104 ± 1.6 × 103 FFU/mL at 16 hpi and decreased to 2.6 × 103 ± 9 × 101 FFU/mL by 9 dpi (Figure 2C). T0 and D24 in chlorinated effluent peaked later than in PBS or effluent, possibly due to the presence of residual disinfection byproducts that may have a toxic effect on mammalian cell lines [31].




3.4. Irradiated EV70 Displayed Reduced Binding Capability


Untreated EV70 (T0) and dark-control EV70 harvested at 24 h post-irradiation (D24) displayed similar binding affinities to Vero cells in cell culture in all three matrices (Figure 3) (p > 0.05). EV70 in PBS displayed the greatest reduction in binding among the three matrices, 2.6 ± 0.3 log, followed by EV70 in effluent matrix at 1.8 ± 0.3 log and EV70 in chlorinated effluent matrix at 1.3 ± 0.2 log. One-way analysis of variance (ANOVA) revealed that the log reduction values (LRV) of the irradiated samples were significantly different from each other (p < 0.01), suggesting that the matrix affected the binding affinity of EV70 to Vero cells in cell culture (Figure 3).




3.5. Irradiated Viruses Select for Five Nonsynonymous Mutations


D24 and L24 from all three water matrices were infected in Vero cells for 10 dpi. Viral RNA was extracted and amplified into 18 overlapping fragments for Sanger-based sequencing. Figure 4 shows the alignment of the nucleotide sequence and the in silico-translated amino acid sequence. Nucleotide numbers here start at the first ATG of the coding sequence of the reference strain EV70 J670/71 (GenBank D00820.1) [32]. D24 in all matrices and in both replicates in PBS yielded the same nucleotide sequence, showing that any sequence difference seen in L24 was an effect of solar irradiation. L24 in PBS displayed five nonsynonymous nucleotide substitutions (Figure 4). A40G and C809T were observed in the VP4 and VP2 genes, respectively. These mutations resulted in conserved-amino-acid substitutions: Lys14Glu and Ala201Val (Figure 4A,B). Both these changes occurred in unstructured motifs of their respective proteins (Figure S1). G1171A was observed in the VP3 gene, which caused a nonconserved-amino-acid substitution of Gly71Ser (Figure 4C). However, this mutation maintained the β-sheet structure of this protein (Figure S1). G1810C was observed in the VP1 gene, resulting in Glu50Gln substitution, which occurred in an unstructured region of the protein (Figure 4D and Figure S1). A4801C in the 3Cpro gene resulted in the conserved-site substitution of Ile47Leu (Figure 4E). No structural changes were observed due to this mutation (Figure S1). Out of these five nonsynonymous mutations, A40G was also seen in L24 in chlorinated effluent matrix (Figure 4A). L24 in both wastewater matrices harbored a synonymous mutation of G4698A in the 3Cpro gene, which was not observed in L24 in PBS (Figure 4F).





4. Discussion


Earlier observations of viable and infective viruses in post-treated effluent provided the main impetus for this study [6], as their presence can complicate the reuse of reclaimed waters. To circumvent viral risks, chlorine disinfection is typically performed at the last step of a wastewater treatment process. However, chlorine works with varying effectiveness against different types of viruses [5]. This led to the suggestion of including combinations of various disinfection processes in a single WWTP. However, retrofitting different modular units of disinfection processes may incur additional operating costs. Solar disinfection of treated wastewater was therefore studied to provide a natural, low-cost and abundant disinfection strategy to further inactivate remnant viruses present in the reclaimed waters.



Specifically, EV70 was chosen as a model organism in this study, as infectious enteroviruses were previously found after wastewater treatment in concentrations approximating the infectious dose [6,33]. EV70 has not been studied extensively for its susceptibility to disinfectants due to its lack of plaque-producing capability in cell culture. To overcome this hurdle, a focus-forming assay was employed, which measured viral titer by fluorescently labeling virus-infected cells with virus-specific antibodies. This technique also required shorter duration compared to a traditional plaque assay [26].



We observed that EV70 in PBS experienced a 1.7-log reduction in infectivity after a dose of 688 J/cm2 (Figure 1). This is consistent with the finding that poliovirus type 2 experienced a 4-log reduction with a simulated solar irradiation of 1224 J/cm2, which is equivalent to a 2-log reduction at approximately 612 J/cm2 [14]. Both EV70 and polioviruses are from the Picornaviridae family and have similar sizes (approximately 30 nm in diameter), capsid structures and genome lengths (EV70: 7200 nt, poliovirus: 7500 nt) [34,35]. In contrast, other members of Picornaviridae require differing doses of solar irradiation to achieve a similar reduction in infectivity. For example, Coxsackie viruses require approximately 58.5–99 J/cm2, and ECHO viruses require 50–60 J/cm2 of solar irradiation to achieve a 2-log reduction [15,16]. Both Coxsackie and ECHO viruses have similar sizes (28 nm and 24–30 nm, respectively) and genome lengths (approximately 7400 nt and 7500 nt, respectively) to EV70 [36,37,38]. The data presented in this study agree with earlier studies that infer the need for varying solar fluence to inactivate different viral species. While the structures of viruses are generally similar within a family, species might differ in protein folding and genome secondary structure, which give rise to differences in susceptibility to solar irradiation [39].



Picornaviridae have a positively stranded RNA genome that is directly translated by host-cell ribosomes [13]. Here, damage to the genome was indicated by the decay in the RNA concentrations in the presence of solar irradiation (Figure 1B). In addition, the reduction in binding capacity of L24 indicated conformational damage to the capsid, stopping it from recognizing the viral receptor on the Vero cells (Figure 3). This reduction in binding was of a larger magnitude than the reduction in infectivity as seen in Figure 1A at 24 h across all three matrices. Since receptor binding is the first step in a virus replication cycle, any irradiation-induced damage to the capsid could result in the inability of the capsid to recognize the receptor on host cells. Hence, this decrease in binding of L24 was most likely the primary cause for the decrease in infectious capacity.



Although EV70 with a damaged capsid may have a reduced binding capability, replication would theoretically still be possible if the interior structure of the viral particle remained undamaged. To test this, we performed a growth curve analysis, which showed that L24 was unable to replicate to similar titers as T0 or D24 even after 9 dpi in all three water matrices (Figure 2). This was observed despite the similar multiplicity of infection between T0, D24, and L24. This information indicates an inability of solar-irradiated EV70 to replicate as effectively as wild-type or dark-control viruses. The capsids of picornaviruses undergo a dramatic antigenic alteration before the virus uncoats [40]. Translation is then initiated by the internal ribosomal entry sites in the 5′ untranslated region of the genome, which is composed of five stem-loops (II-VI) [41,42]. Viral translation is also promoted by the binding of host-cell IRES trans-acting factors, such as FBP1-3, hnRNP K and hnRNP A, which recognize the 5′ untranslated region of the viral genome [42,43,44,45]. Solar irradiation could induce structural damage to the capsid and genome of EV70, leading to reduced binding and replication capacity. Not only would a structurally damaged capsid fail to bind to the host-cell receptor, but it might fail to undergo the antigenic alteration necessary for uncoating to occur [40]. UV irradiation promotes RNA-protein cross-linking [46]. The formation of covalent bonds between the EV70 genome and the capsid might affect the release of the RNA out of the capsid during the uncoating process. The integrity of the cloverleaf and stem loop structure present in the 5’ untranslated region of the EV70 genome might be negatively affected by solar irradiation. A disintegration of structure in this region of the genome may prevent successful docking of the ribosome and other host-cell translation initiation factors. Lastly, owing to the structural damage to the genome, translation might not proceed as efficiently as in wild-type viruses, producing proteins which might not support viral replication.



To elucidate if mutations did indeed occur in key proteins of EV70, we sequenced the coding region of the genome. Initially, fragment PCR of viruses directly sampled after 24 h of solar irradiation was performed (data not shown). However, this did not yield sufficient concentrations of PCR amplicons for sequencing. To overcome this technical constraint, Vero cells were infected with L24 or D24 for 10 days, and the viral RNA, which had amplified in the course of the infection, was extracted and sequenced. The sequence of the L24 viral genome derived from this experiment is, hence, not a direct product of solar irradiation but was selected for 10 dpi. This genome could be viewed as an ‘escape mutant’, being the only sequence that had replicated enough to be amplified by PCR. However, this sequence was still unable to replicate as effectively as T0 or D24 (Figure 2).



The irreproducibility of nucleotide substitutions between trials 1 and 2 for L24 in PBS indicate that solar irradiation induces mutations in a random manner. However, four out of the six mutations listed occurred in the capsid genes, which are at the 5′ end of the genome. Positions 40 and 4801 also showed mutations in two of the four irradiated samples (Figure 4A,F). These findings might suggest that the capsid genes, as well as position 4801 in the 3Cpro gene, are more prone to mutation by solar irradiation compared to the rest of the genome.



The structure of the capsid of bovine enterovirus (BEV), a picornavirus, has been determined [47]. The structural proteins of BEV share 48% identity with EV70 [48], and its tertiary structure is collinear with other enteroviruses [49]. Comparisons with the amino acid sequence of BEV’s capsid reveal that the amino acid substitutions of EV70 listed in this study did not occur in any of the known functional motifs. However, an earlier study showed that an introduction of a single amino acid substitution at five different positions in the capsid genes resulted in a change in viral tropism [50]. These proteins constitute the capsid and form the depression known as the ‘canyon’, which recognizes the cellular receptor DAF/CD55 for attachment to the host [51,52]. VP1, which is the most exposed protein of the capsid of Picornavirus [53], forms a hydrophobic pocket that allows for myristic acid binding [54] and is believed to be involved in the binding of metal ions [55,56]. VP1 is also believed to have a role in the uncoating of the virus particle [50]. Even though Glu50Gln in VP1 occurred in an unstructured motif (Figure S1), the substitution might alter the charge of VP1.



EV70 with a glutamic acid instead of a lysine at position 14 of VP4 protein replicates poorly in HeLa cells [50]. In this current study, L24 in PBS and chlorinated effluent displayed this substitution (Figure 4), which may have accounted for the poor replication. It is likely that this mutation resulted in a change in the charge of the overall protein, as lysine is typically positive at neutral pH while glutamic acid is negatively charged. This would have resulted in poor binding of EV70 to the host cells. Similarly, even though the amino acid substitution Gly71Ser did not affect the folding of the β-sheet in VP3 (Figure S1), the overall polarity of the protein might have been affected owing to the polar nature of serine as opposed to glycine. Both these substitutions might have synergistically affected viral function.



In addition to assessing changes in the capsid proteins, the 3Cpro protein of Picornaviridae was also assessed since this protein displays a multitude of functions in the infected cell. Initially shown to be a protease that cleaves the functional proteins from the polyprotein precursor, 3Cpro also cleaves host-cell proteins to shut down host-cell transcription, translation, and nucleo-cytoplasmic trafficking and promote apoptosis (reviewed in [57]). There exist four main functional domains in the 3Cpro protein: the N-terminal domain (aa 12–13), the central domain (aa 82–86), the β-ribbon (aa 123–133) and the C-terminal domain (aa 154–156) [58,59,60]. The amino acid substitution Ile47Leu occurred in between the N-terminal domain and the central domain, an area that lacks any known function (Figure 4). It is important to note that this substitution did not affect the integrity of the β-sheet motif of this protein (Figure S1). However, further investigations into this amino acid substitution should be carried out to determine if the function of the 3Cpro protein is altered. If this substitution results in a change in the function of the protein, this could explain the reduced ability of L24 to replicate to high titers, as seen in cells infected with T0 and D24 (Figure 2). This could be a result of inadequate cleavage of the viral polyprotein or inadequate suppression of host-cell factors, allowing for the host cell to overcome the viral replication machinery.



In addition to observing a significant impact on the viral infectivity and persistence due to solar irradiation, we also observed that viral inactivation occurred at a slower rate when the viruses were present in wastewater matrix. This concurs with earlier observations [61,62,63]. Furthermore, out of the six nucleotide mutations found, only 2 were seen in L24 in wastewater matrices, A40G and G4698A, while L24 in PBS had 5 mutations (Figure 4). This indicates that viruses in the wastewater are less susceptible to UV-B [12,16]. Effluent and chlorinated effluent wastewaters used in this study had a total organic carbon (TOC) concentration of 4.2 mg/L and 5.2 mg/L, respectively, while PBS had undetected levels of TOC, as expected (Table S1). These organic compounds can act as radical scavengers [64,65], reduce light intensity [66], or encapsulate viruses with a protective organic coating that makes them more resistant to external environmental stressors when present in wastewaters. The latter has been alluded to by the findings that non-enveloped viruses are stable in wastewaters [67,68]. Alternatively, the high alkalinity in wastewater might favor the reaction between bicarbonates and hydroxyl radicals formed upon solar irradiation. This reaction results in the generation of CO3●- which reacts slower with organic molecules compared to ●O2 radicals [27,69,70].



While these reasons could explain the slower inactivation rates of EV70 in wastewater matrices, it is important to note that irradiated viruses, irrespective of matrix, all failed to propagate in cell culture (Figure 4). This indicates that solar irradiation successfully inhibits viral replication in cell culture, preventing the generation of infectious viral progeny in all three water matrices evaluated in this study. This strongly suggests that solar irradiation modifies the replication capacity of EV70 to the point that it might not pose a significant public health threat. Although the data from this study suggest that solar irradiation may serve as a good disinfection technique, its efficacy may be lower in turbid waters due to lower solar penetration and higher light-scattering effect. Operators would also need to create a holding tank that is shallow enough to allow for proper solar penetration and irradiation. This would not be feasible in densely populated places with limited land space. Hence, the use of solar irradiation as an effective, natural, and low-cost disinfection strategy against EV70 would only be feasible for use in low-turbidity waters, presumably in permeates after membrane filtration processes, and in places unconstrained by land availability.
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Figure 1. Decay curves of EV70 under simulated solar irradiation (●, ●, ●) compared to dark-control EV70 (●, ●, ●) over 24 h for viruses suspended in phosphate-buffered saline (PBS) (n = 3), effluent matrix (n = 2), and chlorinated effluent matrix (n = 2). The irradiance rate at 280–700 nm was 27.86 J/cm2/h. (A) Viruses were harvested at each time point and subsequently tittered. (B) RNA was extracted from the viruses harvested at each time point and subsequently quantified. 
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Figure 2. Growth kinetics of nontreated EV70 (T0 ●), dark-control EV70 (D24 ●), and simulated-solar-irradiated EV70 (L24 ●). Confluent monolayers were infected with similar concentrations of each of the viral samples, and the foci formed over a nine-day period were enumerated. (A) EV70 resuspended in phosphate-buffered saline (PBS) (n = 3). (B) EV70 resuspended in effluent wastewater matrix (n = 2). (C) EV70 resuspended in chlorinated effluent wastewater matrix (n = 2). 
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Figure 3. Log reduction values of the binding affinity of dark-control viruses (D24) and solar-irradiated EV70 (L24) with respect to untreated EV70. Y-axis represents log reduction value (LRV) with respect to nontreated EV70. D24: dark-control EV70 viruses that were placed in the solar simulator for 24 h but kept in the dark. L24: EV70 viruses that were exposed to simulated solar irradiation for 24 h. The irradiance rate at 280–700 nm was 28 J/cm2/h. PBS, n = 3; effluent, n = 2; chlorinated effluent, n = 2. 
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Figure 4. Genome sequence analysis of D24 and L24 (in PBS, effluent and chlorinated effluent) 10 days post-infection (dpi) in Vero cells. The nucleotide sequence of D24 in PBS is taken as the reference strain in this alignment (top row). The second (and other even-numbered) rows represent the predicted amino acid sequence. Identical nucleotide sequences are represented by a dot (.). Six nonsynonymous mutations were observed in the genes coding for (A) VP4, (B) VP2, (C) VP3, (D) VP1, and (E,F) 3Cpro. The number of experiments performed was n = 2 for EV70 in PBS, n = 1 in effluent (Eff) and n = 1 in chlorinated effluent (Chl Eff). Sequence data could only be obtained from one experimental run for solar inactivation in wastewater matrices. Scale (top row) represents the nucleotide sequence of EV70 strain J670/71 (from NCBI reference D00820), with position 1 corresponding to the first nucleotide of the open reading frame. 
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Table 1. Decay kinetic constants and half-life of (A) EV70 infectivity, and (B) RNA concentration, under simulated solar irradiation for 24 h in phosphate-buffered saline (PBS) (n = 3), effluent wastewater matrix (n = 2), and chlorinated effluent wastewater matrix (n = 2). kobs = decay constant. t1/2 = half-life of decay.
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PBS

	
Effluent

	
Chlorinated Effluent




	

	

	
kobs

	
t1/2

	
kobs

	
t1/2

	
kobs

	
t1/2






	
(A)

	
Dark Control

	
0.014 ± 0.003

	
52 ± 12 h

	
0.010 ± 5 × 10−5

	
70 ± 0.4 h

	
0.009 ± 0.001

	
77 ± 3.8 h




	

	
Irradiated EV70

	
1.4 ± 0.2

	
30 ± 3 min

	
0.9 ± 0.1

	
47 ± 5 min

	
1.0 ± 0.1

	
41 ± 3 min




	
(B)

	
Dark Control

	
0.002 ± 0.006

	
34.8 ± 11.2 h

	
0.007± 0.001

	
101.8 ± 8.2 h

	
0.013 ± 0.006

	
67.0 ± 29.3 h




	

	
Irradiated EV70

	
0.77 ± 0.16

	
57 ± 14 min

	
0.48 ± 0.05

	
88 ± 9 min

	
0.29 ± 0.01

	
145 ± 7 min
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