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ABSTRACT
Pollution of water bodies is responsible for significant ecological and public health impacts through non-point sources, which are particularly challenging with control and regulation. In the non-point sources, microbial pollutants are major concerns in the contamination of water bodies. Fecal indicator bacteria (FIB) are typically used to assess the microbial water quality and the degree of fecal contamination in receiving waters. 
With the widespread use of FIB, the efficacy of a culture-based coliform method was tested. A variety of environmental matrices were used to confirm the performance of the coliform testing method through a comparison with high-throughput 16s rRNA amplicon sequencing. 
With the efficacy of FIB culture-based detection being validated, this method was used to more generally determine the impact that stormwater runoff had on receiving water bodies. It was shown that while there was a moderate relationship between storm characteristics and FIB levels in stormwater runoff, FIB levels were more related to site characteristics and seasonal impacts.
Recent studies have shown that FIB populations are capable of survival for a prolonged period of time in natural habitats. To further explore this, the survival of E. coli was investigated at various, relevant environmental conditions. It was found that environmental strains of E. coli could survive for a prolonged period of time, indicating concerns with using FIB as an indicator of fecal contamination and water quality.
With the concerns that FIB might not actually be an indication of microbial contamination, the microbial water quality was assessed utilizing 16S rRNA amplicon sequencing for a more in-depth microbial community analysis. This approach was applied to unimpaired streams, it was found that this approach led to a better understanding of microbial changes and patterns than what could be observed with culture-based FIB approaches.
Last but not least, the impact of stormwater runoff onto receiving waters was investigated with 16S rRNA amplicon sequencing. This approach identified the intrusive bacteria sourced from the stormwater runoff, which was not determined with culture-based FIB methods used earlier, as well as identifying the overall impact that stormwater runoff had on the microbial water quality of streams. 
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[bookmark: _Toc528508764][bookmark: _Toc56602647][bookmark: _Toc62683551]Introduction and Literature Review
[bookmark: _Toc31017618][bookmark: _Toc56602648][bookmark: _Toc62683552]1. Runoff impact 
[bookmark: _Hlk36588107][bookmark: _Hlk36588090]Stormwater runoff may be responsible for serious ecological impacts, especially for roadway runoff which contains suspended solids, metal elements, pathogens, organic and inorganic compounds (Barrett et al. 1998; Han et al. 2006; Lau et al. 2009; Stotz 1987). As a significant non-point source of pollution, runoff is mainly discharged into the receiving water. For example, streams, lakes, and coastal beaches were frequently reported for contaminants after storm events (Arnold and Gibbons 1996; Flint and Davis 2007; Gnecco et al. 2005; Kayhanian et al. 2008; Klimaszewska et al. 2007). 
The first flush of runoff is a mass flushing of pollutants in the initial period, which may contain higher concentrations of pollutants than those observed during the latter stages of the stormwater runoff (Deletic 1998; Kayhanian and Stenstrom 2005; Kayhanian and Stenstrom 2008; Mangani et al. 2005; Sansalone and Buchberger 1997; Vorreiter and Hickey 1994). Therefore, numerous researches focused on the first flush effects over seasons or based on individual storm events. In general, the first flush impacted by numerous parameters, such as, impervious area, a watershed area, rainfall intensity, antecedent dry period (Kayhanian et al. 2003; Kayhanian et al. 2008; Shinya et al. 2003; Westerlund et al. 2003); and first flush effect with high concentrations has been studied for water quality, chemical constituents, solid particle size distribution and toxicity (Kayhanian and Stenstrom 2005; Maniquiz et al. 2010) .  
In the United States, the Clean Water Act (CWA) regulation established in 1972 due to water pollution concerns, which require all states to control the discharge of stormwater runoff and reduce the pollutant loading before releasing into receiving water bodies (Athayde et al. 1983). To conform to discharge regulations, the total maximum daily load (TMDL) of impaired water bodies and water quality standards were required to compute the pollutant loading (Bickford et al. 1999). A decrease of stormwater contamination can be accomplished by source control. In any case, source control alone may not wipe out the discharged contamination loading, and information on water quality of stormwater runoff is required to accomplish cost-effective treatments of

	
1
 contamination decreasing (Abrishamchi et al. 2010; Jiang 2004; Kay et al. 2004; Kayhanian et al. 2004; Lloyd et al. 2002).
[bookmark: _Hlk36588945]Conventional water quality parameters, metal constituents, toxicity, polycyclic aromatic hydrocarbons (PAHs) and nutrients in stormwater runoff were studied frequently (Andrews and Sutherland 2004; Aryal et al. 2005; Bickford et al. 1999; Bourcier and Hindin 1979; Cabelli et al. 1982; Davis and Birch 2010; Gnecco et al. 2005; Haile et al. 1999; Lau et al. 2009; Makepeace et al. 1995; Stenstorm et al. 1984). Conventional water quality parameters including total suspended solids (TSS), volatile suspended solids (VSS), total organic carbon, chemical oxygen demand (COD),  total dissolved solids (TDS), dissolved organic carbon (DOC), biochemical oxygen demand (BOD), oil and grease (O&G), hardness as CaCO3, temperature, and pH (Campos et al.). Some variations of water quality parameters were observed among different researches, and the inconsistency might be related to many factors including rain intensity, land use, sample collection methods and analytical methods (Bertrand-Krajewski et al. 1998; Deletic and Maksimovic 1998; Driscoll et al. 1990; Helsel and Cohn 1988; Stotz 1987; Thomson et al. 1997).
Metal constituents include aluminum (Al), lead (Pd) the metalloid arsenic (As), cadmium (Cd), chromium (Cr), nickel (Ni), iron (Fe), and zinc (Zn), copper (Cu) (Bäckström et al. 2003; Bourcier and Hindin 1979; Hallberg et al. 2007; Kayhanian and Stenstrom 2005; Lau and Stenstrom 2005; Roger et al. 1998; Sansalone et al. 1998; Wu et al. 1998). One important observation is the inconstancy of these metal concentrations. For example, the concentrations of Cu, Pb and Zn in North America were lower than European countries (Pagotto et al. 2000).  
Nutrients monitored from different studies include total nitrogen (TN), nitrates (NO3-), nitrites (NO2-), ammonium (NH4+), total Kjeldahl nitrogen (TKN), total phosphorus (TP), and phosphate (PO43-) (Barrett et al. 2006; Han et al. 2006). Nitrogen and phosphorus constituents can be changed within the environment different forms, with a considerable effect (Berhanu Desta et al. 2007; Eriksson et al. 2007; Mangani et al. 2005; White and Boswell 2006). Overall, the sources of N and P in runoff may be from traffic and non-traffic sources, and the non-traffic sources like soil and vegetations from surrounding land uses are the major contributions (Flint and Davis 2007; Maniquiz et al. 2010; Yufen et al. 2008). Pathogens, herbicides, and pesticides were less frequently tested in stormwater runoff, though they are the important parameters and studied regularly in receiving water bodies (An et al. 2002; Federigi et al. 2019). 
Finding solid connections among water quality parameters and constituents would decrease the number of monitoring parameters and save analytical expenses. Based on previous studies, there are huge variants for the correlations between the water quality parameters and constituents (Davis and Birch 2010; Lau et al. 2009). Under some specific conditions and certain management programs, the higher correlations (R2>0.8) among parameters can potentially decrease analytical costs, for example, M. Kayhanian  showed four parameters (TSS, TDS, Fe, TOC) may be monitored to serve as other 13 water quality parameters (turbidity, TKN, O&G, TPH, Cu, DOC, Ni, Pb, Zn, EC, Cd, Cl, Cr) (Kayhanian et al. 2007).
[bookmark: _Toc31017619][bookmark: _Toc56602649][bookmark: _Toc62683553]2. Microbial contamination 
[bookmark: _Hlk36589485]Microbial contaminants, such as pathogenic bacteria, viruses, protozoa and antibiotic resistant gene, have been concerned in contamination of water bodies (Ashbolt and Bruno 2003; Federigi et al. 2019). Those contaminations can be found in runoff and subsequently transported to environmental water bodies, and studies have reported a high prevalence of microbial contaminants in sewer overflows, defective septic systems, roof-harvested rainwater, and agricultural runoff. However, the studies of microbial contamination in roadway stormwater runoff were rarely (Ahmed et al. 2018; Boehm et al. 2018; Hamilton et al. 2019; Jiang et al. 2001; Saget et al. 1996; Thurston et al. 2001). 
[bookmark: _Hlk36589510]It is impossible to monitor all pathogens in water bodies for the determination of microbial contamination because of the great diversity of pathogens. Therefore, fecal indicator bacteria (FIB), like total coliform, fecal coliforms, Escherichia coli, and enterococci, were selected to assess the microbial quality, due to high levels in feces and likely presence of potential pathogens (Sidhu et al. 2012). 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]High concentrations ( >3 log10 CFU/100 mL Escherichia coli, and >4 log10 CFU/100 mL total coliform) of FIB are frequently found in stormwater runoff and receiving waters (Chong et al. 2013; Olds et al. 2018; Steele et al. 2018). And of course, most of the concentrations were exceed the threshold value of FIB for the water quality standards by one or more orders of magnitude (Murphy et al. 2017). Moreover, studies have reported that the loading of FIB over wet weather conditions in receiving waters were higher than base flow over dry weather conditions (Boehm et al. 2018; Tseng and Jiang 2012). Sources of stormwater FIB are believed nonhuman unless sewer or septic system contaminating the stormwater with FIB of human origin. domestic and wildlife animals deposit feces that wash off soils or paved surfaces (Ahmed et al. 2008a; Ahmed et al. 2008b; Brownell et al. 2007; Davies et al. 2008; Field and Samadpour 2007; Hörman et al. 2004; McQuaig et al. 2009; Noble et al. 2006; Parker et al. 2010; Rajal et al. 2007; Stoeckel and Harwood 2007).
Urban or high-density residential areas are found that FIB levels in receiving waters over wet weather conditions are higher compared to rural or sparsely residential areas, due to high concentrations of FIB in runoff from sewer and septic overflows, commercial markets and impervious cover (Haile et al. 1999; Lloyd et al. 2002; McCarthy et al. 2006; Page et al. 2010; Soller et al. 2010; Struck et al. 2008; Stumpf et al. 2010; Thurston et al. 2001; Young and Thackston 1999). For example, Young and Thackston's (1999) showed that E. coli and fecal coliform in streams were related to the densities of development, housing, population, impervious area, and domestic animals (Young and Thackston 1999).
[bookmark: _Toc31017620][bookmark: _Toc56602650][bookmark: _Toc62683554]3. Persistence and Decay of FIB
[bookmark: _Hlk36589916][bookmark: _Hlk36589850] FIB can be used to present fecal contamination based on the assumption that FIB could not survive for a prolonged period of time once discharged into the environment (An et al. 2002). Therefore, the presence of live FIB would be indicative of recent fecal contamination. However, it has recently been reported that FIB populations were found in environments with no recent exposure to fecal materials, suggesting the capability of certain FIB populations to survive for a prolonged period of time in the environment (England et al. 1993; Hoff and Akin 1986; Sjogren 1994). Understanding the extent to FIB which can survive in natural environments is essential to estimating the impacts of fecal contamination events. 
The characteristics of natural habitats can contribute to rapid decay or extended survival or even growth of FIB, including sunlight, nutrients, temperature, and environmental types (e.g., liquid types and solid surfaces) (Bergholz and Whittam 2007; Buchanan and Edelson 1999; Franz et al. 2005; Himathongkham et al. 1999; Ihssen and Egli 2004; Ihssen et al. 2007; Large et al. 2005; Rozen and Belkin 2001; Semenov et al. 2007; Sidhu et al. 2015; Tabe et al. 2008; Tao et al. 1999; Vital et al. 2008). Moreover, different types of FIB are shown variant survival abilities under the same environmental conditions (Fisher and Meakins 2006; Girvan et al. 2005; Large et al. 2005; Sidhu et al. 2015; Taylor 2008).
[bookmark: _Toc31017621][bookmark: _Toc56602651][bookmark: _Toc62683555]3.1 Sunlight
FIB that in natural environments are faced with numerous environmental pressures including sunlight and associated electromagnetic radiation. The mechanisms of bacterial inactivation by sunlight   including UVA (315 to 400 nm) -induced photo-oxidative damage by free radicals and reactive oxygen species, and UVB (280 to 315 nm) -induced mutations of pyrimidine dimers (Boyle et al. 2008). Photo-oxidative damage can be either exogenous or endogenous scenarios. In the exogenous mechanism, the source of free radicals is present in the natural habitats; on the opposite, in the endogenous scenario, the radiations were absorbed by internal cellular components, which make damaging compounds inside the cell (Ahmed et al. 2014; Forte Giacobone and Oppezzo 2015). 
Numerous studies found the effect of sunlight is significant for FIB, but the magnitude of the effect likely depends on other parameters, such as habitat types and the source of the FIB (Zhou et al. 2015).
[bookmark: _Toc31017622][bookmark: _Toc56602652][bookmark: _Toc62683556]3.2 Temperature
FIB are commonly mesophiles, and the optimal growth temperatures are from 20°C to 40°C, which consistent with the temperature characteristic of gastrointestinal tracts in warm-blood animals (Savageau 1983). In many natural systems, the temperature fluctuates on a daily and seasonal basis. In nutrient-rich environments, higher temperatures result in elevated metabolic activities, but the survival of FIB tends to be prolonged at low temperatures when nutrients are poor (Buchanan and Edelson 1999; Klein and Alexander 1986; Semenov et al. 2007; Tao et al. 1999). 
[bookmark: _Toc31017623][bookmark: _Toc56602653][bookmark: _Toc62683557] 3.3 Alternative Habitats
The many types of microbial habitats differ widely in terms of benefits and stressors, thereby affecting the persistence of FIB. In solid surface, moisture content or water activity can be one of the key parameters for the survival of FIB, extreme drought might result in cell death (Bach et al. 2005; Gagliardi and Karns 2000; Jiang et al. 2002; Natvig et al. 2002; Rozen and Belkin 2001; Sang Ho et al. 2000; Topp et al. 2003).
In liquid habitats, nutrients are generally detrimental to the survival of FIB (Klein and Alexander 1986; Rozen and Belkin 2001). For example, in eutrophic aquatic environments, FIB can survive longer or even facilitate proliferation (Ihssen and Egli 2004). However, nutrient scarcity in habitats have been suggested as factors or strategies that reduce the chances of survival of FIB or pathogens (Klein and Alexander 1986). Furthermore, the salinity and the associated ionic content of marine and estuarine waters can induce osmotic shock and negatively impact the survival of FIB (Rozen and Belkin 2001). 
[bookmark: _Toc31017624][bookmark: _Toc56602654][bookmark: _Toc62683558]3.4 sources of the FIB
The diversity and variability of FIB, even within a species, cause the complicate comparison of the effects of a given environmental stressor (Ihssen and Egli 2004; Schubert et al. 2004). Moreover, culturable FIB are defined by the growth of colonies on selective differential media, which provides even greater potential for phylogenetic variability and diversity within the group (Ihssen and Egli 2005). 
In previous studies. FIB isolated from feces (dog, bovine, deer, or goose feces) or sewage and human feces typically decayed more rapidly than those from natural environments, like surface water, soil, and sediments (Bergholz and Whittam 2007; Habteselassie et al. 2008; Harwood et al. 2014; Large et al. 2005; Oladeinde et al. 2014; Oliver et al. 2007; Saleh-Lakha et al. 2008; Tabe et al. 2008). 
[bookmark: _Toc31017625][bookmark: _Toc56602655][bookmark: _Toc62683559]4. Microbial community analyses to diagnose pollution conditions
[bookmark: OLE_LINK6][bookmark: _Hlk37576225]Although, FIB monitoring in stormwater is a common practice, one of the limitations of FIB is that they rarely correlate well with the presence of pathogens in environmental waters (Sidhu et al. 2013). This may be expected as FIB in environmental samples are sourced from feces including human and other animals, but human pathogens mainly derived from human feces (Bichai and Ashbolt 2017; Steele et al. 2018). Moreover, the decay rates of FIB may be significantly different than other pathogens. Even selective media showed somewhat incorrect rates for presenting the culturable FIB (Federigi et al. 2019). Hence, monitoring of FIB in terms of pathogenic pollutions may not yield meaningful outcomes.
[bookmark: _Hlk36590574][bookmark: _Hlk37575894][bookmark: _Hlk37575940]The rapid improvement of nucleic acid sequencing technologies has improved the capacity to characterize the microbiomes in complex environmental matrices (Kumar et al. 2013; Loman et al. 2012; Salipante et al. 2013; Sinclair et al. 2015; Sunagawa et al. 2013). Advances in next-generation sequencing have potential shown new opportunities for pathogenic contamination assessment through analysis of microbial communities (Ashbolt 2015; Claesson et al. 2010; Eren et al. 2015; Federigi et al. 2019; Kim and Bae 2011; Lazarevic et al. 2009; Madoui et al. 2015; McLellan et al. 2010; Nshimyimana et al. 2015; Shendure et al. 2005; Wang et al. 2007).
[bookmark: _Hlk36590599][bookmark: _Hlk37575975][bookmark: _Hlk37576001]The high-throughput 16s rRNA amplicon sequencing is one of the culture-independent methods used for alternative microbiome analysis (Kennedy et al. 2014; Liu et al. 2007; Logares et al. 2014; Schloss et al. 2015; Sinclair et al. 2015). Most bacteria contain 16S rRNA gene which is made up of nine hypervariable regions flanked by conserved sequences. It provides an opportunity to identify the bacterial taxonomy of the species associated with different environmental matrices based on designing generic PCR primers to amplify and sequence the hypervariable regions(Chakravorty et al. 2007; Humblot and Guyot 2009; Liu et al. 2008). 
One of the advantages of utilizing the high-throughput 16s rRNA amplicon sequencing approach is that the numerous bioinformatic tools can be available for free and easy operating, including MOTHUR and QIIME, which are the two most used software packages. Based on the nucleotide sequence similarity, the sequences are clustered into Operational Taxonomic Units (OTU) by bioinformatic tools; or based on exact amplicon sequence variant was observed in each sample, the end result can be an amplicon sequence variant (ASV) table, which is a higher-resolution than the OTU table (Caporaso et al. 2010; Schloss et al. 2009; Unno et al. 2010). ASVs or OTUs are then identify the microorganisms compared against databases (Quast et al. 2013). 
[bookmark: _Hlk37577151]For microbial quality assessment, the microbial compositions analyses have been used to yield insights potential biological risk. A recent study of bacterial contamination environment samples applied the high-throughput 16s rRNA amplicon sequencing approach is to track sources and proportions of contamination in marker-gene based on a Bayesian approach, which is called SourceTracker (Knights et al. 2011). The method takes contamination sources as entire source communities into the contaminated communities, which are the sink communities, where the mixing proportions are trying to be determined. 
[bookmark: _Hlk36590712][bookmark: _Hlk37576045]Although NGS-based approaches have the potential to be an alternative microbial quality assessment, current frameworks heavily rely upon FIB measurements (Federigi et al. 2019; Harmel et al. 2016; Sales-Ortells and Medema 2015). More further studies will be needed to assess NGS-based methods for pollution detection.
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This study utilized high-throughput 16s rRNA amplicon sequencing to explore the positive identification of the U.S. Environmental Protection Agency-approved culture-based coliform testing method based on phylogenetic affiliation. The enumeration method on the four types of environmental matrices were tested, including stream water, stormwater runoff, sewage, and stream sediments. The results showed detecting true-positive (TP) of non-E. coli coliforms is more challenging than detecting TP of E. coli. The missed E. coli caused false-positive (FP) results in  stream water and sewage non-E. coli TC isolates, but the major FP groups of storm runoff and sediment non- E. coli TC isolates were the Aeromonas and Bacillus non-coliform groups. Sensitivity of the E. coli testing method was the lowest for the stream water medium (75.0%), but was respectable for other mediums, exhibiting values of 93.7%, 98.9% and 100% for sewage, sediment, and stormwater runoff, respectively. Furthermore, specificity of the test was above 95.6% for all environmental metrices in this study, and the average rate of the overall agreement was 81.2%, 96.5%, 98.5% and 97.7% for stream water, sewage, sediment, and stormwater runoff, respectively. The results suggested that this method was accurate at correctly identifying E. coli. Overall, the high-throughput 16s rRNA Amplicon Sequencing was shown to be a useful approach to confirm the positive colonies of the coliform-testing method. Assessment of performance of other traditional enzyme-based bacterial testing methods will be conducted in future studies.
[bookmark: _Toc56602660][bookmark: _Toc62683564]1. Introduction
Escherichia coli (E. coli) and Total coliforms (TC), as fecal indicators, are commonly used to assess the potential presence of pathogenic microorganisms in environment. EPA Method 1604 for enumerating TC and E. coli is a universally accepted method for quantifying the presence of these organisms in surface water and treated wastewaters (EPA 2002). The method utilizes selective dyes and the specific enzyme activities of TC and E. coli to isolate and differentiate E. coli and non-E. coli TC. After plating, E. coli are distinguishable as blue colored colonies through the action of b-glucuronidase(GUD) enzyme on 5-Bromo-4-Chloro-3-Indolyl-Beta-D-glucuronide (BCIG), and non- E. coli TC are recognized as red colored colonies through the action of 2,3,5-Triphenoltetrazolium Chloride (TTC) (Grant 1997). Due to the relatively low cost of implementation, use of this method has expanded to include a variety of different ecosystems, such as stream water (Hamilton, Kim et al. 2005), stormwater runoff (Simon and Makarewicz 2009), sewage(Crane, Jackson et al. 2006), and stream sediments (Boutilier, Jamieson et al. 2009) . However,  the microbial communities in these ecosystems are highly diverse, and non-coliform bacterial strains may cause false-positive (FP) results (Bernasconi, Volponi et al. 2006, Olstadt, Schauer et al. 2007, Maheux, Huppé et al. 2008), which execute an unnecessary burden for panic and remediation. And FP results may vary in different environmental matrices (Dunling and FIESSEL 2008, McLain and Williams 2008) due to the distinct bacteria in each ecosystem. Furthermore, while some non-coliform bacteria may result in FP results, some strains of TC and E. coli may not respond to the testing method, subsequently causing false-negative (FN) results, which could make ecosystems less impaired than it actually is and thus introducing a public health risk (Cahoon and Thompson 1987, Feng, Lum et al. 1991, Feng 1995).
Various methods of true identification for colonies resulting from EPA method 1604 have been reported, including API 20E, VITEK2 and Sanger sequencing systems (Aldridge and Hodges 1981, Sanders, Peyret et al. 2000, Zhang, Hong et al. 2015). These methods require selecting individual colonies for verification, which can be extremely time-consuming if the accuracy of testing requires numerous colonies to be verified.
High-throughput 16s rRNA amplicon sequencing is revolutionizing phylogenetic identification of microorganisms. The amplification of 16S rRNA gene regions is a powerful strategy for identifying bacterial populations, and this tool can be used to garner information about the genetic composition of a microbial community as a whole as opposed to bacterial monocultures. This study proposes the use of 16s rRNA sequencing as a faster, more cost-effective method of identifying the positive results in EPA Method 1604 by analyzing the genetic makeup of all colonies present. 
To test the positive results of the EPA method, E. coli and non- E. coli TC colonies were isolated from stream water, stormwater runoff, sewage, and stream sediments, and then characterized by the high-throughput 16s rRNA amplicon sequencing method. Results from the sequencing analysis indicated that, for each sample type, the vast majority of positive detections were actually E. coli and non-E. coli TC. Moreover, a limited number of non-coliform groups, such as Bacillus, Enterococcus, Brevibacillus, Stenotrophomonas, Lactococcus, Streptococcus, Flavobacterium,  Aeromonas, and Pseudomonas, were also detected and caused false-positive (FP) results. The overall results suggested that the EPA method was accurate at correctly identifying E. coli and total coliforms.
[bookmark: _Toc56602661][bookmark: _Toc62683565]2. Materials and Methods
[bookmark: _Toc56602662][bookmark: _Toc62683566]2.1 Environmental matrices selection 
A total of 12 environmental samples from sewage, stream water, stream sediment, and stormwater runoff in East Tennessee, USA, were collected between 2017 and 2018. Untreated sewage samples were collected from three different municipal wastewater treatment plants at the inlet under dry weather conditions without any impact of recent storm events.
Stream water samples were collected by submerging a sterile 1 L bottle below the stream surface according to standard methods (Lurry and Kolbe 2000) from three sampling locations in a local stream. All samples represented typical base flow for the stream, meaning at least three days without precipitation were required prior to sampling. Stream sediment samples were collected at each stream water sampling location. A sterile acrylic tube (115mm length) was pressed approximately 15 cm deep into the sediment, and the core was pulled with a gloved hand. 
Stormwater runoff samples were collected from three different pavement sites. Sampling was conducted using Nalgene™ Storm Water Samplers, which were installed immediately prior to the anticipated storms. Each sampler collected a full one-liter grab sample representing first-flush stormwater runoff.
After collection, all samples were transported using a cooler with ice and delivered to the laboratory within 6 hours, thus satisfying holding time requirements. 
[bookmark: _Toc56602663][bookmark: _Toc62683567]2.2 Isolate collection 
The TC and E. coli colonies were obtained following the protocol provided by the manufacturer (Hach, Loveland, CO). Briefly, to extract TC and E. coli from sediment samples, 10 g of wet sediment was mixed with 100 mL of sterile Phosphate-buffered saline (PBS) and shaken for 5 min to make a sediment slurry. Water and sediment slurry samples were diluted and filtered to trap TC and E. coli on the membrane surface (MilliporeSigma™ HAWG047S6), and then incubated at 36±2℃ for 22±2 hours. The appropriate number of colonies in one membrane is 50-100.
[bookmark: _Hlk19109200]Approximately 200 individual putative E. coli colonies from the same sample were picked and transferred to a single membrane using sterile needles. Similarly, 200 individual putative non-E. coli TC colonies from the same sample were transferred to a single membrane. Each membrane was ideally composed of a monoculture of each bacterial group: E. coli, and non-E. coli TC. The membranes were stored at −80°C until DNA extraction. 
[bookmark: _Toc56602664][bookmark: _Toc62683568]2.3 DNA Extraction and High-Throughput 16s rRNA Amplicon Sequencing 
DNA from the colony isolates was extracted by the FastDNA Spin Kit for Soil (MP Biomedicals) following the manufacturer’s protocol.
High-Throughput 16s rRNA Amplicon Sequencing was performed as previously described(Wyckoff, Chen et al. 2017). The PCR amplification used primers 515-F and 806-R to target the V4 region of the 16S rRNA gene(Caporaso, Lauber et al. 2012). PCR products were purified using the Wizard SV Gel and PCR Clean-Up system (Promega) and paired-end sequencing was completed using the Illumina MiSeq platform.
[bookmark: _Toc56602665][bookmark: _Toc62683569]2.4 Sequence Analysis
Analysis of sequence reads was conducted using QIIME 2 (Bolyen, Rideout et al. 2019). Amplicon sequence variants (ASVs) enumeration was performed using the DADA2 pipeline (Callahan, McMurdie et al. 2016). In contrast to the traditional cluster-based methods based on 97% sequence identity, DADA2 is an error model that can differentiate ASVs based on as little as a single nucleotide. This method is preferred for this study because the 16S V4 region amplicon is short, and some TC species differ at only one position. If traditional 97% identification methods were used, these taxa may be mistakenly grouped together. The obtained ASVs were then matched to the Greengenes 13.8 database. 
Sequence alignment and construction of phylogenetic trees were conducted using the EMBL-EBI (Madeira, Lee et al. 2019) and iTOL online tools (Letunic and Bork 2016).
[bookmark: _Toc56602666][bookmark: _Toc62683570]2.5 Estimation of method effectiveness
Effectiveness of the EPA 1604 method was quantified by calculating specificity, sensitivity, , and overall agreement (equations 1-3) for each sample (Snedecor and Cochran 1989).  
                                                                        (1)                    
                                                                       (2)                                   
                                                          (3)                    
In these equations, TN stands for true negative, TP stands for true positive, FN stands for false negative, FP stands for false positive, and Overall is the total of TN, TP, FN and FP.
[bookmark: _Toc56602667][bookmark: _Toc62683571]3. Results and Discussions
[bookmark: _Toc56602668][bookmark: _Toc62683572]3.1 Diversity of Putative TC isolates
A phylogenetic tree was constructed with the high-throughput 16s rRNA amplicon sequencing data. ASVs making up less than 0.2% relative abundance in each sample were filtered out because there were approximately 200 colonies in each sequencing sample, so any ASVs with extremely low proportions were most likely due to contamination during sample processing, not from the colonies themselves. In total, 69 ASVs were obtained in this study, including 49 Enterobacteriaceae clusters and 20 non- Enterobacteriaceae clusters (Figure 2.1). Although the definitions of coliform bacteria vary between different detection methods, the lactose-fermenting Enterobacteriaceae is currently widely used to define TC (Zhang, Hong et al. 2015). Obviously, the genera within the family Enterobacteriaceae, including Citrobacter, Cronobacter, Enterobacter, Erwinia, Escherichia, Klebsiella, Kosakonia, Pantoea, Pseudescherichia, Raoultella, Salmonella, Serratia, and Trabulsiella, are genetically distinct organisms. However, the similarity between the two clusters with the largest phylogenetic variance in Enterobacteriaceae is still 92.07%. In the 11 different Escherichia genera, the lowest similarity is 99.12%. 
[image: ]
Figure 2.1. Phylogenetic tree of ASVs using 16S rRNA sequencing following DADA2 Pipeline obtained from the putative E. coli and non-E. coli TC colonies inferred by Neighbor-Joining. The total 69 ASVs included 20 non-coliform, 37 non-E. coli coliform, and 12 E. coli ASVs.
Among the 20 non-TC ASVs, Streptococcus, Flavobacterium,  Aeromonas and Pseudomonas have been observed as common causes of FP results (Frampton and Restaino 1993, Grant 1997). However, Bacillus, Enterococcus, Brevibacillus, Stenotrophomonas, and Lactococcus were the first reported in this study.



[bookmark: _Toc56602669][bookmark: _Toc62683573]3.2 Bacterial isolates responsible in E. coli
Among the putative E. coli isolates in the 4 different environmental matrices, a total of 15 ASVs were identified (Figure 2.1). Four of these ASVs belonged to the Escherichia genera, and these ASVs made up greater than 95.3% of the community in all samples (Figure 2.2). 
Although the stormwater runoff showed highest variability of the isolates, including 12 different ASVs, other sample types contained only 3 or 4 ASVs. The Escherichia_I was the most abundant ASV across all samples. Moreover, in sediment and stream water samples, it was the only Escherichia ASV present.
There are 11 non-Escherichia ASVs that caused false positives, and the relative abundances of these ASVs ranged from 0.12% to 1.35% (Figure 2.2). Of ASVs that resulted in FP for E. coli, 3 belonged to the Enterobacteriaceae group (non-E. coli TC), including Salmonella_V, Raoultella_II, and Klebsiella_VIII. Non-TC groups that caused FP were Aeromonas, Bacillus, Enterococcus, Flavobacterium, Brevibacillus, Pseudomonas, and Stenotrophomonas.
Although FP results were found to be present using EPA Method 1604, the impacts were minor.  Additionally, numerous previous studies have confirmed this method for E. coli quantification in the upper 90% range (Pearez, Berrocal et al. 1986, Sarhan and Foster 1991, Grant 1997, Hamilton, Kim et al. 2005, Olstadt, Schauer et al. 2007, Zhang, Hong et al. 2015).
[bookmark: _Toc56602670][bookmark: _Toc62683574]3.3 Bacterial isolates responsible in non- E. coli TC
Non-TC groups caused the FP results for both E. coli and non-E. coli TC tests. E. coli that was not registered by the EPA method caused both FP of non-E. coli TC, as well as FN of E. coli. The primary true positive (TP) genera found in all samples were Klebsiella, Citrobacter, Enterobacter, Raoultella, Salmonella, Serratia, and Trabulsiella (Figure 2.3).  The overall relative abundances of true  non-E. coli TC results in sediment, stormwater runoff, sewage, and stream water were 78.4%, 91.9%, 91.8% and 61.7%, respectively.
No missed E. coli was found in in stormwater runoff non-E. coli TC isolates, and only 1.1% missed E. coli was found in sediment non-E. coli TC isolates. The FP results present in stormwater runoff and sediment non-E. coli TC isolates were primarily caused by non-TC groups.

[image: ]
Figure 2.2. Relative abundances of ASVs got from putative E. coli colonies. The percentages of true E. coli were 98.0%, 99.9%, 95.3% and 99.4% in sediment, sewage, stormwater runoff and stream water respectively. 















The Aeromonas genus was a common instigator of FP results, and it was found in all samples. Aeromonas abundance was especially high in sediment non-E. coli TC isolates (14.2%). Bacillus was another common genus resulting in FP results in non-E. coli TC isolates, and it was found in high abundance in sediment and stormwater runoff samples (5.2% and 4.7%, respectively). Although Enterococcus, Citrobacter, Lactococcus, Pseudomonas, and Stenotrophomonas also occurred in non-E. coli TC isolates, the abundances of these genera were all lower than 0.4%.
An overall rate of FP results was calculated by combining missed E. coli rates with the frequency of FP results in non-E. coli TC isolates due to non-TC groups. The overall frequency of FP results in sediment, stormwater runoff, sewage, and stream water were 7.6%, 8.1%, 21.2% and 38.4%, respectively. The FP frequency in non-E. coli TC isolates was much higher than for solely E. coli isolates. Therefore, the method for quantifying non-E. coli TC is not as accurate as the method for quantifying only E. coli.
Some ASVs were shown in both E. coli TC isolates and non-E. coli TC isolates, including Aeromonas_III, Aeromonas_V, Bacillus_VI, Escherichia_I, Klebsiella_VIII, Raoultella_II, Salmonella_V, Enterococcus, and Stenotrophomonas. The reason for this discrepancy may be that the 16s rRNA Amplicon Sequencing only sequences a fraction of the microbial genes, and the short reads may not have the resolution necessary to be classified as a separate ASV (Franzosa, Hsu et al. 2015). Therefore, there can be multiple different strains in the same ASV, and the different strains may have different responses for the culture-based TC testing. For example, 31 GUD-negative E. coli strains have been reported to avoid identification in the culture-based testing method (Feng, Lum et al. 1991).
[bookmark: _Toc56602671][bookmark: _Toc62683575]3.4 Effectiveness of the culture-based testing method
The performance of the culture-based E. coli testing method was evaluated for specificity, sensitivity, and overall agreement for various environmental mediums. Specificities were above 95.6% for all mediums, and the sewage medium reported 99.9% specificity, indicating that nearly all positive detections are the correct coliform classification (Figure 2.4). Numerous previous studies have evaluated the specificities of this method for E. coli quantification based on different confirmed methods, and the ranges were above  85% (Grant 1997, Hamilton, Kim et al. 2005, Olstadt, Schauer et al. 2007, Zhang, Hong et al. 2015).
[image: ]
Figure 2.3. Relative abundance of ASVs from putative non-E. coli TC. 78.7%, 92.5%, 91.9% and 61.6% true non-E. coli TC, 1.1%, 7.1%, 0% and 37.4% missed E. coli, and 20.2%, 0.4%, 8.1% and 1.0%non-TC in sediment, sewage, stormwater runoff, and stream water respectively.








Sensitivity was high for stormwater runoff, sediment, and sewage (Figure 2.5). The sensitivity of the method for stormwater runoff was especially high (100%) due to a complete lack of  FN results. Sensitivity of the method for sewage and sediment mediums was 93.7% and 98.9%, respectively. However, the culture-based method exhibited the lowest sensitivity for the stream water medium at 75.0% due to numerous undetected E. coli in non-E. coli TC isolates. Additionally, the standard deviation for the stream water samples was 12.7%, indicating that the triplicates were quite variable.
In general, the overall agreement exhibited by the culture-based E. coli testing for sewage, sediment and stormwater runoff samples was higher than 96.5% for each, suggesting that this method is highly accurate at correctly identifying E. coli in these mediums based on the 16S rRNA gene sequencing conformation (Figure 2.6). Although high specificity for stream water was shown in this study, the low sensitivity caused the overall agreement to decrease to a final value of  81.2%.
[bookmark: _Toc56602672][bookmark: _Toc62683576]4. Conclusions 
[bookmark: _Hlk62557164][bookmark: _Hlk62557244]The EPA 1604 culture-based method for quantifying the presence of E. coli and total coliforms in aquatic ecosystems has become widely used due to its ease of implementation and relatively low cost. It is important to confirm the positive results of the method for various environmental matrices, and advances in the high-throughput 16s rRNA amplicon sequencing allow this tool to be used to explore the results of this culture-based test. In this study, the high specificity exhibited by the enumeration method on the four types of ecosystems indicate that the method is highly accurate in identifying E. coli colonies. However, elevated levels of FP results were found for the non-E. coli TC test, indicating that the method may decrease in accuracy when attempting to identify a taxonomically larger subset of bacteria. Overall, the high-throughput 16s rRNA Amplicon Sequencing was found to be an effective method of verifying the accuracy of The EPA coliform testing method. It should be also mentioned that, due to the limited samples in this study, observations need to be validated with more samples from different environmental matrices. Moreover, further efforts will extend the use of 16s rRNA sequencing to assessing the performance of other traditional enzyme-based bacterial testing methods.



Figure 2.4. Specificity of putative E. coli. The average rates of 99.0%, 99.9%, 98.0%, and 95.6% for stream water, sewage, sediment, and stormwater runoff, respectively.


Figure 2.5. Sensitivity of putative E. coli. The average rates of 75.0%, 93.7%, 98.9% and 100% for stream water, sewage, sediment, and stormwater runoff, respectively.

Figure 2.6. The overall agreement of putative E. coli. The average rates of 81.2%, 96.5%, 98.5% and 97.7% for stream water, sewage, sediment, and stormwater runoff, respectively.
[bookmark: _Hlk54008323]
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[bookmark: _Toc56602675][bookmark: _Toc62683579][bookmark: _Hlk60264624]Spatial and Temporal Variability of Fecal Indicator Bacteria and Turbidity in Stormwater Runoff
[bookmark: _Toc56602676][bookmark: _Toc62683580][bookmark: _Hlk60264758]Abstract
[bookmark: _Toc31017650][bookmark: _Hlk31123300]Stormwater runoff from urban impervious surface presents a high potential risk of non-point source contaminations. In this study, Escherichia coli (E. coli), total coliform (TC), and turbidity in stormwater runoff from roadway pavement and culvert were evaluated over 23 storm events in east Tennessee. First flush grab samples were collected from 6 sites, including a rural minor collector road, a rural minor arterial road, an urban minor collector road, an urban minor arterial road, a rural interstate divided highway, and an urban interstate divided highway in 2016-2017. Turbidity and fecal indicator bacteria (FIB) in runoff showed great variances across different sites and different storm events, but the elevated pollutant levels present a potential public health hazard. Analyses suggested that the turbidities were similar in pavement runoff and culvert runoff on the same site from the same storm event, but fecal indicator bacteria (FIB) were not. Moreover, results showed turbidities in runoff were highly correlated with precipitation intensity (PI) and antecedent dry period (ADP), but poor correlated between FIB and storm weather conditions. However, seasonal differences for FIB were noted, and FIB concentrations in winter are lower than other seasons. Further, the impact of site features was analyzed in this study, the FIB concentrations are higher at the urban minor collector than the rural minor collector, and higher at urban minor arterial than the rural minor arterial. Higher annual average daily traffic (AADT) road sites, higher FIB concentrations in this study. Overall, two different indicator bacteria are shown great correlation, but there are different distribution patterns compared with turbidity.
[bookmark: _Toc56602677][bookmark: _Toc62683581]1. Introduction
Urbanization development has increased the presence of impervious surface (e.g., roadways and parking lots), so that stormwater runoff passes overland carrying pollutants to receiving water bodies(Stotz 1987). Compared with other runoff, the roadway runoff presents a high potential risk of non-point source contaminations (Athayde et al. 1983; Driscoll et al. 1990). And the contaminants in the runoff depend on numerous factors, such as seasonality, precipitation intensity (PI), antecedent dry period (ADP), traffic characteristic, and watershed features (Hallberg et al. 2007; Han et al. 2006a; Han et al. 2006b; Kayhanian et al. 2003; Li and Barrett 2008; Thomson et al. 1997; Westerlund et al. 2003). Thus, remarkable spatial and temporal variations were shown in both compositions and concentrations. Conventional water quality parameters (turbidity, pH, temperature, and total suspended solids), metal constituents, toxicity, polycyclic aromatic hydrocarbons (PAHs) and nutrients in stormwater runoff were studied frequently (Kayhanian and Paytan 2011; Kayhanian et al. 2007; Thomson et al. 1997). However, microbial contaminations are poorly understood. In this study, fecal indicator bacteria (FIB), including E. coli and total coliforms (TC), in stormwater runoff were evaluated.
Pollutants in roadway runoff may exhibit a “first flush” effect, which is a mass flushing of pollutants in the initial period and may contain the higher concentration of pollutants than those observed during the latter stages of the stormwater runoff (Bertrand-Krajewski et al. 1998; Deletic 1998; Kayhanian and Stenstrom 2005; Kayhanian and Stenstrom 2008; Sansalone and Buchberger 1997b). Therefore, first flush grab samples were collected in the initial rain period in order to eliminate intra-event variability in the study.
Typically, there are two types of runoff from transportation facilities, one is pavement runoff which is exclusively from pavement, another is culvert runoff which is including pollutants generated from pavement and surrounding land uses (Wemple and Jones 2003). Few studies compared water quality of the two types of runoff. Our main objectives were: (1) evaluating the presence of first flush runoff from pavement and culvert for FIB and turbidity; (2) examining the effect factors for the contaminants in the runoff, including precipitation intensity, ADP, traffic characteristic, watershed features, seasonal effects; (3) comparing results for spatial and temporal variability FIB and turbidity.  
[bookmark: _Toc31017651][bookmark: _Toc56602678][bookmark: _Toc62683582]2. Materials and Methods
[bookmark: _Toc56602679][bookmark: _Toc62683583]2.1 Sample Collection
Stormwater runoff samples were collected from 6 roadway sites in east Tennessee, USA, including a rural minor collector road, a rural minor arterial road, an urban minor collector road, an urban minor arterial road, a rural interstate divided highway, and an urban interstate divided highway (Figure 3.1 and Table 3.1). 
[image: ]Figure 3.1. Sampling sites. Each sampling site includes both pavement runoff and culvert runoff.

Table 3.1. Summary of sampling locations
	Site ID
	Road Class
	annual average daily traffic
	Surrounding land use description

	A
	Minor Collector
	1409
	 Forest and rural low density agricultural and residential areas

	B
	Minor Arterial
	6721
	 Forest and rural low density agricultural and residential areas

	C
	Minor Collector
	5473
	Developed area of school and residential housing

	D
	Minor Arterial
	16209
	Developed area of school and residential housing

	E
	 Interstate divided highway
	60852
	 Forest and low density commercial and residential areas

	F
	 Interstate divided highway
	87092
	 busy commercial area


[bookmark: _Toc56602682][bookmark: _Toc62683586]At each site, culvert runoff and pavement runoff were collected by Nalgene™ Storm Water Samplers, which were installed on sampling sites one day before the rain. The bottles were washed, rinsed with deionized water, and autoclaved; EPDM gasket, polypropylene ball valve and closure were washed by 70% ethanol for sterilization. The sampler collects a full liter of first flush storm water into a Nalgene™ sample bottle, and a floating ball valve automatically closes the bottle when it is full, preventing sample dilution. After sample collection, bottles were transported using cooler with ice to laboratory within 6 hours. 23 storm events were monitored from November 2016 to October 2017. ADP and PI at the first hour were recorded through weather history.  (https://www.wunderground.com/history/daily/us/tn/knoxville/KTYS)
[bookmark: _Toc56602680][bookmark: _Toc62683584]2.2 Sample Analysis
[bookmark: _Hlk51175856]Sample analyses were generally performed within 8 hours of sample collection. Turbidity was measured by the turbidity meter following the manufacturer instrument (Thermo Scientific™ AQ3010). FIB, including E. coli and total coliforms, were determined by growth on the selective and differential membrane filtration m-Coliblue24® broth (Hach Co., Loveland, CO) following the manufacturer instrument. Briefly, one hundred milliliters of each water sample and appropriate dilutions were filtered, and the filter was placed on a pad soaked with 2 ml of the Coliblue24® broth. The filters were incubated at 37 °C and growth was observed at 24 ± 2 hours. 
[bookmark: _Toc56602681][bookmark: _Toc62683585]2.3 Statistical analysis
[bookmark: _Toc31017652]All statistical analyses were performed using R 3.50 (Team 2017). A Kruskal–Wallis test was performed to determine statistical differences between spatial and temporal different samples (Breslow 1970). Spearman Correlation were utilized to explore correlations between water quality parameters and climate factors (Wissler 1905).
3. Results and Discussion
Overall, 23 storm events were monitored FIB and turbidity between November 2016 and October 2017, at 6 roadway sites in Knoxville, TN,USA, including A -- a rural minor collector road, B -- a rural minor arterial road, C -- an urban minor collector road, D -- an urban minor arterial road, E -- a rural interstate divided highway, and F -- an urban interstate divided highway (Figure 3.1 and Table 3.1). The two rural local roads, two urban local roads, and two divided highway are closed and within 3 kilometers, respectively. Moreover, the geographical distances between each two of sites are all less than 15 kilometers. 
The variations of water quality parameters were huge, the E. coli concentrations were from below limit of detection ( 10 CFU/100mL) to more than 105 CFU/100 mL, the concentrations of TC are from 50 CFU/100 mL to more than 106 CFU/100 mL, and the turbidities were from 5 NTU to 120 NTU.
[bookmark: _Toc56602683][bookmark: _Toc62683587]3.1 The impact of rainfall characteristics  
In this study, Pearson correlations were used to figure out the relationship between rainfall characteristics and water quality parameters. Rainfall characteristics were including PI and ADP. 
Due to high variances of the water quality parameters across sites even in the same storm events (Figure 3.2 and Figure 3.S1), we tested the Pearson correlation site by site. The results showed both PI and ADP were more positively correlated with turbidities of each sites than FIB; lack of correlations were found between FIB and rainfall characteristics. However, the degrees of correlations of rainfall characteristics and turbidities were different at each site. The reason may be that the PI and ADP data were collected from online weather history, and the exact rainfall characteristics varied by sites. 
The multiple regression model was also performed to analyze the combined effect of PI and ADP for turbidity (Table 3.2). Although the turbidity of runoff from different sites showed varied significant degrees of PI and ADP, all coefficient of determination (R2) for this model were higher than 0.38 with p value less than 0.01. Moreover, the culvert runoff and pavement runoff from the same site were shown the similar significant levels and coefficients of PI and ADP, this is further explained that the pavement runoff and culvert runoff are both impacted by rainfall features which were the highly similar in the same storm event at the same site.
[bookmark: _Toc56602684][bookmark: _Toc62683588]Although turbidities between sites were shown significant correlations, no significant correlations between FIB levels at any sites, even the pavement runoff and culvert runoff from the same site could not be found the correlations of FIB (Figure 3.S2). This further supports the assertion that the rainfall features may not impact the FIB transport patterns.

[image: ]
Figure 3.2. Correlation of weather conditions and water quality parameters. (A) E. coli, (B)Total coliform, (C) turbidity with PI and ADP at each site. *,P < 0.05; **,P < 0.01; ***,P < 0.001.
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Figure 3.3. Correlation of E. coli, Total coliform, and turbidity between pavement runoff and culvert runoff at each site. *,P < 0.05; **,P < 0.01; ***,P < 0.001.
Table 3.2. Multiple Regression of Turbidity. 
	site
	Runoff type
	Variable 1 -- PI
	Variable 2 -- ADP
	Overall

	
	
	Coef
	P-value
	Coef
	P-value
	R-Squared
	P-value

	A
	Culvert
	74.558
	0.00631
	4.344
	0.00228
	0.6344
	0.00004266

	
	Pavement
	103.007
	0.00171
	3.034
	0.04899
	0.5768
	0.0001844

	B
	Culvert
	95.484
	0.01051
	2.029
	0.25209
	0.4105
	0.005068

	
	Pavement
	111.689
	0.00266
	1.172
	0.48781
	0.452
	0.00244

	C
	Culvert
	95.08
	0.00449
	3.851
	0.01913
	0.5733
	0.0001999

	
	Pavement
	98.102
	0.00688
	3.719
	0.03624
	0.53
	0.0005256

	D
	Culvert
	41.648
	0.09893
	7.349
	0.00000718
	0.7332
	0.000001826

	
	Pavement
	29.562
	0.2468
	6.466
	0.000051
	0.6548
	0.00002405

	E
	Culvert
	113.482
	0.0218
	3.141
	0.191
	0.3825
	0.008059

	
	Pavement
	114.094
	0.0256
	4.16
	0.0992
	0.4123
	0.00492

	F
	Culvert
	57.512
	0.045714
	5.309
	0.000961
	0.6013
	0.0001014

	
	Pavement
	119.649
	0.00214
	5.703
	0.00356
	0.6532
	0.00002513











3.2 Seasonal variations  
Seasonal variations in FIB are shown in Figure 3.4. Cumulative probability plots showed huge variations of FIB within winter, the range of E. coli concentrations was from below limit of detection ( 10 CFU/100mL) to more than 103 CFU/100 mL, and the range of TC concentrations was from 50 CFU/100mL to more than 104 CFU/100 mL, but E. coli and TC both had the lowest concentrations during winter compared to other seasons based on the results of the Kruskal-Wallis test. 
Although FIB concentrations in winter were significantly lower than spring, summer and fall, there is no significant difference among spring, summer and fall, except slightly significant difference between spring and summer, which may be because early spring or icy spring showed the similar FIB patterns with winter. Previous studies also showed FIB concentrations in stormwater runoff were lowest in winter (Krometis et al. 2010; McCarthy et al. 2006; Selvakumar and Borst 2006). However, there is no seasonal difference for turbidity.
[bookmark: _Toc56602685][bookmark: _Toc62683589]3.3 The impact of site features
To identify the impact of site features for water quality of runoff, we analyzed the water quality in two potential forces: surrounding land use pattern and annual average daily traffic (AADT). Surrounding land use pattern were including rural and urban. Both surrounding land use pattern and AADT were reported for the impact on water quality: the urban sites that had higher human activities might increase pollutants concentration in runoff, and higher AADT caused higher probability to transport contamination into runoff (Aryal et al. 2005; Deletic and Maksimovic 1998; Kayhanian et al. 2012; Kayhanian et al. 2003; Sansalone and Buchberger 1997a; Shinya et al. 2000).  In this study, the FIB concentrations are higher at the urban minor collector than the rural minor collector, and higher at urban minor arterial than the rural minor arterial, but no significant difference between rural and urban highway (Figure 3.6 – 3.9). 
The relationships between AADT and FIB were also analyzed (Figure 3.6 –3.9). Table 3.1 was shown AADT in each site, from lowest to highest, the rank is A, C, B, D, E and F. In this study, the sites with higher AADT appeared higher FIB concentrations in runoff, although there were a few exceptions.
[image: ]Figure 3.4. Seasonality of E. coli concentrations; (A) Cumulative probability plots for Winter and other seasons; (B) P values for two-group comparisons done by T-Test. *,P < 0.05; **,P < 0.01; ***,P < 0.001.

[image: ]Figure 3.5. Seasonality of total coliform concentrations; (A) Cumulative probability plots for Winter and other seasons; (B) P values for two-group comparisons done by T-Test. *,P < 0.05; **,P < 0.01; ***,P < 0.001
[image: ] Figure 3.6. The relationship between E. coli concentrations in pavement runoff and road features. (A) Cumulative probability plots for each site; (B) P values for two-group comparisons done by T-Test. *,P < 0.05; **,P < 0.01; ***,P < 0.001 

[image: ]Figure 3.7. The relationship between E. coli concentrations in culvert runoff and road features; (A) Cumulative probability plots for each site; (B) P values for two-group comparisons done by T-Test. *,P < 0.05; **,P < 0.01; ***,P < 0.001 
[image: ] Figure 3.8. The relationship between total coliform concentrations in pavement runoff and road features. (A) Cumulative probability plots for each site; (B) P values for two-group comparisons done by T-Test. *,P < 0.05; **,P < 0.01; ***,P < 0.001.
 
[image: ] Figure 3.9. The relationship between total coliform concentrations in culvert runoff and road features. (A) Cumulative probability plots for each site; (B) P values for two-group comparisons done by T-Test. *,P < 0.05; **,P < 0.01; ***,P < 0.001 
[image: ] Figure 3.10. Correlations among water quality parameters. (A) The correlation between E. coli and turbidity; (B) The correlation between E. coli and total coliform.













[bookmark: _Hlk54008342]There is no significant difference of FIB in runoff between D and E sites, and E and F sites, but a significant difference showed between D and F sites. The FIB concentrations seemed increasing limited in the runoff from the higher AADT sites, like D, E, and F, the reason may be the AADT could not affect FIB concentrations after it arrived a certain high level, more sites need to be studied in future to determine the hypothesis. Although we found the relationships between site features and FIB, surrounding land use pattern and AADT seemed no impact for the turbidity in runoff. 
[bookmark: _Toc56602686][bookmark: _Toc62683590]3.4 Correlation among water quality parameters
Correlations among FIB and turbidity were shown in figure 3.10. E. coli and TC were not only correlated highly, but also followed linear regression (R-squared is 0.92). But no matter E. coli or TC, they were both no correlation with turbidity. The reason may because the factors impacted FIB and turbidity were different: FIB were affected with seasonality, site features; turbidity were correlated with PI and ADP. 
[bookmark: _Toc31017653][bookmark: _Toc56602687][bookmark: _Toc62683591]4. Conclusions
Stormwater runoff including pavement runoff and culvert runoff were monitored over 23 storm events at 6 sites for E. coli, TC and turbidity. All first flush grab samples were collected in the initial rain period for all storm events in order to eliminate intra-event variability. Results showed great variations of these parameters among different sites and different storm events. But there were still some factors appeared to affect the parameters, including PI, ADP, seasonality, surrounding land use patterns, and AADT.
Previous studies showed correlations between FIB and turbidity were variable. For water samples, more and more studies found poor correlations, although widely known that FIB attached to particles and they were transported together (Coulliette and Noble 2008; Kayhanian et al. 2012; Paule-Mercado et al. 2016).
The Pearson correlation and multiple linear regression both showed turbidity had significant relationships with the rainfall features (PI and ADP), though not all sites shared the same significant levels. It is possible that the dust may accumulate on the surface, so that the longer ADP causes higher turbidity in runoff; the higher PI has the stronger power to wash off dust and soil from surface and then the turbidity in runoff was getter greater. However, FIB, both E. coli and TC, were found no relationship with PI and ADP, it is possible that FIB may not be persistent and accumulate on surface with dust and soil.
Seasonal differences for FIB were noted in this study. Although the variations of FIB concentration were great in each season, winter FIB concentrations were lowest compared other seasons based on the results of the Kruskal-Wallis test. According to other similar studies, these seasonal variations of FIB are significant and should be considered for the storm-water best management in future (Hallberg et al. 2007; Selvakumar and Borst 2006). 
Surrounding land use patterns, and AADT were also related with FIB concentrations in runoff. The results in this study suggest FIB concentrations may increase in urban and high AADT sites. Previous studies also showed surrounding land use patterns and AADT affected other water quality parameters, like heavy metals, PAHs and nutrients (Andrews and Sutherland 2004; Gnecco et al. 2005; Kayhanian 2012; Kayhanian and Paytan 2011; Klimaszewska et al. 2007; Maniquiz et al. 2010). Thus, public health risks may increase in urban and high AADT sites, future studies about pathogen contaminations in runoff should more focus on these sites.
[bookmark: _Toc56602689][bookmark: _Toc31017655]There is no correlation between FIB and turbidity, and all these parameters should be monitored in the storm-water best management programs. This study only monitored 6 sites in one city, further study is needed to confirm the findings in this study for other places.   
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[bookmark: _Toc56602690][bookmark: _Toc62683593]Chapter 4 
[bookmark: _Toc56602691][bookmark: _Toc62683594][bookmark: _Hlk32246803]Persistence of Environmental E. coli Strains from Stormwater Runoff
[bookmark: _Toc56602692][bookmark: _Toc62683595][bookmark: _Hlk60263940]Abstract
Escherichia coli has been used as an indicator for fecal contamination, based on the assumption that E. coli could not survive for a prolonged period of time once discharged into the environment. Therefore, the presence of live E. coli would be indicative of recent fecal contamination. However, it has recently been reported that E. coli populations were found in environments with no recent exposure to fecal contamination, suggesting the capability of certain E. coli populations to survive for a prolonged period of time in the environment. The objective of this study was to evaluate the survival of E. coli strains isolated from stormwater runoff under environmentally relevant conditions. One laboratory E. coli strain (MG1655) was tested as a control. The E. coli strains were exposed to four environmental factors: (i) presence or absence of sunlight; (ii) solid surface versus liquid media for growth; (iii) different temperatures, including 4 ℃, 20 ℃, and 35 ℃; (iv) different levels of relative humidity, i.e. 13%, 50%, and 100%. All environmental strains isolated from stormwater runoff persisted for a longer period of time than the lab strain under all environmental conditions tested. As expected, all E. coli strains survived longer at lower temperature. On the solid surface, the lab strain completely lost viability in less than 1 hour at the relative humidity of 13% and 50%. In comparison, the environmental strains were able to remain viable for a prolonged period with the maximum T99.9 of 15 days, which is congruent with the persistence of these strains in natural environments. Additionally, it was found that sunlight exposure resulted in the rapid inactivation of all strains tested in this study. Findings from this study could provide insight into the interpretation of environmental monitoring data using E. coli as the fecal indicator.
[bookmark: _Toc56602693][bookmark: _Toc62683596]1. Introduction
Stormwater runoff is a concern as a non‐point source of fecal contamination in receiving water bodies (Cabelli et al. 1982; Jiang 2004; Marsalek and Rochfort 2004; McCarthy et al. 2006; Surbeck et al. 2006). As rainfall washes over land, it picks up and transports a variety of pollutants including human and animal fecal waste (Athayde et al. 1983). To measure potential fecal contamination and pathogens of enteric origins, Escherichia coli (E. coli) as an indicator organism for fecal contamination has been used to indicate the potential for the presence of  pathogens of fecal origin (Grant 1997; Haile et al. 1999). 
E. coli has been chosen as a fecal indicator based on the assumptions that E. coli normally lives in the gastrointestinal system of humans and animals and would not survive for a prolonged period of time once discharged into the environment (Savageau 1983). However, it has recently been reported that E. coli populations were found in environments with no recent exposure to fecal materials, suggesting the capability of certain E. coli strains to survive for a prolonged period of time in the environment (England et al. 1993; Hoff and Akin 1986; Sjogren 1994).
The environmental factors that contribute to the persistence of E. coli include temperature, sunlight exposure, moisture content, and nutrients (Bergholz and Whittam 2007; Buchanan and Edelson 1999; Franz et al. 2005; Himathongkham et al. 1999; Ihssen and Egli 2004; Ihssen et al. 2007a; Large et al. 2005; Rozen and Belkin 2001; Semenov et al. 2007; Sidhu et al. 2015; Tabe et al. 2008; Tao et al. 1999; Vital et al. 2008). Furthermore, different types of E. coli strains have been shown to have different survival capabilities in the same environmental conditions (Perkins et al. 2016).
E. coli strains that were found in pavement runoff as wild-type E. coli may  become inactivate rapidly due to harsh environmental conditions such as high temperatures, sunlight exposure and the loss of moisture on the surface (Gilpin et al. 2013; Oliver et al. 2007; Rozen and Belkin 2001; Sinton et al. 2002). However, certain conditions like low temperature, the shade portion avoiding sunlight, and receiving water body providing water content, may prolong the survival of E. coli. Perhaps, the wild-type E. coli could evolve to stand the harsh environmental conditions and then survive in a prolong period (Kiefer et al. 2012). However, very little has been documented about the persistence of wild-type E. coli strains from stormwater runoff on environmental surfaces, in the runoff water, and in the receiving water body.
The objective of this study was to evaluate the survival of wild-type E. coli strains isolated from stormwater runoff under environmentally relevant conditions. One laboratory E. coli strain (MG1655) was used as a control. The E. coli strains were exposed to four environmental factors: (i) different temperatures, including 4 ℃, 20 ℃, and 35 ℃; (ii) presence or absence of sunlight; (iii) solid surface versus liquid matrices for growth; (iv) different levels of relative humidity (RH), i.e. 13%, 50%, and 100%. Our results show that (i) wild-type strains isolated from stormwater runoff are better adapted for survival than the lab strain, (ii) E. coli strains survive longer at lower temperature, (iii) strong sunlight exposure results in the rapid inactivation of all strains, and (iv) E. coli strains survive longer under higher water content than more arid conditions.
[bookmark: _Toc56602694][bookmark: _Toc62683597]2. Materials and Methods
[bookmark: _Toc56602695][bookmark: _Toc62683598]2.1 Study site
Stormwater runoff samples were collected from three different pavement sites. Sampling was conducted using Nalgene™ Storm Water Samplers, which were installed immediately prior to the anticipated storms. Each sampler collected a full one-liter grab sample representing first-flush stormwater runoff. The runoff sample was the source of wild-type strains and the stormwater runoff matrix for growth.
the stream-water matrix for growth was from the runoff receiving stream, which was collected by submerging a sterile 1 L bottle below the stream surface according to standard methods (Lurry and Kolbe 2000)  after at least three antecedent dry days for represented typical base flow. The water samples were stored in the dark at 4 °C and used 4 months after collection.
[bookmark: _Toc56602696][bookmark: _Toc62683599]2.2 Preparation of bacterial strains and inoculum
The persistence of E. coli was tested with wild-type and control (lab strain, MG1655) strains of E. coli. Due to the background levels of E. coli in raw water being too low to quantify during inactivation experiments, additional E. coli  was seeded in these matrices.
Wild-type strains of E. coli were isolated from roadway runoff using m-Coliblue 24 ® media following the protocol provided by the manufacturer (Hach, Loveland, CO). Five E. coli colonies were then aseptically picked. In order to get pure strains, the colonies were diluted with phosphate buffer saline (PBS) and cultivated on m-Coliblue 24 ® media, with the resulting pure colonies being further cultivated in tryptic soy broth (TSB) for 12 hours at 37℃. The media were autoclaved prior to use.
Before seeding the strains, 1 mL of the bacterial cultures were centrifuged at 12000g for 5 min, and then the supernatant was discarded, followed by the washing of the pellets in PBS twice to remove culture media. All these colonies were confirmed as E. coli by the high-throughput 16s rRNA amplicon sequencing method as described previously (Wyckoff et al. 2017).  
[bookmark: _Toc56602697][bookmark: _Toc62683600]2.3 Bacterial Inoculation
In order to test the effect of different environmental matrices for the E. coli persistence, asphalt pavement, polystyrene plastic, stormwater runoff, and stream water were used as environmental matrices. The asphalt pavement was compacted to approximately an air void content 4% using a Superpave gyratory compactor (SGC).  The asphalt binder was performance grade (PG) 64-22 and the asphalt content is 6.2%. Limestone aggregates were used in the asphalt concrete with a nominal maximum aggregate size 9.5 mm (Brown et al. 2009). The asphalt pavement test surfaces had a 15cm diameter, and the polystyrene plastic test surfaces had a 6cm diameter. The polystyrene plastic surface served as a neutral material, while the asphalt contained metals and hydrocarbons that may be harmful for E. coli survival (McConkey et al. 1997). Before testing bacterial persistence on these surfaces, the asphalt pavement and polystyrene plastic were sterilized with 70% ethanol for 10 min and then rinsed with distilled water. After evaporation, the surface was marked into two semicircles using a sterile knife. Each sector was inoculated with 0.1 ml of runoff bacteria suspension and evenly spread to nearly 1 cm2.
Stormwater runoff and stream water were used as raw water matrices. The E. coli pellets that were collected from the previous steps were seeded into 10mL raw field water samples placed in a 20 mL sterile colorless and transparent glass tube, resulting in a concentration of 106 ~ 107 CFU/mL. The stormwater runoff with the seeded strains acts as runoff bacteria suspension for the test for bacteria survival on the previously described surfaces.
[bookmark: _Toc56602698][bookmark: _Toc62683601]2.4 Controlled environmental chamber
After bacterial inoculation, the control treatments were placed in an environmental growth chamber (EGC C3) to determine the effect of temperature, humidity, and light intensity. The different temperatures, included 4 ℃, 20 ℃, and 35 ℃; the different levels of RH, included 13%, 50%, and 100%; the light control includes 0 and 675 μmoles/m2/sec. Before experiments, the chamber was operated at least 1 hour to reach desired condition levels.
[bookmark: _Toc56602699][bookmark: _Toc62683602]2.5 Microbial recovery and enumerating
Bacterial samples from asphalt pavement surfaces and polystyrene plastic surfaces were collected by a swabbing method that has previously been described (Bokulich et al. 2013). Briefly, each sector was swabbed horizontally and vertically three times using sterile polyester-tipped applicators. Prior to swabbing the surface, the tip was soaked in a sterile PBS solution to facilitate the removal of organic matter present on the inoculated surface. After swabbing, swab tips were cut off using sterilized scissors and placed in tubes containing 10 ml of PBS. Tubes were vortexed twice for 1 min each, with a waiting time in between of 1 min. By doing this, cells trapped in the swab tip are released into the PBS, making them available to be enumerated by m-Coliblue24 via membrane filtration (Grant 1997). 
The water samples also used m-Coliblue24 media to enumerate E. coli, with the appropriate water volumes used for filtration. The first sampling time (T0) immediately followed inoculation, and that count is the initial E. coli concentration (N0). The following sampling time was the 1st hour, if the number of bacteria was below detection limit, the sampling was stopped, if the count was lower than a half N0, which means bacteria inactivated rapidly, and the sampling continued at the 2nd hour, 3rd hour, or stopped if the number of bacteria fell below detection limit. If the count at 1st hour was more than a half N0, the sampling continued at the 1st day, 3rd day, 5th day, 7th day, or stopped if the number of bacteria fell below detection limit. If the bacteria still survived after 7 days, the final sampling time would be on the 10th day.
[bookmark: _Toc56602700][bookmark: _Toc62683603]2.6 Statistical analysis and data modeling
If the time when the number of bacteria was below detection limit was more than 3 hours, a decay model would be chosen to fit the experimental data. All models were fitted to data by using the curve fitting toolbox provided by the GInaFiT (Geeraerd et al. 2006), including
the first order decay model which is a commonly used primary classic linear model (Bigelow and Esty 1920):
                                                                                                                             (1)
where t is time (day), C (CFU/mL or CFU/cm2) is the measured concentration at time t, C0 is the measured concentration at time 0, and k [hour-1 or day–1] is the rate constant. 
The Weibull survival model when the curves did not follow log-linear kinetics and showed asymptotic tails (Mafart et al. 2002):
                                                                                                                   (2)
 (scale parameter) represents the time of first decimal reduction (days) and  (shape parameter). For  >1, a convex curve is obtained, while for n<1, a concave curve is obtained. 
Model performance was assessed by calculating the regression coefficient (R2) For data analysis. Based on the model, T90 , T99 and T99.9 were calculated, which were the time to reduce the initial inoculum (C0) 10-, 100-, and 1,000-fold respectively.
[bookmark: _Toc56602701][bookmark: _Toc62683604]3. Results and Discussion
To identify the persistence of E. coli strains, 5 potential ecological selective forces were tested: strain types, temperatures, sunlight intensities, habitat matrices, and relative humidities. Treatments where bacterial counts dropped below the detection limit within the first day are considered the low persistence conditions (Table 4.1), while if the bacterial count of the treatment was detectable after more than 1 day, the treatment was considered as the higher persistence conditions (Table 4.2 and 4.3).
[bookmark: _Toc56602702][bookmark: _Toc62683605]3.1 The low persistence conditions
As expected, all E. coli strains survived for a shorter time at higher temperatures, especially at 35℃, where the counts of bacteria were below detection limit within 1 hour (Table 4.1). While E. coli strains survived longer at lower temperatures, RH and sunlight exposure were also factors that restricted the persistence of E. coli strains (Hacker and Carniel 2001; Sinton et al. 2002; Sjogren 1994). At both 20℃ and 4℃, with a sunlight exposure of 675 μmoles/m2/sec, T99.9s were less than 3 hours for both sets of E. coli strains, and less than 1 hour for the E. coli strains that were tested on the solid surfaces with 13% and 50% RH. 
At lower temperatures, and without sunlight exposure, the factor that influenced the persistence of E. coli strains was the RH. The lab strain of E. coli could not survive with 13% and 50% RH for both asphalt and polystyrene surfaces. This is consistent with previous studies, where it was shown that E. coli strain MG1655 had high decay rates on soil, glass, peanut butter, and wood under arid conditions (Byappanahalli et al. 2006; He et al. 2013; Ihssen et al. 2007b; Zhang and Yan 2012). 
[bookmark: _Toc56602703][bookmark: _Toc62683606]3.2 Desiccation resistance and persistence of E. coli on surfaces 
Although lab strain E. coli could not persist at lower humidity, the wild-type strains could be detected for more than 7 days under these conditions.
Table 4.1. The low persistence conditions
	Strain Type
	Temperature
(℃)
	Media Matrix
	Relative Humidity
(%)
	Light
(μmoles/m2/sec)
	T99.9

	Lab strain
	35
	Runoff
	--
	0
	Less than 1 hour

	Lab strain
	35
	Streamwater
	--
	0
	Less than 1 hour

	Lab strain
	35
	Polystyrene
	50%
	0
	Less than 1 hour

	Lab strain
	35
	Asphalt
	50%
	0
	Less than 1 hour

	Lab strain
	20
	Polystyrene
	50%
	0
	Less than 1 hour

	Lab strain
	20
	Asphalt
	50%
	0
	Less than 1 hour

	Lab strain
	4
	Polystyrene
	50%
	0
	Less than 1 hour

	Lab strain
	4
	Asphalt
	50%
	0
	Less than 1 hour

	Lab strain
	35
	Polystyrene
	13%
	0
	Less than 1 hour

	Lab strain
	35
	Asphalt
	13%
	0
	Less than 1 hour

	Lab strain
	20
	Polystyrene
	13%
	0
	Less than 1 hour

	Lab strain
	20
	Asphalt
	13%
	0
	Less than 1 hour

	Lab strain
	4
	Polystyrene
	13%
	0
	Less than 1 hour

	Lab strain
	4
	Asphalt
	13%
	0
	Less than 1 hour

	Lab strain
	20
	Streamwater
	--
	675
	Less than 1 hour

	Lab strain
	20
	Runoff
	--
	675
	Less than 2 hours

	Lab strain
	4
	Streamwater
	--
	675
	Less than 1 hour

	Lab strain
	4
	Runoff
	--
	675
	Less than 2 hours

	Wild-type strain
	35
	Runoff
	--
	0
	Less than 1 hour

	Wild-type strain
	35
	Streamwater
	--
	0
	Less than 1 hour

	Wild-type strain
	35
	Polystyrene
	50%
	0
	Less than 1 hour

	Wild-type strain
	35
	Asphalt
	50%
	0
	Less than 1 hour

	Wild-type strain
	20
	Polystyrene
	50%
	675
	Less than 1 hour

	Wild-type strain
	20
	Asphalt
	50%
	675
	Less than 1 hour

	Wild-type strain
	4
	Polystyrene
	50%
	675
	Less than 1 hour

	Wild-type strain
	4
	Asphalt
	50%
	675
	Less than 1 hour

	Wild-type strain
	35
	Polystyrene
	13%
	0
	Less than 1 hour

	Wild-type strain
	35
	Asphalt
	13%
	0
	Less than 1 hour

	Wild-type strain
	20
	Polystyrene
	13%
	675
	Less than 1 hour

	Wild-type strain
	20
	Asphalt
	13%
	675
	Less than 1 hour

	Wild-type strain
	4
	Polystyrene
	13%
	675
	Less than 1 hour

	Wild-type strain
	4
	Asphalt
	13%
	675
	Less than 1 hour

	Wild-type strain
	20
	Streamwater
	--
	675
	Less than 3 hours

	Wild-type strain
	20
	Runoff
	--
	675
	Less than 3 hours

	Wild-type strain
	4
	Streamwater
	--
	675
	Less than 3 hours

	Wild-type strain
	4
	Runoff
	--
	675
	Less than 3 hours







Figure 4.1. E. coli strains on solid surfaces at 20℃ and 50% RH without sunlight exposure

Table 4.2. The persistence conditions with the Weibull survival model  
	[bookmark: _Hlk57146835]Strain Type
	Temperature
	Media 
	Relative Humidity
	α
	β 
	R2
	T99.9 

	
	 (℃)
	Matrix
	 (%)
	(days)
	
	
	days

	Wild-type strain
	20
	Polystyrene
	50
	0.11
	0.25
	0.98
	8.91

	Wild-type strain
	20
	Asphalt
	50
	0.17
	0.26
	0.94
	11.63

	Wild-type strain
	20
	Polystyrene
	13
	0.02
	0.17
	0.91
	12.81

	Wild-type strain
	20
	Asphalt
	13
	0.01
	0.16
	0.97
	9.59

	Wild-type strain
	4
	Polystyrene
	50
	0.25
	0.27
	0.95
	14.62

	Wild-type strain
	4
	Asphalt
	50
	0.21
	0.26
	0.94
	14.36

	Wild-type strain
	4
	Polystyrene
	13
	0.04
	0.19
	0.91
	12.98

	Wild-type strain
	4
	Asphalt
	13
	0.04
	0.19
	0.89
	12.98






The decay revealed a concave curve which did not follow log-linear kinetics and showed asymptotic tails, and so the Weibull survival model was used to fit the persistent data (Figure 4.1).
No surprise, at the lower temperature (4 ℃), the wild-type strains survived longer under the same humidity conditions than at 20 ℃. On asphalt pavement with 50% RH, T90 (α) and T99.9 was 0.17 and 11.6 days at 20℃, respectively, while T90 and T99.9 was 0.21 and 14.4 days, respectively,  at 4℃. On polystyrene plastic, with 50% RH, T90 and T99.9 was 0.11 and 8.9 days at 20℃ respectively, while T90 and T99.9 is 0.25 and 14.6 days at 4℃, respectively. With 13% RH, T90 and T99.9 was 0.02 and 12.8 days at 20℃ respectively, while T90 and T99.9 is 0.04 and 13.0 days at 4℃respectively (Table 4.2).
Although we hypothesized that E. coli strains survived longer on polystyrene plastic than asphalt pavement, because polystyrene plastic is a neutral material and the metals and hydrocarbons in asphalt may be harmful for E. coli survival, the results showed the surface materials did not affect the persistence of E. coli strains, other environmental conditions, such as temperature, sunlight exposure, and RH are the essential factors that restrict E. coli survival (Figure 4.2).
Compared with 13% and 50% RH, T90s are all smaller in 13% RH than 50% when other controlled conditions were the same, such as 20℃-without sunlight exposure- polystyrene plastic-13% RH VS  20℃-without sunlight exposure- polystyrene plastic-50% RH, 20℃-without sunlight exposure- asphalt pavement -13% RH VS  20℃-without sunlight exposure- asphalt pavement -50% RH, 4℃-without sunlight exposure- polystyrene plastic-13% RH VS  4℃-without sunlight exposure- polystyrene plastic-50% RH, and 4℃-without sunlight exposure- asphalt pavement -13% RH VS  4℃-without sunlight exposure- asphalt pavement -50% RH. However, the different RHs did not affect T99.9. This pattern illustrates that RH only impacts the wild-type strains soon after inoculation, with the lower RH inactivating intolerant bacteria, but the lower RH does not affect the rest of populations showing the ability of low humidity resistance.  
[image: ]
Figure 4.2. E. coli strains at 50% RH without sunlight exposure and at different temperatures on surfaces. (A) asphalt surfaces; (B) plastic surfaces. 

[image: ]
Figure 4.3. E. coli strains on asphalt at 20℃ without sunlight exposure and under different relative humidities. (A) 13% and 50% relative humidities;  (B) 100% relative humidity.  






Table 4.3. The persistence conditions with the first-order decay model  
	Strain Type
	Temperature
	Media 
	Relative Humidity
	K
	R2
	T90 
	T99.9 

	
	 (℃)
	Matrix
	 (%)
	day-1
	
	days
	days

	Lab strain
	20
	Runoff
	--
	0.95
	0.95
	2.43
	7.28

	Lab strain
	20
	Streamwater
	--
	1.30
	0.94
	1.76
	5.29

	Lab strain
	20
	Polystyrene
	100
	1.58
	0.96
	1.45
	4.36

	Lab strain
	20
	Asphalt
	100
	1.60
	0.93
	1.44
	4.33

	Lab strain
	4
	Runoff
	--
	0.17
	0.95
	13.46
	40.38

	Lab strain
	4
	Streamwater
	--
	0.31
	0.99
	7.34
	22.01

	Lab strain
	4
	Polystyrene
	100
	0.68
	0.92
	3.37
	10.12

	Lab strain
	4
	Asphalt
	100
	0.67
	0.93
	3.45
	10.35

	Wild-type strain
	20
	Runoff
	--
	0.79
	0.93
	2.91
	8.72

	Wild-type strain
	20
	Streamwater
	--
	1.15
	0.99
	2.00
	6.01

	Wild-type strain
	20
	Polystyrene
	100
	1.21
	0.91
	1.90
	5.70

	Wild-type strain
	20
	Asphalt
	100
	1.18
	0.95
	1.95
	5.84

	Wild-type strain
	4
	Runoff
	--
	0.18
	0.92
	13.04
	39.11

	Wild-type strain
	4
	Streamwater
	--
	0.26
	0.97
	9.02
	27.05

	Wild-type strain
	4
	Polystyrene
	100
	0.46
	0.94
	5.04
	15.12

	Wild-type strain
	4
	Asphalt
	100
	0.46
	0.94
	4.98
	14.95










[bookmark: _Toc56602704][bookmark: _Toc62683607]3.3 Persistence of E. coli in sufficient water
When the RH was increased to 100%, the survival time was increased from less than 1 hour to more than 5 days (Table 4.3). This indicates that water availability is an essential factor to prolong the lab strain survival. Although wild-type strains showed resistance to low humidity, the persistence patterns in higher water content were different from the persistence patterns of low humidity resistance. Instead of the Weibull survival model, the first order decay model was more appropriate to fit the persistence data which followed log-linear kinetics (Figure 4.4).
Besides the survival of the lab strain on solid surface with 100% RH, the stormwater runoff and stream water also showed prolong persistence of the lab strain. Moreover, the lab strain showed lowest decay rate in the runoff habitat under the same temperatures. Without doubt, at lower temperature (4 ℃), the lab strain survived longer than at 20 ℃ under the same other conditions. On asphalt pavement with 100% RH, T90 and T99.9 was 1.45 and 4.36 days at 20℃ respectively, while T90 and T99.9 is 3.45 and 10.3 days at 4℃ respectively. On polystyrene plastic with 100% RH, T90 and T99.9 was 1.45 and 4.36 days at 20℃ respectively, while T90 and T99.9 is 3.37 and 10.1 days at 4℃ respectively. In stormwater runoff, T90 and T99.9 was 2.43 and 7.28 days at 20℃ respectively, while T90 and T99.9 is 13.5 and 40.4 days at 4℃ respectively. In stream water, T90 and T99.9 was 1.76 and 5.29 days at 20℃ respectively, while T90 and T99.9 is 7.34 and 22 days at 4℃ respectively. 
Although the surface materials did not affect the persistence of E. coli strains, the lab strain showed lowest decay rate in the runoff habitat and the highest decay rate on the solid surfaces with 100% RH. The reason may be that the nutrients in runoff support E. coli survival, and the stream water and solid surfaces are more oligotrophic (Solecki et al. 2011; Unc et al. 2006; Vital et al. 2008).
Although the higher water content (i.e. high RH and water matrices) prolonged the survival of lab strain, wild-type strains persisted for an even longer period of time than the lab strain under all the same conditions. On asphalt pavement with 100% RH, the mean T90 and T99.9 of wild-type strains was 1.95 and 5.84 days at 20℃ respectively, while T90 and T99.9 was 4.98 and 14.95 days at 4℃ respectively. On polystyrene plastic with 100% relative humidity, T90 and T99.9 was 1.45 and 4.36 days at 20℃ respectively, while T90 and T99.9 was 3.37 and 10.1 days at 4℃ respectively. On stormwater runoff, T90 and T99.9 was 2.43 and 7.28 days at 20℃ respectively, while T90 and T99.9 was 13.5 and 40.4 days at 4℃ respectively. In stream water, T90 and T99.9 was 1.76 and 5.29 days at 20℃ respectively, while T90 and T99.9 was 7.34 and 22 days at 4℃ respectively. In these conditions, lower temperature also showed the prolonged survival of wild-type strains. Moreover, the same with lab strain, the wild-type strains showed lowest decay rate in the runoff habitat.
Compared with the low RH conditions, the T90s of wild-type strains in sufficient water content conditions were longer, which means the most population was intolerant with desiccation. However, T99.9s in low RH conditions at 20℃ were longer than the sufficient water content conditions, the reason may be that the dehydration-tolerant species are in dormant state for survival but no metabolic activity (Schill et al. 2009). The lower temperature also could decrease the metabolic activity of bacteria or even make it into dormant state, so that prolong the persistence of the bacteria (Semenov et al. 2007).
[bookmark: _Toc56602705][bookmark: _Toc62683608]4. Conclusions
In this study, the results provide clues for the persistence of E. coli originating from stormwater runoff in relevant environmental conditions. We examined the decay patterns of lab strain and wild-type strains E. coli in four environmental factors: temperature, sunlight exposure, habitats, and RH. Findings indicate that the wild-type strains isolated from runoff persisted for a longer period of time than the lab strain under all environmental conditions tested, expect that the counts of all the strains were below detection limit within a few hours with high temperature or sunlight exposure. 
Although a few of populations of the wild-type strains showed the ability of desiccation resistance and might go into dormant state for prolonged survival, the counts were limited, therefore, if high concentrations of E. coli in pavement runoff were found, these bacteria would have a low probability for the persistence on pavement. All E. coli strains could survive prolonged period in liquid habitats, which means the survival of E. coli in shaded water pit may cause unnecessary burdens of high E. coli concentrations detected. Moreover, the persistence of E. coli in receiving streams may mislead the recent fecal contamination, especially in winter due to the prolonged persistence at lower temperature. Findings from this study could provide insight into the interpretation of environmental monitoring data using E. coli as the fecal indicator.


[image: ] Figure 4.4. E. coli strains in liquid matrices. (A) wild-type strain in stormwater; (B) wild-type strain in river water; (C) lab strain in stormwater; (D) lab strain in river water
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[bookmark: _Hlk51275593]Natural Stabilities and Dynamics in Bacterioplankton Communities in the Unimpaired Streams within an Ecoregion 
[bookmark: _Toc38063398][bookmark: _Toc56602709][bookmark: _Toc62683612]Abstract
[bookmark: _Hlk62587827]Bacterioplankton in freshwater streams plays a critical role in the assessment of aquatic ecological health. Recent studies have addressed bacterioplankton community dynamics in streams with major anthropogenic impacts, however, the natural dynamics of low impact streams is under studied. The understanding of this natural variation of the bacterioplankton communities in low impact streams is needed before assessing the stream ecological conditions utilizing microbial community indicators. In this study, three unimpaired streams spanning first, second, and fourth order within an ecoregion were utilized to characterize the temporal dynamics through bacterioplankton community analysis. The results showed that the bacterioplankton community compositions were stable within a short sampling period length of one month at each site. Although the species abundance distributions were all followed by Poisson lognormal model and the dominated taxa in the three sites were typical freshwater taxa that were well documented, different streams harbored  distinct communities, especially for the fourth order stream compared with the first and second order streams. In the fourth order stream, the microbial community was enriched with known freshwater associated bacteria, while the lower order streams hosted more sediment and soil associated taxa. Moreover, these streams were monitored over two seasons, where pronounced seasonal shifts in community compositions for all the three streams were observed. The streams closed to headwater revealed elevated alpha diversities in spring, but the highest order stream showed a reversed seasonal pattern. In the Spring, more diverse sources of bacteria enter the lower order streams but enrichment processes for select taxa were enhanced in the higher-order stream. Overall, this study shows that the delimitation of stream types and sampling periods is an important step for defining the reference conditions of bacterioplankton communities within an ecoregion.
[bookmark: _Toc62683613]1. Introduction
Within ecological regions, or ecoregions, the contiguous landscape units that have regional similarities in soil, land surface form, land use and dominant vegetation . The use of the unimpaired stream sites as references has long been a key component to assess the aquatic ecological conditions at other sites within ecoregions for the last 3 decades (Hughes, Larsen et al. 1986, Attrill and Depledge 1997, Dale and Beyeler 2001, Martins, Ligeiro et al. 2018). Metrics and indices were developed from the physical, chemical, and biological characteristics and were used as a basis against other sites (Aazami, Esmaili Sari et al. 2015). bacterioplankton-based index of biotic integrity provided a useful measurement since high-throughput sequencing techniques were rapidly developed recently (Simonin, Voss et al. 2019, Laperriere, Hilderbrand et al. 2020). One of the techniques is 16S rRNA amplicon sequencing which enables researchers to identify the entire microbial community within a sample (Sinclair, Osman et al. 2015). However, the natural variations of these bacterioplankton communities in the unimpaired streams, must be understood before we can fully assess the potential applicability of microbial community index as assessment of stream ecological conditions (Dale and Beyeler 2001). A challenge for stream ecologists is to determine the extent to which Pelagic stream communities are structured by the natural variability.
Recent studies have addressed bacterioplankton community diversity in streams within a watershed (Staley, Gould et al. 2014, Hassell, Tinker et al. 2018, Teachey, McDonald et al. 2019). While these studies indicate that taxonomic shifts closely related to seasonality and hydrological conditions, less is understood about the natural range and variation of microbial groups. Moreover, few investigators have examined how stable the bacterioplankton communities are over time within an ecological region.
In this study, temporal dynamics of bacterioplankton communities were quantified at 3 unimpaired streams within an ecoregion. This work spanned independent streams of 1st, 2nd, 4th order for covering different order types. Measurements of bacterioplankton communities were made in spring and fall to evaluate seasonal shifts in community composition at each stream site. We hypothesized that bacterioplankton communities within each stream would exhibit temporal community composition patterns, community structure fluctuated around a relatively stable state with communities sampled closely and pronounced seasonal shifts in composition with those communities sampled many months apart. Furthermore, in the three streams, the species abundance distributions (SADs) followed the  same model and the dominated taxa were typical freshwater bacteria that were well documented, while the microbial communities in the two streams closed to headwater showed high diversity levels and hosted elevated sediment and soil-associated bacteria.
[bookmark: _Toc62683614]2. Materials and Methods
[bookmark: _Toc62683615]2.1 Sites selection
The study was conducted in East Tennessee, USA. Three stream sites were selected within an ecoregion – 67f The Southern Limestone/Dolomite Valleys and Low Rolling Hills (Griffith, Omernik et al. 1997), including Clear Creek, White Creek, and Powell Creek, which were named as stream I, stream II, and stream III respectively (Figure 5.1). Water samples were collected by dipping a sterile 1 L bottle below the stream surface following Standard Method (Lurry and Kolbe 2000). Five samples at each stream site were collected in September 2018, and three samples at each site were collected in May 2019. After collection, all samples were transported using cooler with ice and delivered to the laboratory within 6 hours. For high-throughput sequencing, the water samples were filtered through 0.45 µm filters (MilliporeSigma™ HAWG047S6), and the filters were stored at -80˚C until DNA extraction.
[bookmark: _Toc62683616]2.2 Fecal indicator bacteria test
Fecal indicator bacteria (E. coli and total coliforms) tests were performed within 8 hours of sample collection. E. coli and total coliforms were determined by m-Coliblue 24 ® media following the protocol provided by the manufacturer (Hach Co., Loveland, CO). Briefly, one hundred milliliters of each water sample and appropriate dilutions were filtered, and then the filters were incubated at 37 °C and growth was observed at 24 h.
[bookmark: _Toc62683617]2.3 DNA extraction and high-throughput 16s rRNA amplicon sequencing 
DNA from the colony isolates was extracted by the FastDNA Spin Kit for Soil (MP Biomedicals) following the manufacturer’s protocol. High-throughput 16s rRNA Amplicon Sequencing was performed as previously described (Wyckoff, Chen et al. 2017). The PCR amplification used primers 515-F and 806-R to target the V4 region of the 16S rRNA gene(Caporaso, Lauber et al. 2012). PCR products were purified using the Wizard SV Gel and PCR Clean-Up system (Promega) and paired-end sequencing was completed using the Illumina MiSeq platform.
[image: ]
Figure 5.1. The maps of the three streams from 67f eco-region East TN. (A) sampling sites of three streams; (B) The  sampling site of stream I; (C) The sampling site of stream II; (D) The sampling site of stream III. A total of 24 water  samples were collected in September 2018 and May  2019.





[bookmark: _Toc62683618]2.4 Bioinformatic and statistical analyses.
Analysis of sequence reads was conducted using QIIME 2 (Bolyen, Rideout et al. 2019). Amplicon sequence variants (ASVs) enumeration was performed using the DADA2 pipeline (Callahan, McMurdie et al. 2016). The obtained ASVs were then matched to the Greengenes 13.8 database. 
Statistical analysis and data visualization were carried out using R version 3.50 (Team 2017). PERMANOVA was applied to assess the difference of community composition, α-diversity indix (the Shannon index), and Bray–Curtis (abundance-based) dissimilarity was calculated to represent the taxonomic β-diversity using the vegan R package (Oksanen, Blanchet et al. 2013).
The “sads” package in R was used to fit the species abundance distribution (SAD) models of samples based on the ASV level composition. Three SAD models, including log-series, Poisson lognormal, and Zipf were used to fit the raw data in this study. The R-squared was applied to determine  the goodness of model fit based on  previous study (Shoemaker, Locey et al. 2017).
The sequence count table of 16S rRNA gene amplicon studies from the EMP was downloaded (Thompson, Sanders et al. 2017), and EMP samples from freshwater, freshwater sediment, and soil were selected and merged with our stream water samples. The proportions of each stream water microbiota attributable to freshwater, sediment, and soil at the genus level were estimated using Sourcetracker (Knights, Kuczynski et al. 2011), a computational tool that performs Bayesian inference which was using stream water microbiota as the sink and those in soil as sources. 
[bookmark: _Toc62683619]3. Results and Discussions
[bookmark: _Toc62683620]3.1 Fecal indicator bacteria in the unimpaired streams
Based on State of Tennessee water quality standards, a geometric mean concentration of E. coli shall not exceed 126 CFU/100mL with at least 5 sampling time points (TDEC 2007). The three streams showed low levels of E. coli, the average concentrations of E. coli across the three sampling sites were from 52 to 80 CFU/100mL, meanwhile the average concentrations of total coliforms were from 728 CFU/100mL to1428 CFU/100mL (Figure 5.2).
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Figure 5.2. E. coli and total coliforms in ecoregion streams. FIB showed relatively stable concentrations across sampling locations and times (there is no significant difference across sampling locations and times).












The levels of FIB, including E. coli and total coliforms, in the three unimpaired streams were similar across sampling locations, and the concentrations were not significantly different between seasons at each site (P > 0.05). The natural variations of FIB in unimpaired streams were limited in this study.
[bookmark: _Toc62683621]3.2 Species abundance distributions for the bacterioplankton communities 
[bookmark: _Hlk62580869]The species abundance distribution (SAD) is one of the most important patterns in ecology and biodiversity and widely used in macroecological studies, but it has been neglected in microbial ecology until recently (Shoemaker, Locey et al. 2017). SAD curves for each stream in two different seasons were plotted (Figure 5.3). we tested common SAD models, including log-series, Poisson lognormal, and Zipf. In all the three streams and two seasons,  Poisson lognormal  clearly provide the best fit. It explained more than 90% of the variation of the bacterioplankton  SADs (Table 5.S1). Previous studies also reported Poisson lognormal model gave the best fit for other freshwater ecosystems (Tang, Xie et al. 2020). Although numerous models were used to predict SADs, lognormal has been more commonly observed with microorganism in natural habitats (Shoemaker, Locey et al. 2017). The log-series distribution was well for fitting macroecological SADs; the Zipf model was successfully used to explain extremely uneven abundances (Shoemaker, Locey et al. 2017).
Although Poisson lognormal model was the best model for all samples in this study, the data set exhibited different patterns among streams within a season, especially for steam III which showed lower ASVs numbers and higher individuals of common ASVs. In spring, stream III only contained 258 ASVs, meanwhile the highest individual number of common ASVs was 777; however, stream II contained 1341 ASVs, and the highest individual number of common ASVs was 123. Moreover, at each site, the two different seasons exhibited different ASVs numbers and different numbers of individuals of common ASVs. Although Zipf model did not fit the raw data well, ASVs in Stream III fitted Zipf model (30.1% in Fall and 37.9% in Spring) better than stream I (23.8% in Fall and 20.5% in Spring) and II (15.5% in Fall and 13.1% in Spring), which may be explained by enhanced enrichment processes for freshwater-associated taxa in stream III as high order downstream (Teachey, McDonald et al. 2019). The patterns revealed the different bacterioplankton diversities in different streams and seasons.
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Figure 5.3. Predicting SADs of Bacterioplankton communities at each site. Each model was fit to the observed SAD. Table 5.S1 shows the variations of the SADs explained, by each model, indicating the best performance of the Poisson lognormal model for all the three streams in both Spring and Fall.
[bookmark: _Toc62683622]3.3 Short period fluctuations in bacterioplankton community structure within a season
[bookmark: _Hlk61892749]In September 2018, five time points at each stream site were examined for bacterioplankton community diversity and composition. The results showed relatively stable alpha and beta bacterioplankton diversities within one-month sampling period at each site (Figure 5.4). Principal-coordinate-analysis (PCoA)  showed nearly overlapped sample dots for the same stream (Figure 5.4A), and the mean bray-Curtis dissimilarities were less than 0.5 within the same stream (Figure 5.4B).  The Shannon indices were also showed stabilities within the same stream, the Shannon indices were from 5.23 to 6.25, from 5.97 to 6.61, from 4.37 to 5.30 for stream I, II, and III respectively (Figure 5.4C).
Although the levels of FIB did not show significant across sampling locations, distinguished alpha and beta bacterioplankton diversities were observed (Figure 5.4). PCoA  showed a clear separation of stream III from stream I and II, while samples from the two streams clustered together (Figure 5.4A). Bray-Curtis dissimilarity analyses revealed the dissimilarities among streams were higher than the dissimilarities within each stream (Figure 5.4B). Moreover, the dissimilarities between stream III and the other two streams are considerably higher than the dissimilarity between stream I and II. Alpha diversity also showed the significant differences from stream III and the other two streams. stream III was the least diverse versus stream I and II (Shannon index, P<0.05). The differences in alpha diversities of microbial communities between stream I and II were smaller and not statistically significant. 
Actually, several studies found headwater hosted higher microbial diversity than higher-order downstream in a stream network (Teachey, McDonald et al. 2019). The three independent streams also showed the similar microbial diverse patterns, stream I and II as small streams are closed to the headwater, and stream III is the highest-order stream (Figure 5.1B-D).
[bookmark: _Toc62683623]3.4 Short period fluctuations in the abundances of individual ASVs within a season
Top 10 ASVs in Fall at each stream site were showed in figure 5.5. These taxonomy names of dominated ASVs in the three sites were typical freshwater bacteria that were well documented (Newton, Jones et al. 2011), especially for the taxa named as Flavobacterium and Comamonadaceae which were found across all the three streams. Moreover,  most top 10 ASVs at each site were at similar levels of relative abundance across 5 sampling time points within the month. These analyses show temporal stabilities in bacterioplankton community over short time periods.
Decreases in alpha diversities in the stream III were accompanied by increases in the relative abundances of top 10 ASVs. All 5 samples from stream III hosted the ASVs that were more than 5% relative abundance, but none of ASVs was more than 5% in samples from stream I and II. Some top 10 ASVs, such as ASV3 Flavobacterium, ASV9 Flavobacterium, ASV10 Rhodoferax, ASV11 Rhodoferax, ASV12 Hydrogenophaga,  and ASV16 Arcicella were found both in stream I and stream II, but none of top 10 ASVs in stream I and II was found in stream III. This suggests that the distinct bacterioplankton community in stream III compared to stream I and II, although the taxonomy names of the ASVs were commonly found in freshwater ecosystems.
[bookmark: _Toc62683624]3.5 Seasonal shifts in bacterioplankton community compositions at each site.
Although all streams in this study showed stable community compositions within a month, Bray-Curtis dissimilarities between seasons were higher than the dissimilarities within seasons for all the three streams (Figure 5.6A). Further,  PCoA  revealed a clear separation of spring from fall at each site (Figure 5.6B-D). Meanwhile, though not all top 10 ASVs in spring showed seasonal dynamics, all the three streams contained some of the top 10 ASVs that showed pronounced seasonal different abundance patterns (Figure 5.6A-C). 
There are limited researches about specific taxa of seasonal preferences, but in stream III the first and second dominant ASVs are Sporichthyaceae, which were reported increased in spring and Summer in other freshwater ecosystems (Fisher, Newton et al. 2015, Li, Zhang et al. 2019, Ozbayram, Koker et al. 2020). 
[bookmark: _Hlk61904103]There were just 3 ASVs and 5 ASVs that were higher than 1% relative abundances in spring at stream I and II respectively, but all top 10 ASVs were higher than 1% in fall at both the two stream sites. Meanwhile, elevated alpha diversities (Shannon indices) in spring were accompanied by the decreased relative abundances of top 10 ASVs at the stream I and II sites (Figure 5.7A). However, stream III showed a reversed seasonal pattern. No doubt, Bray-Curtis dissimilarities between stream I/II and III were sharper in spring than fall (Figure 5.7B).
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Figure 5.4. Microbial diversity and community structure within a month. (A) PCoA plot; (B) Bray–Curtis dissimilarity within each stream and between streams in Fall; (C) Alpha diversity (Shannon index) for each of the three selected sites in Fall. Fall1, Fall2 , Fall3 , Fall4 , and Fall5 presented the sampling time in September 6th ,11th ,19th ,21st , and 30th respectively. *,P < 0.05; **,P < 0.01; ***,P < 0.001
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Figure 5.5. Top 10 ASVs in Fall at each sampling site; (A) The  sampling site of stream I; (B) The sampling site of stream II; (C) The sampling site of stream III
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Figure 5.6. Beta-diversity showed samples from Fall and Spring at each site. (A) Bray–Curtis dissimilarity between seasons and within seasons at each site. (B) PCoA plot for samples at the  sampling site of stream I; (C) PCoA plot for samples the sampling site of stream II; (D) PCoA plot for samples the sampling site of stream III.
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Figure 5.7. The relative abundance (%) of Top 10 ASVs in Spring at each site compared to Fall season; (A) The  sampling site of stream I; (B) The sampling site of stream II; (C) The sampling site of stream III. *,P < 0.05; **,P < 0.01; ***,P < 0.001
 [image: ]
Figure 5.8. Microbial diversity and community structure between fall and spring at each site. (A) Alpha diversity (Shannon index) at each site; (B) Bray-Curtis dissimilarities among sites comparisons for Fall and Spring. *,P < 0.05; **,P < 0.01; ***,P < 0.001

 


[bookmark: _Toc62683625]3.6 Habitat associations for bacterioplankton
[bookmark: _Hlk62582124]The different bacterioplankton structures among sites and between seasons may be explained by the interactions of the potential microbial sources. In order to explore habitat associations for bacterioplankton in the three streams, a Bayesian method was used to determine putative source environments of bacterioplankton communities at genus level (Figure 5.9). No doubt, the most dominant known source was freshwater, and stream III showed highest representation of freshwater microbial communities, especially in spring -- attributing on average 74% of genera. However, microbial communities of stream I and II were high representation of soil and sediment-associated genera, which may explain the compositionally diverse structure. soil and sediment-associated genera may enter the freshwater ecosystems from headwater, therefore stream I and II as low order streams and were closed to headwater contained higher soil and sediment-associated microbial populations. Meanwhile, enhanced enrichment processes for freshwater-associated taxa in stream III as high order downstream.
Sediment and soil as the potential sources were significantly more dominant  in fall than spring across all streams in this study (P < 0.05). In stream III, freshwater-associated taxa were significantly higher in Spring than Fall, the enrichment processes may be amplified in Spring compared Fall. In both stream I and II sites, there is no significant difference of freshwater-associated genera between spring and fall, but the attributions of unknown sources were significantly increased in Spring, which means taxa from more potential sources into the freshwater ecosystems besides sediment and soil.  It is difficult to infer the reasons about the seasonal shifts of bacterioplankton communities, because of too many impact factors, such as precipitation, temperature, growth of vegetation, and sunlight intensity. The influence of each factor should be determined in the future.
[bookmark: _Toc62683626]4. Conclusions 
[bookmark: _Hlk61886508]Bacterioplankton communities in three unimpaired streams within an ecoregion were studied. The SADs were all followed by Poisson lognormal model, which was consistent with other freshwater ecosystems in previous study. Meanwhile, the dominated taxa in the three sites were typical freshwater taxa that were well documented (Newton, Jones et al. 2011). 
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Figure 5.9. The contributions of potential sources of genera (%) in spring and fall at each stream. *,P < 0.05; **,P < 0.01; ***,P < 0.001







In this work, although concentrations of FIB and relative abundances of some dominant taxa showed relatively stable levels across sampling times at each site, the two streams closed to headwater were distinct from the highest-order stream. The streams closed to headwater host elevated sediment and soil-associated bacteria and diversity levels compared to the highest-order stream in which the microbial community enriches repeatedly for select taxa.
Although relatively stable bacterioplankton community compositions within one-month sampling period at each unimpaired stream,  there were pronounced seasonal shifts for all the three sites. In spring, more potential bacterial sources other than sediment and soil enter into the stream headwaters and the streams closed to headwater showed higher diversity levels than Fall, meanwhile the highest-order stream showed enhanced enrichment processes for select taxa and decreased diversity levels in Spring compared to Fall. 
Overall, this work suggests that delimitation of stream types and sampling periods is an important step for defining reference conditions of bacterioplankton communities within an ecoregion. It should be also mentioned that, due to the limited sampling stream sites in this study, observations need to be validated in different streams and ecoregions.
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[bookmark: _Toc528508804][bookmark: _Toc56602724][bookmark: _Toc62683628]Chapter 6 
[bookmark: _Toc56602725][bookmark: _Toc62683629][bookmark: _Toc528508807]Microbial Diversity in Unimpaired Streams across Ecoregions 
[bookmark: _Toc56602726][bookmark: _Toc62683630]Abstract
With the development of the high-throughput 16s rRNA Amplicon Sequencing techniques, the use of microorganisms for the ecological assessment of natural water bodies has greatly increased. Typically, this sort of assessment is done with streams that have major anthropomorphic impacts, without significant understanding of the unimpaired stream dynamics. The understanding of natural spatial variation of the microbial diversities in these unimpaired streams is important to identify reference bacterial composition prior to the assessment of stream ecological conditions. In this study, microbial community composition was utilized to characterize the spatial variations among 15 streams across three different ecoregions, where these streams corresponded to two stream types: low-order streams (i.e. closest to the headwater) and high-order streams. The results indicated that culture-based  fecal indicator bacteria (FIB) showed low concentrations and relatively stable across these unimpaired streams, but the microbial communities revealed spatial variation. It was revealed that the microbial communities were distinct between low-order streams and high-order streams, which corresponded to low-order streams having elevated sediment and soil-associated bacteria, as well as higher community diversity levels, whereas freshwater-associated bacteria were more prevalent in high-order streams. Moreover, microbial communities in both low-order streams and high-order streams exhibited significant distance-decay patterns, where this trend was stronger in low-order streams. These results show impacts of stream size and order have on the microbial community structure, as well as the geographical variability in streams with virtually no anthropomorphic impact. 
[bookmark: _Toc56602727][bookmark: _Toc62683631]1. Introduction
[bookmark: _Hlk57318977]More recent studies have used microorganisms to assess the ecological conditions of freshwater ecosystems due to the rapid development of the high-throughput 16s rRNA Amplicon Sequencing techniques in microbial community analyses (Lau, Washington et al. 2015, Li, Li et al. 2017, Niu, Li et al. 2018, Simonin, Voss et al. 2019, Hilderbrand, Keller et al. 2020). The use of natural water microbial community as background bacterial composition has been a key component to identify deviations from the high ecological quality in the absence of anthropogenic stresses at other stream sites (Hägglund, Bäckman et al. 2018, Breton-Deval, Sanchez-Flores et al. 2019). However, the microbial characteristics of streams vary according to their biogeographic features (Tolkkinen, Mykrä et al. 2016, Vilmi, Karjalainen et al. 2016, Hosen, Febria et al. 2017, Teachey, McDonald et al. 2019). Moreover, even within a stream network, bacterial compositions were different between headwater and higher-order downstream (Hassell, Tinker et al. 2018, Teachey, McDonald et al. 2019). Thus, spatial and order-type-specific variations of reference conditions of microorganisms in the streams with high ecological status must be understood.
Some recent studies have used local stream water samples with low fecal indicator bacteria (FIB) counts from the same watershed as background bacterial composition (Hägglund, Bäckman et al. 2018, Breton-Deval, Sanchez-Flores et al. 2019). However, the low and stable levels of FIB were not able to present the stability of microbial community, meanwhile few studies described the natural variation of background bacterial composition. In this way, strong variations may occur for characterizing the ecological condition of freshwater streams based on sequence-based microorganism approaches.
This study aimed to evaluate spatial and order-type-specific variations of microbial community compositions in reference streams. This work spanned independent streams of  different order types across three ecoregions. We hypothesized that FIB showed low concentrations and relatively stable across sampling locations while the microbial communities revealed spatial variation. Furthermore, Habitat filtering by stream order level, and not ecoregion, was the major driver shaping bacterioplankton communities.
[bookmark: _Toc56602728][bookmark: _Toc62683632]2. Materials and Methods
[bookmark: _Toc56602729][bookmark: _Toc62683633]2.1 Sites selection
The study was conducted in East Tennessee, USA. 15 reference streams across three ecoregions were selected  (Figure 6.1) – 67f The Southern Limestone/Dolomite Valleys and Low Rolling Hills, 68a Cumberland Plateau, and 71g Eastern Highland Rim ((Griffith, Omernik et al. 1997). The stream names, order levels, and Geographical distance from headwater  were shown in table 6.S1. The sampling streams with 1 or 2 order were defined as low order streams closed to head water, and 3 or 4 order streams were defined as high order streams. Water samples were collected by dipping a sterile 1 L bottle below the stream surface following Standard Method (Lurry and Kolbe 2000) from May to June 2019 within 30 days in order to exclude temporal variations. After collection, all samples were transported using cooler with ice and delivered to the laboratory within 6 hours. For high-throughput sequencing, the water samples were filtered through 0.45 µm filters (MilliporeSigma™ HAWG047S6), and the filters were stored at -80˚C until DNA extraction.
[bookmark: _Toc56602730][bookmark: _Toc62683634]2.2 Fecal indicator bacteria test
Fecal indicator bacteria (E. coli and total coliforms) tests were performed within 8 hours of sample collection. E. coli and total coliforms were determined by m-Coliblue 24 ® media following the protocol provided by the manufacturer (Hach Co., Loveland, CO) as described in previous chapters. 
[bookmark: _Toc56602731][bookmark: _Toc62683635]2.3 DNA extraction and high-throughput 16s rRNA amplicon sequencing 
DNA from the colony isolates was extracted by the FastDNA Spin Kit for Soil (MP Biomedicals) following the manufacturer’s protocol.
High-Throughput 16s rRNA Amplicon Sequencing was performed as previously described(Wyckoff, Chen et al. 2017). The PCR amplification used primers 515-F and 806-R to target the V4 region of the 16S rRNA gene(Caporaso, Lauber et al. 2012). PCR products were purified using the Wizard SV Gel and PCR Clean-Up system (Promega) and paired-end sequencing was completed using the Illumina MiSeq platform.
[bookmark: _Toc56602732][bookmark: _Toc62683636]2.4 Bioinformatic and statistical analyses.
Analysis of sequence reads was conducted using QIIME 2 (Bolyen, Rideout et al. 2019). Amplicon sequence variants (ASVs) enumeration was performed using the DADA2 pipeline (Callahan, McMurdie et al. 2016). The obtained ASVs were then matched to the Greengenes 13.8 database. 
Statistical analysis and data visualization were carried out using R version 3.50 (Team 2017) . PERMANOVA was applied to assess the difference of community composition, α-diversity indices (the Shannon index, the Simpson index and Pielou’s evenness), and Bray–Curtis (abundance-based) dissimilarity was calculated to represent the taxonomic β-diversity using the vegan R package (Oksanen, Blanchet et al. 2013).
[image: ] 
Figure 6.1. The maps of the 15 streams across three ecoregions in East TN -- 67f The Southern Limestone/Dolomite Valleys and Low Rolling Hills, 68a Cumberland Plateau, and 71g Eastern Highland Rim 67f eco-region .












The sequence count table of 16S rRNA gene amplicon studies from the EMP was downloaded (Thompson, Sanders et al. 2017) , and EMP samples from freshwater, freshwater sediment, and soil were selected and merged with our stream water samples. The proportion of each stream water microbiota attributable to freshwater, sediment, and soil at the genus level were estimated using Sourcetracker (Knights, Kuczynski et al. 2011),  which was using stream water microbiota as the sink and those in soil as sources. 
[bookmark: _Toc56602733][bookmark: _Toc62683637]3. Results and Discussions
[bookmark: _Toc56602734][bookmark: _Toc62683638]3.1 Fecal indicator bacteria in the ecoregion streams
All 15 streams in this study showed the average concentrations of E. coli were from 20 to 102 CFU/100mL, meanwhile the average concentrations of total coliforms were from 377 CFU/100mL to 1452 CFU/100mL (Figure 6.2). The levels of E. coli in the 15 streams were all less than 126 CFU/100mL, which is the threshold of State of Tennessee water quality standards (TDEC 2007).
The levels of FIB, including E. coli and total coliforms, in the reference streams were not significantly different across sampling locations (P > 0.05). The natural spatial variations of FIB in streams were limited in this study.
[bookmark: _Toc56602735][bookmark: _Toc62683639]3.2 Habitat filtering by stream order level, and not ecoregion, is the major driver shaping microbial structures.  
Although the levels of FIB were not significantly different across these unimpaired streams, distinguished alpha and beta microbial diversities were observed between different stream order levels (Figure 6.3 and Figure 6.4). Principal-coordinate-analysis (PCoA)  showed a clear separation of low-order streams and high-order streams, while the same order streams clustered together even though they were from different ecoregions (Figure 6.3A). Cluster Dendrogram (Figure 6.3B) also showed the similar patterns, low-order streams and high-order streams were clustered as two groups. Moreover, Bray-Curtis similarity analyses revealed the similarities between the two type streams are considerably lower than the similarities within the same order level streams (Figure 6.3C). 
Alpha diversity (the Shannon index, the Simpson index, and Pielou’s evenness) also showed the significant difference between low-order streams and high-order streams. The group of high-order streams was significantly less richness, evenness, and Shannon diverse than the group of low-order 
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Figure 6.2. E. coli and total coliforms in ecoregion streams. FIB levels were relatively low and stable across sampling locations.














streams (P<0.001). Several studies found headwater hosted higher microbial diversity than the high-order downstream in a stream network (Hassell, Tinker et al. 2018, Teachey, McDonald et al. 2019), the independent streams in this study also showed the similar microbial diverse patterns.
[bookmark: _Toc56602736][bookmark: _Toc62683640]3.3 The abundances of individual ASVs across stream sites 
Decreases in alpha diversities in the high-order streams were accompanied by increases in the relative abundance of top ASVs (Figure 6.5). All samples from high-order streams hosted the ASVs that were more than 7% relative abundances, even some of ASVs were higher than 20%, however, none of ASVs was more than 5% in samples from low-order streams.
All abundant ASVs in the high-order streams were also found in low-order streams, though the relative abundances might be less in the low-order streams. This phenomenon may result by enriching the microbial community repeatedly for select taxa across high-order freshwater ecosystems. Meanwhile, the high abundant taxonomies in the high-order streams, like Flavobaterium, Comamonadaceae, Planktophila, Rhodoluna, Pseudarcicella, Sporichthyaceae, Polynucleobacter, and Fluviicola, were also generally found in other freshwater ecosystems (Newton, Jones et al. 2011).
[bookmark: _Toc56602737][bookmark: _Toc62683641][bookmark: _Hlk52360035]3.4 Putative source environments for microbial community in the reference stream water 
In order to explore habitat associations for microbial community in the reference streams, a Bayesian method was used to determine putative source environments of bacterioplankton communities at the genus level (Figure 6.6), including soil, sediment, and freshwater, based on the Earth Microbiome Project (EMP) datasets (Thompson, Sanders et al. 2017). No doubt, the most dominant known source was fresh water, attributing from 27% to 81%, especially for high-order streams where the representations of freshwater microbial communities were higher than 63%. However, the representations of freshwater microbial communities in low-order streams were less than 45%. Further, higher representations of sediment-associated genera (8% -- 18%) in low-order streams than high-order streams (less than 1%) were found in this study, as the similar as sediment-associated genera patterns, higher representations of soil-associated genera (4% -- 11%) in low-order streams than high-order streams (less than 0.7%).
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Figure 6.3. Beta-diversity showed Habitat filtering by stream order level, and not ecoregion, is the major driver shaping bacterioplankton communities. (A) PCoA; (B) Cluster Dendrogram; (C) Bray–Curtis similarity. *,P < 0.05; **,P < 0.01; ***,P < 0.001
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Figure 6.4. Alpha diversities (the Shannon index, the Simpson index, and Pielou’s evenness) for low-order streams and high-order streams. *,P < 0.05; **,P < 0.01; ***,P < 0.001.
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Figure 6.5. Balloon plot showing the relative abundance of the ASVs found in different streams. The top 3 most abundant ASVs in each stream are displayed.


Low-order streams are closed to headwater that acts as a primary entry point for soil and sediment associated microorganisms into freshwater ecosystems, which may explain the compositionally diverse structure. Meanwhile, high-order streams, as downstream in a river network, enriched the selected freshwater-associated taxa and showed a reduction in microbial diversity. 
[bookmark: _Toc56602738][bookmark: _Toc62683642]3.5 spatial factors related with microbial community composition.
Actually, Bray-Curtis similarity analyses (Figure 6.3C) not only showed the similarities between the two order-type streams are considerably lower than the similarities within the same order level streams, but also showed the similarities within the low-order streams were significantly lower than the high-order streams. Meanwhile, Figure 6.5 showed ASV42 Rhodobacteraceae was exclusively positive in the low-order streams from the Eastern Highland Rim ecoregion, and ASV1136 Malikia was exclusively positive in the low-order streams from the Low Rolling Hills ecoregion. These results indicated the spatial variations within the low-order streams across the three ecoregions. 
Although all abundant ASVs in the high-order streams can be found across different ecoregions, some of them showed different relative abundances between different regions. For example, the relative abundances of ASV235 Polynucleobacter were significant higher in the streams from Cumberland Plateau ecoregion than others, and the relative abundances of ASV50 Flavobacterium were significant higher in the streams from the Low Rolling Hills ecoregion than others. These patterns illustrated the local specific contribution may be a driven factor to shape the distribution of microorganisms in high-order freshwater ecosystems.
The spatial predictors (Figure 6.7) of microbial community compositions showed similar results. Significantly negative relationships between the Bray–Curtis similarity of microbial communities and the geographical distance were found in both low-order streams and high-order streams (P<0.01). This was not surprising because multiple studies found niche partitioning processes to microbial communities in freshwater ecosystems ( Febria et al. 2017, Teachey, McDonald et al. 2019). Moreover, the low-order streams showed stronger correlations between spatial distances and microbial communities than the high-order streams, the reason may be that the enrichment process of the selected freshwater-associated microbes in high-order streams offset spatial heterogeneity at the east Tennessee geographical scale in this study. 
[image: ]
Figure 6.6. Percentage of stream water bacterial genera attributable to  sediment, soil, and freshwater ecosystems as determined by  Sourcetracker. 
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Figure 6.7. Distance-decay relationships between the bacterial community similarity; (A) samples from low-order level streams; (B) samples from high-order level streams. The bacterial communities in two types of streams showed significant distance decay across ecoregions (the slope of the distance–decay relationship estimated by least squares regression models were significantly less than zero), the distance-decay slopes of bacterial communities  in low-order level streams (slope = -0.374, P < 0.0001) were significantly steeper than high-order level streams (slope = -0.124, P < 0.002).
[bookmark: _Toc56602739][bookmark: _Toc62683643]4. Conclusions 
Recent a few years, various microbial community-based methods have been developed, tested and suggested for the assessment of the freshwater ecological health. However, challenges were imposed by the spatial variability of microbial community in these ecosystems. This study investigated microorganisms in 15 reference streams across three ecoregions. The results showed that low and relatively stable concentrations of FIB across sampling locations, but the microbial communities revealed spatial variation patterns. While there was spatial variation observed, the stream order level was the larger driver for stream microbial community. The low-order streams closed to headwater host elevated sediment and soil-associated bacteria and diversity levels compared to the high-order streams in which the microbial community enriches repeatedly for freshwater-associated taxa. Moreover, microbial communities in both low-order streams and high-order streams exhibited significant distance-decay patterns, but the communities had a stronger distance-decay relationship in low-order streams. Overall, this work suggests a selection of nearby and similar order type reference streams is important for establishment of reference microbial conditions.
[bookmark: _Toc56602740]
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[bookmark: _Toc56602741][bookmark: _Toc62683645]Chapter 7
[bookmark: _Toc56602742][bookmark: _Toc62683646]The Impact of Storm Events on Receiving Stream Water Bacterial Community 
[bookmark: _Toc56602743][bookmark: _Toc62683647][bookmark: _Hlk57220663]Abstract
Advances in next-generation sequencing have potential shown new opportunities for bacterial contamination assessment of the impact of stormwater runoff on receiving stream water through analysis of microbial communities. The objectives of this study were to investigate the microbial community composition-based method for assessment of the impacts of stormwater runoff to receiving stream water at three sites in East Tennessee, USA. No doubt, the higher Turbidity and FIB levels in the wetflow of receiving creeks than baseflow in this study, and the 16S rRNA amplicon sequencing method more thoroughly highlights the impact that stormwater runoff has on general water quality. The dominated taxa in baseflow water samples were typical freshwater taxa that were also found in nearby unimpaired reference streams, but the runoff-associated microorganisms that were rare in baseflow were dramatically increased in wetflow. The Sourcetracker analysis revealed stormwater runoff and the receiving stream baseflow were the major contributors for the overall microbial community in wetflow across the three study sites. In general, this approach gave a clearer understanding of microbial contamination caused by non-point sources of pollution.
[bookmark: _Toc56602744][bookmark: _Toc62683648]1. Introduction
Microbial contaminants have been concerned in pollution of water bodies (Ashbolt and Bruno 2003, Federigi, Verani et al. 2019). Those contaminations can be found in runoff and subsequently transported to environmental water bodies, and studies have reported a high prevalence of microbial contaminants in sewer overflows, defective septic systems, roof-harvested rainwater, and agricultural runoff. However, the studies of microbial contamination in stormwater runoff from impervious area were rarely (Saget, Chebbo et al. 1996, Jiang, Noble et al. 2001, Thurston, Gerba et al. 2001, Ahmed, Hamilton et al. 2018, Boehm, Graham et al. 2018, Hamilton, Reyneke et al. 2019). It is impossible to monitor all pathogens in water bodies for the determination of microbial contamination because of the great diversity of pathogens. Therefore, fecal indicator bacteria (FIB), like Escherichia coli and total coliforms, were selected to assess the microbial quality, due to high levels in feces and likely presence of potential pathogens (Sidhu, Gernjak et al. 2012). However, FIB cannot estimate the relative contributions of microorganisms from multiple sources to the receiving environmental water bodies.
Advances in next-generation sequencing have potential shown new opportunities for pathogenic contamination assessment through analysis of microbial communities (Shendure, Porreca et al. 2005, Wang, Garrity et al. 2007, Lazarevic, Whiteson et al. 2009, Claesson, Wang et al. 2010, McLellan, Huse et al. 2010, Kim and Bae 2011, Ashbolt 2015, Eren, Morrison et al. 2015, Madoui, Engelen et al. 2015, Nshimyimana, Freedman et al. 2015, Federigi, Verani et al. 2019). The high-throughput 16s rRNA amplicon sequencing is one of the culture-independent methods used for alternative microbiome analysis (Liu, Lozupone et al. 2007, Kennedy, Hall et al. 2014, Logares, Sunagawa et al. 2014, Schloss, Westcott et al. 2015, Sinclair, Osman et al. 2015). It provides an opportunity to identify the bacterial taxonomy of associated with different environmental matrices based on designing generic PCR primers to amplify and sequence the hypervariable regions (Chakravorty, Helb et al. 2007, Liu, Desantis et al. 2008, Humblot and Guyot 2009). Moreover, the sequencing data with computational models, like Sourcetracker, take contamination sources as entire source communities into the contaminated communities, which are the sink communities, where the mixing proportions are trying to be determined (Knights, Kuczynski et al. 2011).
[bookmark: _Hlk53088036]The objectives of this study were to investigate microbial community composition-based methods for assessment of the impacts of stormwater runoff to receiving stream water. Three sites in East Tennessee were selected. the stormwater runoff, receiving stream baseflow prior storm events, and receiving stream wetflow water samples were sampled at each site. Turbidity, FIB and microbial communities were analyzed to address following questions: (1) Does storm events impact  turbidity, FIB and microbial communities in the receiving streams across the study sites? (2)What are the relationships of bacteria among stormwater runoff, receiving stream baseflow, and wetflow at the three sampling sites? (3) What are the relative contributions of stormwater runoff and receiving stream baseflow in contributing the microbes in wetflow?
[bookmark: _Toc56602745][bookmark: _Toc62683649]2. Materials and Methods
[bookmark: _Toc56602746][bookmark: _Toc62683650]2.1 Sites selection
The study was conducted in East Tennessee, USA (Figure 7.1). Three types of water samples, including storm runoff, the receiving stream baseflow and storm flow at the immediate downstream of runoff effluent were collected from in October 2018 and February 2020. 
Stream-water samples were collected by dipping a sterile 1 L bottle below the stream surface following Standard Method (Lurry and Kolbe 2000) . The baseflow water samples were collected prior to the anticipated storms.
[bookmark: _Hlk51176074]Stormwater-runoff sampling was conducted using Nalgene™ Storm Water Samplers installed prior to the anticipated storms, and the sampler collected a full one-liter grab sample of first flush storm water runoff. Meanwhile, the receiving stream wetflow water samples were collected following the same sampling methods of baseflow. 
After collection, all samples were transported using cooler with ice and delivered to the laboratory within 6 hours. 
[bookmark: _Toc56602747][bookmark: _Toc62683651]2.2 FIB and turbidity test
FIB and turbidity analyses were generally performed within 8 hours of sample collection. Turbidity was measured by the turbidity meter following the manufacturer instrument (Thermo Scientific™ AQ3010). E. coli and total coliforms were determined by growth on the selective and differential membrane filtration m-Coliblue24® broth (Hach Co., Loveland, CO). The filters were incubated at 37 °C and growth was observed at 24 h.
[bookmark: _Toc56602748][bookmark: _Toc62683652]2.3 DNA extraction and high-throughput 16s rRNA amplicon sequencing 
DNA from the colony isolates was extracted by the FastDNA Spin Kit for Soil (MP Biomedicals) following the manufacturer’s protocol.

[image: ]
Figure 7.1. The map of sampling sites. Three sites, including Site A, Site B, and Site C were chosen for this study. At each site, three types of water samples, including storm runoff, the receiving stream baseflow and wetflow at the immediate downstream of runoff effluent were collected. 













High-Throughput 16s rRNA Amplicon Sequencing was performed as previously described (Wyckoff, Chen et al. 2017). The PCR amplification used primers 515-F and 806-R to target the V4 region of the 16S rRNA gene(Caporaso, Lauber et al. 2012). PCR products were purified using the Wizard SV Gel and PCR Clean-Up system (Promega) and paired-end sequencing was completed using the Illumina MiSeq platform.
[bookmark: _Toc56602749][bookmark: _Toc62683653]2.4 Bioinformatic and statistical analyses.
Analysis of sequence reads was conducted using QIIME 2 (Bolyen, Rideout et al. 2019). Amplicon sequence variants (ASVs) enumeration was performed using the DADA2 pipeline (Callahan, McMurdie et al. 2016). In contrast to the traditional cluster-based methods based on 97% sequence identity, DADA2 is an error model that can differentiate ASVs based on as little as a single nucleotide. This method is preferred for this study because the 16S V4 region amplicon is short, and some TC species differ at only one position. If traditional 97% identification methods were used, these taxa may be mistakenly grouped together. 
Statistical analysis and data visualization were carried out using R version 3.50 (Team 2017). Bray–Curtis (abundance-based) dissimilarity was calculated to represent the taxonomic β-diversity using the vegan R package.
Sourcetracker was used to determine the relative importance of stormwater runoff versus receiving stream baseflow in contributing the microbes in wetflow (Knights, Kuczynski et al. 2011). Wetflow water samples were considered as sinks, while the receiving stream baseflow and nearby stormwater runoff were considered as sources of microbes. 
[bookmark: _Toc56602750][bookmark: _Toc62683654]3. Results and Discussions
[bookmark: _Toc56602751][bookmark: _Toc62683655]3.1 FIB and Turbidity in stormwater runoff and receiving stream water
FIB (E. coli and total coliforms) and Turbidity results across the three sites were shown in figure 7.2, and the pairwise t-test results were shown in table 7.S1. FIB and Turbidity in receiving stream baseflow water samples were significantly lower than runoff and wetflow water samples (P < 0.01), although they show huge variations in each type of water samples. Numerous researches also reported FIB and turbidity were significantly higher in impaired streams after storm events (Makepeace, Smith et al. 1995). There is no doubt that storm events were highly impact the levels of  FIB and Turbidity for the receiving streams in this study.
[image: ] 
Figure 7.2. FIB and Turbidity in stormwater runoff and receiving stream water across the three study sites.













The average of turbidities was 1.4 NTU in baseflow, 9.6 NTU in wetflow, and 28.4 NTU in runoff across the three streams, respectively. Not only turbidities in receiving stream baseflow were significantly lower than wetflow, but also turbidities in wetflow were significantly lower than runoff at Site A and Site B.
There is no significant difference of FIB between stormwater runoff and receiving stream wetflow water samples across the three sites. The ranges of E. coli concentrations were huge, from 10 to 2400 CFU/100mL in baseflow, from 240 to 120000 CFU/100mL in wetflow, and from 60 to 180000 CFU/100mL in Runoff. Meanwhile, the ranges of total coliforms concentrations were also huge, from 70 to 12000 CFU/100mL in baseflow, from 380 to 210000 CFU/100mL in wetflow, and from 850 to 240000 CFU/100mL in Runoff. Although the variations of FIB concentrations were high, pairwise t-test showed the significant lower concentrations in baseflow, which means the concentrations of FIB were always higher in the wetflow and runoff after the storm events compared to the prior baseflow sampling points.

[bookmark: _Toc62683656]3.2 Bacterial community structure in the receiving stream baseflow, wetflow, and stormwater runoff
Non-metric Multi-dimensional Scaling analysis (NMDS)  showed a clear separation of stormwater runoff and receiving stream baseflow, while samples from receiving stream wetflow placed in the middle of baseflow and runoff (Figure 7.1A). Meanwhile, both stormwater runoff and stream wetflow water from different sampling sites clustered together, but samples of baseflow from the Site C separated from Site A and Site B.  The dissimilarity among baseflow samples may be resulted in the geographical distances, and Site C is far away from Site A and Site B; The geographical distance between A and B sampling site is 37 km, while the distance between A and C is 238 km and the distance between B and C is 249 km. Multiple studies reported the significant distance decay relationships of bacterial communities in freshwater ecosystems (Tolkkinen, Mykrä et al. 2016, Vilmi, Karjalainen et al. 2016, Hosen, Febria et al. 2017, Teachey, McDonald et al. 2019).
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Figure 7.3. Beta-diversity of the microbial community in this study. (A) Non-metric Multi-dimensional Scaling analysis (NMDS)  of samples based on Bray–Curtis distance from the microbe cluster by water types(color) and sampling sites; (B) Bray–Curtis dissimilarities within water types and among water types at each site. Two-group comparisons were done by Permutation T-Test. *,P < 0.05; **,P < 0.01; ***,P < 0.001.
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Figure 7.4. Relative abundances of top taxonomies at the genus level found in different water types at each site.
Bray-Curtis dissimilarity analyses revealed the dissimilarities among water types were significantly higher than within each water type (P<0.001), meanwhile the dissimilarities between stormwater runoff and receiving stream baseflow were highest at each site. However, the dissimilarities between baseflow and wetflow were not found significant difference compared to the dissimilarities between wetflow and runoff at each site. The results illustrated both stormwater runoff and receiving stream baseflow influenced the wetflow in this study.
The relative abundances of top taxonomies at the genus level among different water types also showed similar patterns with Beta-diversity of the microbial community (Figure 7.4). The dominant genera like Massilia, Acinetobacter, and Pseudomonas were rarely found in the receiving stream baseflow, but they were increased in the wetflow. Meanwhile, the dominant genera in runoff were abundant across the three sample sites. However, the dominant genera in baseflow showed high variant across the three streams, for example, the mean relative abundance of Psedarcicella was 13.4% in stream C, but 1.2% and 0.1% in stream A and stream B, respectively. Moreover, the dominant genera in both runoff and receiving stream baseflow, were all found in wetflow.
[bookmark: _Toc56602753][bookmark: _Toc62683657][bookmark: _Hlk53009749]3.3 The abundances of individual ASVs in the receiving stream baseflow, wetflow, and stormwater runoff
Figure 7.5 showed the top 10 ASVs in the receiving stream baseflow compared to wetflow, runoff and nearby unimpaired reference streams. As expected, most of the ASVs were not found in stormwater runoff, or the relative abundances of them were much smaller in runoff than baseflow. However, a few of the ASVs, like ASV17 Comanomadaceae, ASV12 Hydrogenophaga, ASV22 Comanomadaceae, and ASV28 Aeromonas, were found similar relative abundances in baseflow and runoff. These ASVs also presented in nearby unimpaired refenrece streams, which means they may exist in different habitats in this region. The results denied the hypothesis that these ASVs in baseflow were introduced from runoff and then persist in the streams. 
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Figure 7.5. Top 10 ASVs in the receiving stream baseflow compared to wetflow, runoff and nearby unimpaired reference streams at each sampling site. (A) The sampling site A; (B) The sampling site B; (C) The sampling stream C
 [image: ] [image: ]  [image: ]
Figure 7.6. Top 10 ASVs in the receiving stream wetflow compared to baseflow, runoff and nearby unimpaired reference streams at each sampling site. (A) The sampling site A; (B) The sampling site B; (C) The sampling stream C
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Figure 7.7. Top 10 ASVs in the runoff, compared to the receiving stream baseflow, wetflow, and nearby unimpaired reference streams at each sampling site. (A) The sampling site A; (B) The sampling site B; (C) The sampling stream C
All top 10 ASVs in baseflow at each site were also found in wetflow, and most of them showed similar relative abundances across dry and wet weather condtions.  Meanwhile, most of the top 10 ASVs in the receiving stream wetflow revealed the similar abundances in baseflow (Figure 7.6). ASV505 Massilia and ASV2441 Massilia are the only two ASVs were abundant in Wetflow and runoff, while low relative abundances in baseflow. The results illustrated the impacts of storm events for the top 10 populations in stream water were limited.
However, the dominant populations in stormwater runoff dramaticly increased in stream water wetflow, while they were rare in baseflow (Figure 7.7). For example, ASV5174 Massilia as one of top 10 ASVs in runoff at both Clinton and Cook, whose mean relative abundance was 2.2% and 0.75% in Clinton runoff  and Cook runoff respectively; meanwhile, the mean relative abundance of ASV5174 Massilia was 0.48% and 0.11% in Clinton wetflow and Cook wetflow respectively, but this taxa did not exist in baseflow and reference stream water samples. 
All top 10 ASVs in runoff at each site were also found in wetflow, even though some of them did not exist in baseflow. ASV1037 Rheinheimera was the only one population which showed similar relative abundances in baseflow and wetflow, but nonexistent in reference streams. The results demonstrated the stormwater runoff heavily influenced wetflow of receiving streams as exogenous microbial communities, while almost of the exogenous microorganisms could not persistent in stream water.
Ternary plots showed denser nearby the triangle sides and thin in the middle of the graphics, which further illustrated that the most of microbiomes in the receiving stream wetflow samples were either from baseflow or runoff samples (Figure 7.8). Meanwhile, A few of dominant ASVs presented across the three types of water, which belonged to Proteobacteria mostly.
Interestingly, a few of dominant ASVs were found on the triangle points, which means they uniquely presented in one type of water. Figure 7.9 was further revealed the pattern. ASV440 Hydrogenophaga was the only dominant ASV that uniquely present in receiving stream wetflow samples, which illustrated baseflow and runoff are the major contributors for microorganisms in wetflow and the contributions of other unknown sources were limited. 
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[bookmark: _Hlk57328351]Figure 7.8. Ternary plots of dominant ASVs across the three types of water. (A)Ternary plots showing the distributions of dominant ASVs (> 1% in at least one sample, total number is 219) among baseflow, wetflow, and runoff. (B)The density pattern of ternary plots.



There are 19 dominant ASVs were unique in runoff, and 6 dominant ASVs were unique in baseflow; meanwhile, the unique ASVs that were in runoff or baseflow showed high variant across sites and events, and there is no unique ASV that was found across all sites and events in each type of water. These results revealed that  both receiving stream baseflow and stormwater runoff existed some of dominant ASVs that showed susceptibility and could not be detected after receiving runoff.
Moreover, the evenness of microbial structure in receiving stream wetflow were significantly higher than baseflow and runoff (P<0.001) (Figure 7.10), which is reasonable due to dilution process in both baseflow and runoff. However, the richness in wetflow did not significantly increase compared to baseflow, even though wetflow received exogenous microbes from runoff. This phenomenon further explained that some of susceptible ASVs in stream water could not be detected after receiving runoff.
[bookmark: _Toc56602754][bookmark: _Toc62683658]3.4 Sourcetracker analysis
Sourcetracker, a Bayesian method, was used to determine putative source environments of microbial communities in receiving stream wetflow. Wetflow water samples was considered as sinks, while baseflow and stormwater runoff were considered as sources of microbes (Figure 7.11). Based on the results, baseflow and stormwater runoff were the major sources that contributed to the microbes in wetflow, and they are significantly higher than other unknown sources. The baseflow with the average values of the relative contributions were higher than 49% and the microbes in runoff accounted for higher than 24% in wetflow, while the mean contributions of the unknown sources were less than 16% across stream sites.
Although the methods identified the intrusive bacteria sourced from the stormwater runoff, the relative contributions showed high variations across stream sites and sampling events. The range of baseflow contributions was from 32% to 66%, and the range of baseflow contributions was from 14% to 59%. Although the means of the relative contributions of stormwater runoff were less than baseflow across the three sites, there is no significant difference due to high variations. The contributions of runoff associated stream features and weather conditions need to be determined based on more sampling efforts in future.
[bookmark: _Hlk57329719][image: ] Figure 7.9. The unique dominant ASVs (> 1% in at least one sample) in each type of water.
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Figure 7.10. Compared alpha diversity (Richness, Shannon index , and Evenness) of microbial structures among three types of water samples.
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Figure 7.11. Sourcetracker analysis showing the relative contributions of stormwater runoff and receiving stream baseflow to the overall microbial community of wetflow water samples at each site. *,P < 0.05; **,P < 0.01; ***,P < 0.001.












[bookmark: _Toc56602755][bookmark: _Toc62683659]4. Conclusions 
Turbidity, FIB and Bacterial communities in the receiving stream baseflow, wetflow, and stormwater runoff were studied at three sites. The high Turbidity and FIB levels in the wetflow of receiving creeks likely resulted from nonpoint runoff sources. The dominated taxa in baseflow water samples were typical freshwater taxa that were also found in nearby unimpaired reference streams, but the runoff-associated microorganisms that were rare in baseflow were dramatically increased in wetflow. The Sourcetracker analysis also revealed the stormwater runoff as the major source for the intrusive bacteria. Overall, the microbial community composition-based method gave a clearer understanding of microbial contamination in receiving streams caused by non-point sources of pollution.
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[bookmark: _Toc56602757][bookmark: _Toc62683661] Conclusion
As a significant source of microbial pollution, stormwater runoff is mainly discharged into receiving waters and may be responsible for serious ecological impacts. For this dissertation, Culture-based enumeration of FIB and sequencing-based microbial community served as the microbial analysis for stormwater runoff and streams. 
With the widespread use of FIB, the efficacy of culture-based coliform testing was assessed. A variety of environmental matrices, including stream water, stormwater runoff, sewage, and stream sediments, were used to confirm the performance of the coliform testing method through a comparison with high-throughput 16s rRNA amplicon sequencing. The results suggested that this method was generally accurate at correctly identifying FIB.
With the efficacy of FIB culture-based detection being validated, this method was used to monitor stormwater runoff including pavement runoff and culvert runoff over 23 storm events at 6 sites. It was revealed that while there was moderate relationship between storm characteristics and FIB levels in stormwater runoff, FIB levels were more related with site characteristics and seasonal impacts.
This study also evaluated the survival of E. coli strains isolated from stormwater runoff under environmentally relevant conditions. Findings indicate that the wild-type strains isolated from runoff persisted for a longer period of time than the lab strain under all environmental conditions tested, but with high temperature or sunlight exposure the counts of the wild-type strains were below detection limit within a few hours. Moreover, the persistence of E. coli in receiving streams may mislead the recent fecal contamination, especially in winter due to the prolonged persistence at lower temperature. 
With the concerns that FIB might  not actually be an indication of fecal contamination, the microbial water quality was assessed utilizing 16S rRNA amplicon sequencing for a more in-depth microbial community analysis. The understanding of natural variation of the bacterioplankton communities in the streams where the absence of anthropogenic sources is needed before assessing the potential applicability of microbial community as assessment of stream ecological conditions. It was revealed that while there was spatial and temporal variation observed, the stream sizes and characteristics were larger drivers for stream microbial community.
[bookmark: _Hlk57332722]This study also investigated microbial community composition-based methods for assessment of the impacts of stormwater runoff to receiving stream water where the impacts of stormwater runoff were highlighted by FIB culture-based approaches. The results showed that the dominated taxa in baseflow water samples were typical freshwater taxa that were also found in nearby unimpaired reference streams, and no doubt distinct with the bacterial community in stormwater runoff. It indicated that the potential applicability of microbial community as assessment of the impact of runoff on receiving stream water. Moreover, the methods identified the intrusive bacteria sourced from the stormwater runoff, as well as identifying the overall impact that stormwater runoff had on the microbial water quality of streams.
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Figure 3.S1. Turbidity in runoff ranked by PI and ADP
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Figure 3.S2. Turbidity distribution and Correlation with rainfall characteristics 

Table 5.S1. Comparison of the performance of SAD models for the bacterioplankton communities at each site.
	The model types

	R-squared

	
	Stream I Fall
	Stream I Spring
	Stream II Fall
	Stream II Spring
	Stream III Fall
	Stream III Spring

	Lognormal
	0.914
	0.934
	0.968
	0.967
	0.946
	0.991

	Log-series
	0.785
	0.675
	0.522
	0.506
	0.628
	0.786

	Zipf
	0.238
	0.205
	0.155
	0.131
	0.302
	0.379



Table 6.S1. Stream Features. 
	Ecoregion
	Stream ID
	Stream Name
	Stream  order
	Geographical distance from headwater (km)

	67f The Southern Limestone/ Dolomite Valleys and Low Rolling Hills
	A
	White Creek
	1
	0.5

	
	B
	Clear Creek
	2
	1.1

	
	C
	Powell River
	4
	75.8

	
	D
	Big Barren Creek
	2
	6.2

	
	E
	Blairs Creek
	1
	1.5

	68a Cumberland Plateau
	F
	Island Creek
	2
	2.8

	
	G
	Daddy’s Creek
	3
	16.2

	
	H
	Crab Orchard Creek
	3
	17.6

	
	I
	Clear Creek
	3
	41.6

	
	J
	Emory River
	4
	54.4

	71g Eastern Highland Rim
	K
	Hurricane Creek
	1
	0.5

	
	L
	Post Oak Creek
	1
	5.8

	
	M
	Spring Creek
	3
	14.4

	
	N
	Roaring River
	3
	16.2

	
	O
	Flat Creek
	3
	11.2







1

Table 7.S1. Statistical analysis of flow type differences in water quality (P values based on pairwise T-test)
	Parameters
	Site A
	Site B
	Site C

	
	Base-Wet
	Base-Runoff
	Wet-Runoff
	Base-Wet
	Base-Runoff
	Wet-Runoff
	Base-Wet
	Base-Runoff
	Wet-Runoff

	Turbidity
	6.91×10-9
	2.57×10-16
	7.56×10-13
	5.60×10-9
	3.83×10-15
	1.63×10-12
	3.43×10-4
	5.09×10-9
	7.66×10-2

	E. coli
	2.61×10-3
	6.53×10-4
	3.26×10-1
	5.44×10-5
	1.70×10-5
	4.22×10-1
	1.21×10-3
	7.21×10-3
	2.47×10-1

	Total coliforms
	2.45×10-3
	8.99×10-4
	1.05×10-1
	2.51×10-5
	1.14×10-5
	1.17×10-1
	9.35×10-4
	1.46×10-3
	1.50×10-1
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