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Abstract

:

F-specific RNA bacteriophages (FRNAPHs) are commonly used as indicators of faecal and viral contamination in waters. Once they enter surface waters, the exact role of suspended solids, sediments and hydro-meteorological factors in their fluvial fate and transport is poorly understood, and long-term studies (e.g., over years) are lacking. In this study, FRNAPH concentrations and genogroup distribution were measured in the Orne River (France) during two years at weekly intervals, and during four storm runoff events. Hydro-meteorological driving factors were investigated at both time scales. FRNAPH concentrations and genogroups at different depths of a riverbank sediment core were also examined to better discriminate the origin of the faecal pollution. During low flows, the FRNAPH and the suspended solid transport were decoupled and the FRNAPH concentrations were mainly correlated with the air and water temperature. During storm runoff events, the FRNAPH concentrations only showed a significant correlation with conductivity, turbidity and water discharge. Despite the uncertainty of the predictions, multi parameter regression models using hydro-meteorological variables were suitable to predict log transformed FRNAPHs’ concentrations at low flows with a standard error of 0.46. Model performance using the storm runoff events dataset was low. This study highlights different driving factors at low flows and during storm runoff events, and the need to measure at both time scales to better understand phage transport dynamics in surface water.
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1. Introduction


Many surface waters, namely lakes, rivers, estuaries and seas, receive untreated or partially treated wastewater all over the world. Evidence showed the difficulty to completely remove viruses from anthropogenic waste with conventional water treatment processes [1], whereas spills caused by service chain failures or overflows can also occur even if cutting-edge treatment systems are in place. Similarly, heavy rainfall can induce overland flow in agricultural fields [2,3,4] and the discharge of untreated faecal waste to downstream aquatic ecosystems [5,6]. As a result, the surface waters impacted by anthropic activities often exhibit high levels of microbial faecal pollution, including viruses pathogenic to humans and animals, as well as faecal bacteriophages.



After decades of using faecal bacterial indicators to assess the microbial quality of water, extensive scientific evidence demonstrated their limitations to accurately predict viral risk [7]. Consequently, regulations are progressively adding other indicators, such as faecal bacteriophages [8] (e.g., the new European directive [9] on the quality of water intended for human consumption or the EU recommendation for water reuse [10]). Among those indicators, F-specific RNA bacteriophages (FRNAPHs) were suggested to be relevant indicators of faecal and viral contamination [11,12,13]. Indeed, FRNAPHs cannot grow outside their host cell (commonly found in the lower intestine of humans and warm-blooded animals), and their multiplication is unlikely in the environment due to the following parameters linked to bacteria host cells: low concentrations, the absence of receptor used by the phage (i.e., F-pili) and low metabolism [14,15]. FRNAPHs can be classified into the following four genogroups [5,16]: genogroups I and II (FRNAPH I and II) belong to the genus of Levivirus, whereas genogroups III and IV (FRNAPH III and IV) to the genus Allolevivirus. The genotyping method allows for the discrimination of the origin of faecal pollution, since FRNAPH II and III are mostly found in human wastes and urban wastewater, while FRNAPH I and IV are in higher concentrations in animal wastes [17]. The correlation was underlined between the concentration of FRNAPH II and the presence of human pathogenic viruses (adenovirus, norovirus) in rivers or oysters grown in polluted seawater [5,18].



Once they reach the stream, viral particles are submitted to various biotic and abiotic stressors that drive their fate in aquatic environments, the most impacting being temperature and sunlight [19,20]. The distance travelled from a wastewater discharge [21], the contamination events [22], the survival and transport properties of the virus [23] and the hydro-meteorological conditions (e.g., temperature, flow rate, salinity and pH) [24] are other factors influencing the fate of viral pollution on surface water. Fauvel et al. [4,23] monitored the propagation of FRNAPHs along a 3-km river transect in the Alzette River (Luxembourg). Their results showed that the inactivation of infectious FRNAPHs was the major process causing in situ viral particle decrease. In the studied ecosystem, the estimated distance necessary to remove 90% of infectious FRNAPHs (D90) was estimated to range from 2.8 to 9.5 km, depending on the hydro-meteorological conditions (temperature, season and water flow).



Different FRNAPH abundances have been reported in different matrices, including the water column [5], suspended solids [4,25], sediment deposed in the channel bed [26] and epilithic biofilms [27]. Some studies reported greater abundances in channel bed sediment than in the water column, which were then suggested to act as a reservoir for enteric viruses [25] and to protect them against proteolytic enzymes or other degrading factors (e.g., water temperature, pH and solar radiation) [28,29]. Nonetheless, a recent review by Martín-Díaz et al. [30] evidenced a great divergence in bacteriophage detection methods in different types of solid and semisolid matrices (sludge, biosolids, sediments and soils), calling for improved and standardised methodologies.



Monitoring the level of viruses in water at sufficiently high spatiotemporal resolution presently limits progress to accurately quantify fluxes and loads during longer time scales. Kay et al. [31] pointed out that river microbiological water quality has not been measured as part of harmonised regulatory monitoring programs and, hence, extensive time sequences of data do not exist. This, together with the large uncertainties of source and transport variables [32], hinders progress to assess and model viral pollution dynamics at a river basin scale. In this respect, most of the microbial fate and transport models described thus far focused on faecal indicator bacteria [33,34], while only some also include pathogens, allowing a direct assessment of health risks [35,36,37]. It is argued that modelling FRNAPH loads in rivers [38] can shed some light on the influence of hydro-meteorological and suspended solids and sediment transport parameters on virus concentrations, resulting in a better understanding of transport processes and eventually leading to better predictive tools.



The exact role of suspended solids, sediments and hydro-meteorological factors in the fluvial fate and transport of viral particles is poorly understood. This study aimed at deciphering the interplay between FRNAPHs and suspended solids in the water column in relation to hydro-meteorological drivers and in contrasting hydrological conditions, i.e., at low flow and during storm runoff events. The FRNAPH concentrations and genogroup distribution were measured in the Orne River (France) during two years at weekly intervals, and during four storm runoff events. The FRNAPH concentrations and the genogroups at different depths of a riverbank sediment core were also examined. The data collected were used to determine (i) whether FRNAPHs were transported in association with suspended solids, (ii) whether the FRNAPH and suspended solids transport was controlled by the same hydro-meteorological drivers, (iii) whether those drivers were different at low flow and during storm runoff events and, finally, (iv) whether it was possible to predict the FRNAPH concentrations from hydro-meteorological variables.




2. Materials and Methods


2.1. Study Area


The Orne River (northeast of France) drains a surface of ca. 1250 km2 (Figure 1). It is a left-hand tributary of the Moselle River that flows through France, Luxembourg and Germany before joining the Rhine River in Koblenz. The geology of the watershed can be divided into the following two main parts [39]: a clayey (marl) depression in the western part of the catchment (Woëvre region) and a deeply calcareous plateau in the eastern part (Pays-Haut region). The Beth sampling site in this study (Orne River at Beth; 1147 km2) is located ≈15 km upstream of the Orne River catchment outlet. In the sub-catchment, forest (23% area) dominates in the western headwaters, whereas cropland (54%) and grassland (16%) extend over the catchment. Urban and industrial areas (5%) are mainly located along the stream network.



The economy of the Orne valley relied on steelmaking (and related, such as iron mining) activities during the 20th century. As a consequence of these activities, soils, sediments and water bodies were highly contaminated with the spreading of materials enriched in iron, other metallic elements and persistent organic pollutants, such as polycyclic aromatic hydrocarbons (PAHs) [39]. Several small dams were also built along the river to create water reservoirs mainly for industrial purposes. This is the case of the ‘Beth dam’ (Figure 1), which was constructed in 1958 at the beginning of the period of highest production in the region (1960–1988). In 1988, a dredging of the Orne River was carried out from Jœuf to the city of Moyeuvre [40].



Previous studies in the catchment looked into the mineral and chemical characterisation of settled sediments, englobing the identification of lithogenic and anthropogenic sources [39]. Losson et al. [41] investigated the hydrodynamics of the river and the mobilisation of sediments upstream of the Beth dam, and Lepesqueure et al. [42] applied a sediment transport model in a cross-section of the Orne River to investigate the importance of grain-size distribution, sediment density and suspended solids concentrations on the model results. The Beth sampling site in this study coincides with the downstream site used by [42]. A wastewater treatment plant (Moyeuvre-Grande; active sludge, nitrogen and phosphorus treatment; 51,400 inhabitant-equivalents [43]) discharges its water ≈0.9 km upstream of the Beth dam (referred hereafter as WWTP; Figure 1).




2.2. Experimental Set-Up and Sampling


Water level was measured every 15 min at the Beth site using a bubble sensor OTT-CBS (OTT HydroMet, Kempten, Germany). Data were automatically sent to a local server using an autonomous station, DuoSens (OTT HydroMet, Kempten, Germany). Water discharge was calculated using gauging data obtained with an acoustic Doppler current profiler (Streampro ADCP; Teledyne Marine, Daytona Beach, FL, USA). A turbidity meter (YSI 600 OMS; YSI Inc./Xylem Inc., Yellow Springs, OH, USA) measuring turbidity, water temperature and conductivity was installed at the same site from October 2016. Global solar radiation, air temperature and precipitation were measured ≈40 km south-east of Beth by Météo France (station Aéroport M.N.L.; Goin, Moselle). The total rainfall and runoff at the catchment outlet were 718 and 347 mm during the first sampled year, respectively (September 2015–August 2016). Precipitation amounts were lower during the second sampled year (484 mm) and only a small number of events occurred, resulting in an annual runoff of 105 mm (September 2016–August 2017) (Figure 3).



Weekly stream water samples (2-L) were collected manually using a bucket attached to a rope from the Beth dam from September 2015 to October 2017 (n = 91). Major cross-section variability was assessed by carrying out three cross-section campaigns and measuring FRNAPH and suspended solids concentrations across the sampling section at different discharges (Table S1 in the Supplementary Material). Additionally, four flood events of different intensity were sampled at the same location. The two first events were grab sampled as for the weekly samples in November 2015 (n = 7) and February 2016 (n = 13), whereas an automatic water sampler (24 1-litre bottles; Teledyne ISCO, Lincoln, NE USA) located above the dam was used for the two last events that occurred in December 2018 (n = 31) and March 2019 (n = 50). The outflow of the WWTP was sampled manually at irregular intervals from December 2018 to March 2019 (n = 17).



The sediment core was sampled from a sediment bar located along the channel bank on February 2014 following the procedure described by Kanbar et al. [39] and using a piston corer (Beeker corer; referred as ‘river bank sediment core’). The core was sealed and transported to the laboratory in a vertical position before being sliced in 2–3 cm layers into an N2-filled glove bag to avoid oxidation and stored at −80°C until analysis.




2.3. Laboratory Analysis


Turbidity was measured in the laboratory using a portable turbidimeter (HACH 2100Q, Loveland, CO, USA; NTU units) and suspended solid concentration by filtering a known sub-sample volume through 1.2-micrometre Whatman GF/C glass fibre filters (Whatman Ltd., Kent, UK) by means of a Millipore vacuum pump. Before water filtration, the filters were dried at 105 °C for more than 2 h, desiccated and weighed. After water filtration, the filters were dried out again at 105 °C and reweighed. The weight difference provided the total amount of suspended solids retained on the filter. Suspended solid concentration was calculated by dividing the total amount of solid retained in the filters by the volume of the filtered samples.



FRNAPHs were measured in four different matrices referred as ‘bulk column’ samples (raw water sample), ‘filtrated water’ (water sample after filtration on 1.2-micrometre Whatman GF/C glass fibre filters), ‘suspended solid’ (particulate matter transported in suspension) and ‘river bank sediment core’ (river bank sediment, 130 cm deep measurements at 3 cm intervals). For all types of samples, the concentration of infectious FRNAPHs was determined using Salmonella enterica serovar Typhimurium strain WG49 (Collection Institut Pasteur, CIP 10344) and the double-agar-layer technique, as described in the ISO standard 705-1:2001, including the RNase (R6513, Sigma) test. Nalidixic acid (Ref. 169900250, Acros Organics) was added to the media for limiting the growth of the abundant bacterial flora. Negative and positive controls (MS2 phage) were included in all the analysis. Plates were incubated overnight at 37 °C before plaque forming units (PFU) counting. For water samples (bulk and filtrated water), FRNAPHs were enumerated in either 4 × 5 mL or 6 × 5 mL of water, depending on the samples collected, and their concentrations were expressed in PFU/1L. For the November 2015 and February 2016 campaigns (storm runoff events), samples were stored at −20 °C prior to analysis and both infectious FRNAPHs and genogroups quantification were caried out within one month, once all the samples were collected for a given event. For suspended solids, an elution step of FRNAPH from suspended solids was required. For this purpose, 1 litre of bulk water was filtered through 1.2-micrometre Whatman GF/C glass fibre filters (identical to that used to determine suspended solid concentration), previously saturated using a 5% beef extract solution (Ref. 212610, Difco Beef extract, Gibco) to prevent bacteriophage adhesion to the filtration material. After filtration, the filter was submerged in a 7-millilitre solution of pyrophosphate buffer (0.01 M, pH 7; Ref. 221368, Sigma), as previously described [26,36], and incubated for 30 min with a 400-rpm orbital shaking. The filter was finally removed, and the supernatant was centrifuged for 4 min at 3220× g to remove the suspended solids. The recovery solution was then collected and directly analysed (6 × 1 mL) for the infectious FRNAPH detection using the plaque assay method. Results were expressed in PFU/L, corresponding to the number of viral particles attached to suspended solid in 1 L of water. FRNAPHs in filtrated water and suspended solids were measured for the weekly samples from February to September 2016 (n = 28) and discontinued afterwards. For the riverbank sediment core, infectious FRNAPHs were tentatively recovered from 1 g of frozen sediments vigorously dispersed in 20 mL of phosphate buffer saline (PBS; Ref. P3813, Sigma), by direct plating onto using a standard double-agar-layer technique, as described above.



Prior to the FRNAPH genogroup detection, a clarification of surface water was performed by centrifugation at 3000× g for 10 min at 4 °C. Then, an ultracentrifugation of 98 mL of supernatant at 235,000× g for 1 h 30 min at 4 °C (L-90K Ultracentrifuge, Beckman Coulter OptimaTM; Beckman Coulter, Inc., Indianapolis, IN, USA) was performed to concentrate phage particles [4,44]. Each pellet was resuspended in 1 mL of the Nuclisens lysis buffer (Biomérieux, France) and stored at −80 °C until the next steps of sample treatment. For riverbank sediment, bacteriophage RNAs were extracted from 0.25 g of frozen core slices dispersed in 1 mL of PBS. The RNA extraction was performed using the Nuclisens Magnetic Extraction kit (Biomérieux, France). The elution step was carried out in 100 µL of elution buffer (Biomérieux, France) and extracted nucleic acids were stored at −80 °C. For riverbank sediment, the RNA extraction above was preceded by a standard phenol/chloroform/isoamyl alcohol (25:24:1) extraction and followed by an extra-RNA purification step using the Agencourt® RNAClean™ kit (Beckman Coulter, Inc., Indianapolis, IN, USA). Genogroup detection and quantification were performed using the quantitative real-time RT-PCR (RT-qPCR) method developed by Ogorzaly and Gantzer [45] on either a ViiA™ 7 Real-Time PCR System or a Step One Plus Real-Time PCR System (both from Applied Biosystems®, Life Technologies Inc., Carlsbad, CA, USA). Two modifications were brought to this method with the use of TaqMan® Environmental MasterMix 2.0 (Applied Biosystems®, Life Technologies Inc., Carlsbad, CA, USA) in a final volume of 25 µL. The RNA genomic concentration of each genogroup (gc/100 mL) was determined thanks to standard curves as previously described [4]. For FRNAPH I, II, III and IV, the slopes of the curves were, respectively, −3.49, −3.69, −3.50 and −3.45 with a squared correlation coefficient (R2) of 0.999 for FRNAPH I, II and III and 0.998 for FRNAPH IV. PCR amplification efficiencies were, thus, estimated to be 93, 87, 93 and 95%, respectively. A detection limit of 10 genome copies per RT-qPCR reaction was determined for the four genogroups.




2.4. Statistical Analysis


Data were analysed with the R software, version 4.0.2 [46]. The laboratory uncertainty associated with the results was estimated by error propagation. The outflow from the WWTP was estimated at approximately weekly intervals (when data are available [43]) by dividing the outflow ammonium daily load (kg/day) by the outflow mean daily ammonium concentration (mg/L). The FRNAPH loads from the WWTP were calculated by multiplying the weekly outflows by the average FRNAPH WWTP concentration.



The hysteretic relationships between suspended solids and FRNAPH concentrations with discharge were assessed qualitatively for the sampled events following the procedure described by Williams [47]. Clockwise (positive) hysteresis can be attributed to earlier suspended solids/FRNAPH peak occurrence, either due to suspended solids/FRNAPH increase at the earlier stage of the event or to a rapid decline at the latter stages before the peak discharge. These are normally associated to the liberation of fine solids trapped within the bedload and disturbed by the arrival of the event wave, or to the mobilisation of neighbouring sources. On the other hand, the counterclockwise (negative) hysteresis occurs due to intensive suspended solid increase after the discharge peak. This hysteretic loop is generally associated to the activation of sources that are located further upstream, at the upper part of the slopes.



Spearman correlations were calculated between the log-transformed FRNAPHs measured at Beth, and the hydrological and meteorological variables displayed in Table 1 (function ‘cor’ computing the correlation between each pair of variables using all complete pairs of observations of those variables). The variables presenting a right-skewed distribution were log transformed in order to reach a linear relation between FRNAPH concentrations and the explanatory variables and ensure homogeneity of variance. The non-parametric Mann–Whitney test was applied to determine whether there was a significant difference in the distributions of two groups of data based upon the ranking of scores from both groups using the ‘wilcox.test’ function in R. A regression model to predict log-transformed FRNAPH concentrations from the values of the hydrological and meteorological variables was build using the least squares method and the R package StatDA, version 1.7.4 [48]. A leave-one-out cross-validation was carried out using the ‘caret’ R package [49]. FRNAPH concentrations below the detection limit were not considered in both the correlation and regression analysis. Turbidity, water temperature and conductivity values for the last two events were taken from the turbidity meter.





3. Results


3.1. F-Specific RNA Bacteriophage Concentrations


The levels of FRNAPH contamination in suspended solids were negligible (mean 56.1 PFU/L) and phages were only detected in 18% of the samples. The FRNAPH concentrations in the filtrated water were higher (mean 290.3 PFU/L) and phages were detected in 61% of the samples (Figure 2a). The distributions of FRNAPH concentrations in suspended solids and filtrated water were significantly different (Mann–Whitney test, p < 0.01), whereas the distributions of FRNAPH concentrations in filtrated water and bulk water weekly samples were not significantly different (Mann–Whitney test, p = 0.65; when comparing the same samples collected from February to September 2017).



Figure 2b shows the bulk water FRNAPH concentrations measured during the weekly sampling, the four sampled events and the discharge of the wastewater treatment plant (WWTP). Slightly higher concentrations were measured at the WWTP than at the bulk water weekly samples, showing a minimum impact of the water discharged from the WWTP. The FRNAPH concentrations measured during the four storm runoff events fell within the values measured during the weekly sampling campaign, with the mean event concentrations decreasing as follows: November 2015, December 2018, March 2019 and February 2016 (Figure 2b). When merging all the event measurements, the data distribution was not significantly different than the distribution of the weekly sampling data (Mann–Whitney test, p = 0.086).



The riverbank sediment core data showed that the FRNAPH concentrations were below the detection level at all depths, but some genome copies were detected at the uppermost layer (Table S2 in the Supplementary Material).



The weekly bulk water samples showed seasonality in the FRNAPH concentrations (Figure 3b). These values were higher during late autumn and winter when the air temperature was lower. The suspended solid concentration increased with the river discharge (Spearman rank correlation = 0.33; p < 0.01), reaching a maximum concentration of 131.5 mg/L in June 2016. The FRNAPH and suspended solid concentrations followed the discharge pattern (Spearman rank correlations = 0.60 and 0.33, respectively; p < 0.01), showing no dilution effect during the wet seasons. However, the high river discharge values measured during the largest discharge events (February and June 2016) were poorly sampled.



The results obtained at the storm runoff event scale showed that some events presented clockwise hysteretic loops between the suspended solid concentration and the river discharge, whereas others presented anti-clockwise hysteretic loops (Figure 4). Independently of the hysteretic pattern between the suspended solid concentration and the river discharge, the FRNAPH concentrations always increased at the beginning of the raising limb and decreased before the discharge peak, always resulting in clockwise hysteretic loops. For instance, the event that occurred in November 2015 (Figure 4a) presented an anti-clockwise hysteretic loop between the suspended solid concentration and the river discharge (Figure 4c), but a clockwise loop between the FRNAPH concentrations and the river discharge (Figure 4b). Moreover, when both the suspended solid concentration and the FRNAPH concentrations presented clockwise hysteretic loops, the peak rarely occurred simultaneously (e.g., Figure 4d,j).



The average daily discharge from the WWTP located upstream from the sampling point was estimated to be ≈4800 m3/day (September 2015–August 2017) with an average FRNAPH concentration of ≈4900 PFU/L. The FRNAPH loads from the WWTP remained low along the sampled period (Figure 3c). The FRNAPH concentrations in the bulk water samples collected weekly were slightly lower than those measured in the WWTP (average concentration of ≈10,100 PFU/L), showing a minimum impact of the WWTP effluent contribution to the FRNAPH downstream concentrations.




3.2. FRNAPH Genogroups


The genogroup diversity measured during the two first runoff events was larger than for the weekly sampling (Figure 5). In the weekly samples, FRNAPH II was the main genogroup detected, whereas FRNAPH II and FRNAPH I dominated during the runoff events. The concentration of genome copies was larger during the first runoff event that occurred in November 2015 than in the larger runoff event that occurred in February 2016.




3.3. Simple and Multi Parameter Regression


Simple Spearman correlations between FRNAPH, suspended solid concentration, hydrological and meteorological variables showed contrasting results for the weekly and the runoff events’ sampling campaigns (Table 2). The weekly samples showed that the FRNAPH concentrations were principally correlated with water and air temperature, whereas the correlations with water conductivity, river discharge, solar radiation and turbidity were weaker. On the contrary, the samples collected during the runoff events presented less significant and inverse correlations with turbidity and discharge, and a positive correlation with water conductivity. They also presented very weak correlations with the meteorological variables.



Either the FRNAPH concentrations measured on the weekly or the runoff event samples correlated with the suspended solid concentration. The latest was shown to be significantly correlated with turbidity and, to a lesser extent, water conductivity, antecedent rainfall and discharge.



The quality of the regression models built to predict the log-transformed FRNAPH concentrations measured at both weekly and runoff event time scales using the hydrological and meteorological variables are shown in Table 3. Both models adequately explained the data variability (the associated p-values of the F-statistics do not exceed 0.005). The calculation performed for the weekly values was able to predict 67% of the variance for the measured FRNAPH concentrations. The intercept and solar radiation parameters significantly contributed to this regression model, whereas the log-transformed suspended solid discharge and suspended solid concentrations contributed to a lesser extent. The positive and negative coefficients for the log-transformed river discharge and water temperature, respectively, indicate that the log-transformed FRNAPH concentration increased with the river discharge and decreased with the water temperature. The leave-one-out cross-validation r2 was 0.54. Figure 6a presents a graphical inspection of the fit between the measured and predicted values. The residuals versus the predicted values are shown in Figure 6b, where it is possible to observe that predictions across the range of the explanatory variables were made with similar precision. The residual standard error was 0.46.



The calculation performed with the runoff event dataset (Table 3; Figure 6) was able to predict only 30% of the variance in the measured FRNAPH concentrations. None of the parameters contributed significantly to the model. The residual standard error was of the same order of magnitude (0.43) as it was when predicting the log-transformed FRNAPH concentrations using the weekly dataset. However, the leave-one-out cross-validation r2 value was significantly lower (0.12), showing a very low model performance.





4. Discussion


4.1. Interplay between FRNAPHs and Suspended Solids in the Water Column


In the Orne River (France), FRNAPHs were not found to be transported in association with the predominant suspended solids at low flows. When separating the suspended solids from the water by filtration, FRNAPHs were mainly detected in the filtrated water (Figure 2). Furthermore, low and non-significant correlations were found between the FRNAPH concentrations and turbidity (0.39), and between the FRNAPH concentrations and suspended solid concentrations (0.26), respectively (Table 2).



The association between the FRNAPHs and the suspended solids could not be fully discarded during storm runoff events. As for the weekly sampling, the results showed weak correlations between the FRNAPHs’ concentrations and turbidity (−0.39) and the suspended solid concentrations (−0.24). The low correlations could be associated with the dominant contribution of suspended solid sources containing low or no FRNAPHs, and the bonding of FRNAPHs to particles originating from a source with a minor mass contribution to solid flow could not be discarded. However, a separation of suspended solids from water by filtration was not carried out for the event samples. When doing so, Fauvel et al. [36] reported that the free or bound status of FRNAPHs could be strongly influenced by hydro-meteorological conditions, with a favoured binding at the discharge peak but also, to a certain extent, during the recession limb.



The nature of the suspended solids could also influence the partitioning of infectious FRNAPHs, namely their size and composition. Several studies demonstrated that FRNAPH could be associated with particles ranging from fine to very fine sand [26,50,51]. In addition, the presence of iron-bearing phases in the Orne River sediments associated to steelmaking activities [39] could also explain the low proportion of bound infectious FRNAPHs, since previous studies have shown that the presence of iron oxides can inactivate virus particles [52,53,54]. However, there is no evidence of steel-making sediment remobilisation in the sampling site, and the suspended solids sampled by Kanbar [55] presented iron concentrations similar to those measured upstream of the steelmaking impacted zone.



Finally, the different FRNAPH genogroups have been shown to present different adhesion to suspended solids. In batch experiments performed in river water, sorption to complex environmental solid matrices was detectable for the strains belonging to FRNAPH II, III and IV, but not to FRNAPH I [36]. FRNAPH I showed lower adhesion capabilities compared to FRNAPH II and, to a lesser extent, FRNAPH III and IV [56,57]. Even if FRNAPH II dominated in our site, the results did not suggest adhesion to the suspended solids. A possible explanation could be the unfavourable conditions in the river. The latter authors suggested the importance of salt concentration in the establishment of interaction between FRNAPH and solid surfaces, the decrease in the ionic strength of the solution leading to a reduction in the surface concentration of adhered phages.



During low flows, the FRNAPH concentrations increased during the wet season and decreased during the dry season, being inversely correlated with the air and water temperature (Figure 2; Table 2). The suspended solid concentration followed a different pattern, showing rather low concentrations along the sampling period and higher concentrations during storm runoff events. Decoupling between FRNAPH and suspended solid transport was also observed at the runoff event scale (Figure 3). Both clockwise and counterclockwise hysteretic loops between the suspended solid concentration and the river discharge were observed, but the hysteretic loops between the FRNAPH concentration and the river discharge were always clockwise. Furthermore, when both loops were clockwise, the peaks of the suspended solids and the FRNAPH concentrations were not synchronised in most cases. Our results showed a quicker increase in the FRNAPH concentrations during the runoff raising limbs, which could eventually be explained by two different hypotheses. On the one hand, previous studies reported a greater abundance of faecally derived viruses in the bed sediment than in the overlay water column [58] and a remobilisation of phages bound to riverbed sediments during the hydrograph raising limb [4]. However, in this section of the Orne River, fine sediment deposits in the riverbed were not evidenced and phages were solely detected in a very low concentration in the first centimetres (1–3 cm) of the riverbank sediment core (Table S2 in the Supplementary Material). Further, a systematic increase in the suspended solid concentrations before discharge peaks was not observed. Hence, the increase in FRNAPH during the raising limb could be explained by the activation of FRNAPH sources in the vicinity of the sampling site. A WWTP origin of FRNAPH was discarded, as evidence showed the limited influence of the upstream WWTP (Figure 3c), but as the sewage network is mainly unitary, one could think about a first flush originating at the collectors themselves due to sewer overflows. This hypothesis is difficult to address with the genogroup data, because, despite the fact that FRNAPH genogroup II was the most abundant during the first event (Figure 4) [5], both genogroups FRNAPH II (rather human origin) and I (rather animal origin) presented similar abundance during the second event.



Using the same protocol, Fauvel et al. [36] found a phage-solid association during the peak of rainfall runoff events, but also to a certain extent during the recession phase compared to low flow conditions. The authors also found that infectious genogroup II was more abundant in riverbed sediments than in surface water. None of these features were observed in the Orne River. However, both sites are different in terms of geology, land use and anthropogenic influences. Fauvel et al.’s [36] site received the water of a smaller and more urbanised area, and was influenced by four WWTPs located in the 10 km stretch upstream from the sampling site. We hypothesise that these factors could result in different water pH, ionic strength and a different charge/hydrophobicity of both the suspended solids and phages [56,57]. Suspended solids are composed of a complex matrix of microbial communities, organic and mineral particles [59] and, as argued by Fauvel et al. [26], it is difficult to elucidate the interaction mechanisms between suspended solids, viruses and the heterogeneous environmental matrix, which are in a continuous state of change and are affected by site-specific hydrodynamics conditions. Future research is needed in this respect.




4.2. FRNAPH Controlling Factors at Low Flows and during Storm Runoff Events


Different hydro-meteorological factors affected the FRNAPH concentration at two complementary time scales in the Orne River. The FRNAPH concentration measured weekly over two years correlated to water and air temperature, whereas the runoff event-based measurements correlated with turbidity, water conductivity and river discharge (Table 2). Similarly, different factors contributed significantly to the regression models to predict log-transformed FRNAPH concentrations at both time scales (Table 3). The most significant predictions were obtained for the weekly dataset (Figure 6), demonstrating their capability for FRNAPH concentration modelling. However, the regression model using storm runoff data showed a rather low performance when using a leave-one-out cross-validation approach.



As our results showed a decoupling between the FRNAPH and the suspended solid concentrations, we modelled the total concentrations of phages in the water column. As argued by de Brauwere et al. [38], there is no evidence of different sanitary risk whether a bacterial faecal indicator is attached to particles in the water column or not, and water quality standards are expressed in terms of total concentration. The same applies for viral indicators when discussing the sanitary risk in terms of exposure. However, if the attachment to suspended solids was to be necessary for the viruses to settle in the riverbed, the absence of interaction would limit the formation of viral reservoirs in the settled sediments and, thus, decrease the risk associated to the remobilisation of the sediment-associated viruses.



The model results should be carefully considered before being applied in prediction mode because concentrations and environmental parameters are known to present a non-stationary behaviour for a given study site and might significantly change over time. Similarly, the modelling of FRNAPH fate and transport remains to be further explored as an in-depth understanding of the processes taking place in river systems is still missing. In some locations, such as the Orne River, where the FRNAPH concentrations are decoupled from the suspended solid transport, it is not easy to take advantage of suspended solid transport models to predict phage dynamics in surface water. Furthermore, a mechanistic understanding of the mobilisation process of FRNAPHs at the beginning of storm events and their origin is also missing.



Our study highlights the relevance of combining different sampling strategies, targeting runoff events on one hand to decipher the water and particle contributions to the running waters, and developing systematic sampling on the other hand to obtain global tendencies and a better understanding of the whole process. We could also show the importance of long-term monitoring on several hydrological years to better understand phage dynamics, which would also be necessary to investigate long term trends.
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Figure 1. Land use map of the Orne River basin at the Beth sampling site. Location of the meteorological station (Météo France, Aéroport M.N.L.) and sampled wastewater treatment plant (WWTP). Source land use map: European Environment Agency-Corine Land Cover 2018. Catchment and river network delineated using the digital elevation model MNT BD ALTI® (Source: National Institute of Geographic and Forest Information (IGN-F), France) and the program ArcGIS 10.5. 
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Figure 2. Box plot representation of the F-specific RNA bacteriophage (FRNAPH) concentrations in the Orne River at the Beth sampling location (a) in the suspended solids and filtrated water collected during the weekly campaign from February to September 2017 (n = 28; LOQ = 33 PFU/L) and (b) in the bulk water samples collected during the weekly campaign (n = 91; LOQ = 33 PFU/L), and the four runoff events that occurred during November 2015 (n = 7; LOQ = 50 PFU/L), February 2016 (n = 13; LOQ = 50 PFU/L), December 2018 (n = 31; LOQ = 33 PFU/L) and March 2019 (n = 50; LOQ = 33 PFU/L), and in the effluent of the wastewater treatment plant (WWTP) at irregular intervals from December 2018 to March 2019 (n = 17; LOQ = 100 PFU/L). Numbers below the boxes indicate % of samples from which FRNAPH were detected. 
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Figure 3. (a) Solar radiation, air temperature and rainfall measured at the Méteo France station Aéroport M.N.L., (b) river discharge, weekly F-specific RNA bacteriophage (FRNAPH) and suspended solid concentrations in the Orne River basin recorded at the Beth sampling site. The green shadows represent the 95% confidence interval for the FRNAPH measurements. The dashed grey horizontal line shows the FRNAPH limit of quantification. (c) Suspended solid and FRNAPH fluxes at Beth and FRNAPH flux from the wastewater treatment plant (WWTP) located 0.9 km upstream. 
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Figure 4. River discharge (Q), F-specific RNA bacteriophage concentrations (FRNAPH) and suspended solid concentration measured during the four runoff events in (a) November 2015, (d) February 2016, (g) December 2018 and (j) March 2019. For each runoff event, relationship between river discharge and FRNAPHs concentrations (b,e,h,k), and between discharge and suspended solid concentrations (c,f,i,l). 
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Figure 5. Concentration of genome copies of F-specific RNA bacteriophage (FRNAPH) I, II, III and IV measured in the weekly samples and during the storm runoff events occurring in November 2015 and February 2016. The genogroup FRNAPH IV was not measured in the samples collected during the runoff events. Numbers below the boxes indicate % of samples from which genome copies were detected. 
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Figure 6. (a) Scatter plot between the measured and predicted log-transformed FRNAPH concentrations, and (b) the residuals versus predicted log-transformed FRNAPH concentrations from the hydrological and meteorological variables for the weekly and event datasets. 
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Table 1. Hydrological and meteorological variables.
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Group

	
Variable Description

	
Units






	
Hydrological variables

	
Log10 transformed turbidity

	
NTU




	
Log10 transformed suspended solid concentration

	
mg/L




	

	
Log10 transformed discharge

	
m3/s




	

	
Conductivity

	
µS/cm




	

	
Water temperature

	
°C




	
Meteorological variables

	
Antecedent precipitation: 5, 10-days

	
mm




	
Air temperature

	
°C




	

	
Solar radiation

	
W/m2
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Table 2. Spearman correlation analysis between FRNAPH and suspended solid concentrations, hydrological and meteorological variables for the ‘Weekly’ and the ‘Events’ dataset (Weekly/Events). Values with significant correlations (p < 0.01) are in bold.






Table 2. Spearman correlation analysis between FRNAPH and suspended solid concentrations, hydrological and meteorological variables for the ‘Weekly’ and the ‘Events’ dataset (Weekly/Events). Values with significant correlations (p < 0.01) are in bold.


















	Weekly/Events
	a.
	b.
	c.
	d.
	e.
	f.
	g.
	h.
	i.
	j.





	a. FRNAPH
	1
	
	
	
	
	
	
	
	
	



	b. Conductivity
	−0.52/0.37
	1
	
	
	
	
	
	
	
	



	c. Water temp.
	−0.72/0.16
	0.45/0.26
	1
	
	
	
	
	
	
	



	d. Turbidity
	0.39/−0.39
	−0.61/−0.78
	−0.28/−0.09
	1
	
	
	
	
	
	



	e. Susp. solid conc.
	0.26/−0.24
	−0.43/−0.77
	−0.05/−0.25
	0.74/0.73
	1
	
	
	
	
	



	f. Air temperature
	−0.64/0.13
	0.37/0.21
	0.90/0.21
	−0.17/−0.14
	0.07/−0.08
	1
	
	
	
	



	g. Solar radiation
	−0.45/−0.17
	0.25/−0.18
	0.59/−0.24
	−0.15/0.00
	0.09/0.14
	0.63/0.10
	1
	
	
	



	h. 5-day ant. rainfall
	0.26/0.18
	−0.34/−0.02
	−0.08/0.18
	0.44/0.15
	0.32/0.34
	−0.08/0.07
	−0.07/−0.03
	1
	
	



	i. 10-day ant. rainfall
	0.17/−0.03
	−0.57/−0.32
	0.01/0.13
	0.48/0.20
	0.36/0.25
	0.04/−0.30
	0.02/−0.02
	0.71/0.44
	1
	



	j. Discharge
	0.60/−0.30
	−0.51/−0.95
	−0.51/−0.30
	0.57/0.73
	0.33/0.78
	−0.39/−0.21
	−0.09/0.22
	0.37/0.08
	0.30/0.25
	1










[image: Table] 





Table 3. Regression model to predict the log-transformed FRNAPH concentrations from the hydrological and meteorological variables using the weekly dataset (n = 60) and the runoff events dataset (n = 74); the intercept is an estimated additive parameter of the regression model that ensures that the hyperplane passes through the average of both the response and the explanatory variables; the regression coefficients determine the tilt of the hyperplane [48]; significant values (p < 0.01) are in bold.
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Data

	
Weekly 1

	
Events 2




	
Variable

	
Coef.

	
Std. Error

	
t-Value

	
Pr

(>|t|)

	
Sign. 3

	
Coef.

	
Std. Error

	
t-Value

	
Pr

(>|t|)

	
Sign. 3






	
(Intercept)

	
2.72

	
0.76

	
3.57

	
0.00

	
***

	
1.22

	
1.34

	
0.91

	
0.37

	




	
Log10 transformed turbidity

	
−0.77

	
0.46

	
−1.66

	
0.10

	

	
−0.46

	
0.33

	
−1.41

	
0.16

	




	
Log10 transformed suspended solid concentration

	
0.89

	
0.35

	
2.52

	
0.01

	
*

	
−0.07

	
0.25

	
−0.27

	
0.79

	




	
Log10 transformed discharge

	
0.51

	
0.21

	
2.40

	
0.02

	
*

	
0.44

	
0.28

	
1.58

	
0.12

	




	
Conductivity

	
0.00

	
0.00

	
1.18

	
0.25

	

	
0.00

	
0.00

	
1.48

	
0.14

	




	
Water temperature

	
−0.08

	
0.03

	
−3.12

	
0.00

	
**

	
0.02

	
0.05

	
0.41

	
0.69

	




	
Antecedent precipitation: 5-days

	
0.01

	
0.01

	
1.08

	
0.29

	

	
0.01

	
0.01

	
1.33

	
0.19

	




	
Antecedent precipitation: 10-days

	
0.00

	
0.01

	
0.34

	
0.73

	

	
0.01

	
0.01

	
0.92

	
0.36

	




	
Air temperature

	
−0.01

	
0.02

	
−0.35

	
0.73

	

	
0.03

	
0.02

	
1.49

	
0.14

	




	
Solar radiation

	
0.00

	
0.00

	
−0.20

	
0.84

	

	
0.00

	
0.00

	
−0.92

	
0.36

	








1 Residual standard error: 0.46 on 50 degrees of freedom (DF). Multiple R2: 0.67, F-statistic: 11.49 on 9 and 50 DF, p-value < 0.0001. Adjusted R2: 0.62. Leave-one-out cross-validation R2: 0.54. 2 Residual standard error: 0.43 on 64 DF. Multiple R2: 0.30, Adjusted R2: 0.20. F-statistic: 2.98 on 9 and 64 DF, p-value < 0.005. Leave-one-out cross-validation R2: 0.12. 3 Significance codes: 0.0001, ′***’; 0.001, ‘**’; 0.01, ‘*’.
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