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27 1. Supplementary Methods
28
29 1.1. Calculation of Recovery Efficiencies by Primary and Secondary Concentration
30 Recovery efficiencies for primary (dead-end ultrafiltration) and secondary concentration (PEG 
31 flocculation and centrifugation) were calculated as follows:
32

33 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇𝐶𝐶𝐵𝑎𝑐𝑘𝑓𝑙𝑢𝑠ℎ ∗  𝑉𝐵𝑎𝑐𝑘𝑓𝑙𝑢𝑠ℎ

𝑇𝐶𝐶𝐺𝑟𝑎𝑏 𝑆𝑎𝑚𝑝𝑙𝑒 ∗  𝑉𝑈𝑙𝑡𝑟𝑎𝑓𝑖𝑙𝑡𝑒𝑟 𝐹𝑒𝑒𝑑
34

35 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇𝐶𝐶𝑅𝑒𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝐹𝑙𝑜𝑐 ∗  𝑉𝐹𝑙𝑜𝑐 𝑉𝑜𝑙𝑢𝑚𝑒

𝑇𝐶𝐶𝐵𝑎𝑐𝑘𝑓𝑙𝑢𝑠ℎ ∗  𝑉𝐵𝑎𝑐𝑘𝑓𝑙𝑢𝑠ℎ
36
37 Where:
38  TCCBackflush = total cell counts in ultrafilter backflush water
39  VBackflush = volume of the ultrafilter backflush water
40  TCCGrab sample = total cell counts in the raw grab sample
41  VUltrafilter feed = volume of water filtered by the ultrafilter
42  TCCResuspended floc = total cell counts in the resuspended RO permeate floc
43  VFloc volume = volume of the resuspended RO permeate floc 
44
45 1.2. Additional Quantitative PCR Methods 
46 For qPCR inhibition analysis, we used undiluted samples with less than 100 ng of DNA per 
47 qPCR assay well. Results of inhibition testing indicated that samples with less than 100 ng of 
48 DNA per qPCR assay well were uninhibited; therefore, sample DNA were diluted to ensure less 
49 than 100 ng of DNA was added to each qPCR well. Dilution of sample DNA into qPCR wells 
50 varied from no dilution to 100-fold dilution. Of the 242 samples analyzed among all of the qPCR 
51 assays, one sample was diluted 100-fold, four samples were diluted 20-fold, and 16 samples 
52 were diluted 10-fold; all other samples were diluted 5-fold or less.
53
54 On the StepOnePlus software, we applied the same threshold to all samples within an assay. The 
55 threshold was selected based on average threshold values determined by the instrument and 
56 checked visually to best cross the linear portions of every standard and sample amplification 
57 curve. Table S2 shows the thresholds chosen for each assay.
58
59 For all samples with mean gene counts above their respective assay LOD, all three replicates 
60 amplified above the respective LOD.  No sample data were removed from data analysis.
61
62 gBlockTM standards were prepared as follows: probes were prepared as 100 nm PrimeTime 5’ 6-
63 FAM/ZEN/3’ IBFQ (16S rRNA) or PrimeTime Eco 5’ 6-FAM/ZEN/3’ IBFQ (adenovirus and 
64 polyomavirus) purified by HPLC. Primers for all assays were prepared as gBlocksTM Gene 
65 Fragments, RxnReady® Primer Pool – Oligo Mix Products purified by standard desalting. 
66



67 2. Supplementary Tables
68
69 Table S1: Sample dates and times for dead-end ultrafiltration (for DNA and qPCR analysis), 
70 and grab samples for flow cytometry and ATP. Times are shown in 24-hour format. Dead-end 
71 ultrafiltration sampling for RO permeate was conducted overnight to maximize quantity of water 
72 filtered due to low microbial quantities in RO permeate.

73
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76 Table S2: Summary table of gBlocksTM standards. Note that additional qPCR targets used in 
77 unrelated research studies are included on the gBlocks and are included here to inform 
78 characteristics (e.g., length) of each standard.

79
80
81 Table S3: Summary statistics for qPCR standard curves, including amplification efficiency, 
82 R2, and number of replicates amplifying at low end of curve.

83  
84
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86 Table S4: List of all qPCR standard curve results. Each plate had one standard curve run on it 
87 with three replicates at each 10-fold dilution step of the standard curve. None of the qPCR negative 
88 controls for 16S rRNA gene amplified within the linear range of the standard curve. *LoD = limit 
89 of detection as defined in the main manuscript methods. **qPCR negative controls were nuclease 
90 free water as defined in the methods. ***Standard was accidentally not added to the 1000 gene 
91 copy wells (the LoD) for the 16S rRNA gene standard curve on 3/9/19. 

92  



93 Table S5: Reaction mixes and thermal cycling conditions for qPCR assays.
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97 Table S6: qPCR inhibition testing results. Samples are not inhibited when the difference 
98 between measured delta(Ct) and expected delta(Ct) (see the right-most column) is less than one. 
99 Sample dilutions that meet criteria for not being inhibited are shaded green in the right column. 

100
101
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103 Table S7: Summary statistics for results from the five qPCR assays. For the calculation of 
104 geometric mean (“geomean”) and geometric standard deviation (“GeoSD”), all samples with 
105 results below the limit of detection (“LoD”) were set to the LoD. Prevalence is equal to the total 
106 number of samples detected (“Count: Detects”) divided by the number of total samples (“Count: 
107 Total”). 

108
109    



110 Table S8: Summary statistics for total and intact cell count measurements across the 
111 advanced treatment train. For the calculation of geometric mean (“Geomean) and geometric 
112 standard deviation (“GeoSD”), all samples with cell counts below the limit of quantification 
113 (“LoQ”) were set to the LoQ. Combined results for parallel processes (e.g., “MF/UF” = averaged 
114 results for MF and UF) are depicted in the table by grey shading.

115

Sampling Location
Flow Cytometry
Assay

Geomean
log10 (cells/mL) GeoSD

Count
(n)

Count (n)
less than
LoQ

% Less
than LoQ

WW Tertiary Total Cell Count 6.63E+06 1.40 7 0 0
WW Tertiary Intact Cell Count 4.77E+06 1.42 7 0 0
Ozone Total Cell Count 4.31E+04 2.93 7 0 0
Ozone Intact Cell Count 2.89E+04 3.06 7 0 0
BAC Total Cell Count 6.28E+05 1.23 7 0 0
BAC Intact Cell Count 5.57E+05 1.20 7 0 0
MF Total Cell Count 1.55E+04 1.47 7 0 0
MF Intact Cell Count 1.37E+04 1.40 7 0 0
UF Total Cell Count 7.23E+04 2.79 7 0 0
UF Intact Cell Count 4.48E+04 1.98 7 0 0
MF/UF Total Cell Count 3.90E+04 3.08 14 0 0
MF/UF Intact Cell Count 2.65E+04 2.26 14 0 0
MF/UF Storage Tank Total Cell Count 4.95E+04 1.45 7 0 0
MF/UF Storage Tank Intact Cell Count 4.30E+04 1.37 7 0 0
RO (2-stage) Total Cell Count 3.52E+02 3.35 7 0 0
RO (2-stage) Intact Cell Count 2.06E+02 3.27 7 0 0
RO (3-stage) Total Cell Count 3.55E+02 3.67 7 0 0
RO (3-stage) Intact Cell Count 2.01E+02 3.68 7 0 0
RO Total Cell Count 3.53E+02 3.32 14 0 0
RO Intact Cell Count 2.04E+02 3.28 14 0 0
RO Combined Permeate Total Cell Count 5.45E+02 2.67 7 0 0
RO Combined Permeate Intact Cell Count 3.04E+02 2.92 7 0 0
AOP Total Cell Count 1.61E+02 2.40 6 0 0
AOP Intact Cell Count 2.95E+01 1.32 6 2 33
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118 Table S9: Summary statistics for total and intracellular ATP measurements across the 
119 advanced treatment train. For the calculation of geometric mean (“Geomean”) and geometric 
120 standard deviation (“GeoSD”), all samples with cell counts below the limit of quantification 
121 (“LoQ”) were set to the LoQ. Combined results for parallel processes (e.g., “MF/UF” = averaged 
122 results for MF and UF) are depicted in the table by grey shading.

123

Sampling Location ATP Assay
Geomean
log10 (nM) GeoSD

Count
(n)

Count (n)
less than
LoQ

% Less
than LoQ

WW Tertiary Total ATP 6.81E-01 1.34 5 0 0
WW Tertiary Intracellular ATP 3.92E-01 1.53 5 0 0
Ozone Total ATP 1.04E-01 3.52 6 0 0
Ozone Intracellular ATP 2.54E-03 3.43 6 0 0
BAC Total ATP 9.51E-02 1.39 6 0 0
BAC Intracellular ATP 6.98E-02 1.51 6 0 0
MF Total ATP 3.28E-03 2.33 5 0 0
MF Intracellular ATP 8.61E-04 2.95 4 0 0
UF Total ATP 5.90E-03 1.76 5 0 0
UF Intracellular ATP 3.24E-03 2.08 5 0 0
MF/UF Total ATP -2.36E+00 2.11 10 0 0
MF/UF Intracellular ATP -2.75E+00 2.98 9 0 0
MF/UF Storage Tank Total ATP 2.38E+00 2.38 5 0 0
MF/UF Storage Tank Intracellular ATP 2.06E+00 2.06 5 0 0
RO (2-stage) Total ATP 1.23E+00 1.23 7 0 0
RO (2-stage) Intracellular ATP 1.84E+00 1.84 3 0 0
RO (3-stage) Total ATP 1.63E+00 1.63 6 1 17
RO (3-stage) Intracellular ATP 3.00E+00 3.01 3 1 33
RO Total ATP -3.81E+00 1.42 13 1 8
RO Intracellular ATP -4.12E+00 2.25 6 1 17
RO Combined Permeate Total ATP -3.51E+00 1.90 5 0 0
RO Combined Permeate Intracellular ATP -3.89E+00 2.11 5 0 0
AOP Total ATP -4.00E+00 1.00 5 5 100
AOP Intracellular ATP NA NA NA NA NA  



124 Table S10: Log removal values (LRV) for total and intact cell counts by flow cytometry across 
125 major treatment processes at the advanced treatment facility. Combined results for parallel 
126 processes (e.g., “MF/UF” = averaged results for MF and UF) are depicted in the table by grey 
127 shading.

128

Average LRV St. Dev. LRV Count Average LRV St. Dev. LRV Count
WW Tertiary 0 0 NA 0 0 NA
Ozone 2.23 0.41 5 2.24 0.44 5
BAC -1.16 0.38 6 -1.28 0.42 6
MF 1.61 0.21 4 1.61 0.19 4
UF 0.94 0.40 6 1.09 0.28 5
MF/UF 1.21 0.48 10 1.32 0.36 9
MF/UF Storage Tank -0.19 0.39 5 -0.12 0.22 5
RO (2-stage) 2.30 0.81 6 2.24 0.64 5
RO (3-stage) 2.26 0.80 5 2.17 0.65 4
RO 2.28 0.76 11 2.21 0.60 9
RO Combined Permeate 0.04 0.63 4 0.07 0.55 4
AOP 0.39 0.13 5 0.86 0.43 5

Total Cell Counts Intact Cell CountsSampling
Location

 



129 Table S11: Log removal values (LRV) for total and intracellular ATP across major treatment 
130 processes at the advanced treatment facility. Combined results for parallel processes (e.g., 
131 “MF/UF” = averaged results for MF and UF) are depicted in the table by grey shading.

132

Average LRV St. Dev. LRV Count Average LRV St. Dev. LRV Count
WW Tertiary 0 0 NA 0 0 NA
Ozone 0.73 0.48 5 2.20 0.70 5
BAC 0.04 0.55 6 -1.44 0.61 6
MF 1.46 0.27 7 1.92 0.30 7
UF 1.20 0.30 7 1.32 0.42 7
MF/UF 1.33 0.30 10 1.59 0.47 9
MF/UF Tank -0.34 0.33 5 -0.36 0.39 5
RO (2-stage) 1.87 0.35 7 1.75 0.14 7
RO (3-stage) 1.77 0.66 7 1.89 0.87 7
RO 1.82 0.48 9 1.82 0.51 4
RO Combined Permeate -0.29 0.30 6 -0.43 0.11 3
AOP 0.44 0.18 4 NA NA NA

Sampling
Location

Total ATP Intracellular ATP
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135 Table S12. Recovery of total cell count through bulk water primary concentration 
136 (ultrafiltration). Results from other studies1-3 utilizing REXEED 25S filters and similar 
137 ultrafiltration methods are shown as points of comparison. These other studies from literature are 
138 not directly comparable but are the only studies we found that quantified recovery using 
139 ultrafiltration methods. 

140
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142
143 3. Supplementary Figures

144
145 Figure S1. Cq Mean versus standard deviation for standard curve replicates at the respective 
146 standard curve LoD (i.e., 1000 gene copies per well for the 16S rRNA gene, and 10 gene 
147 copies per well for all other qPCR assays).



148
149 Figure S2. Boxplots of log10 reduction values for (A) total and intact cell counts and (B) 
150 total and intracellular ATP throughout the advanced treatment train. Data shown for BAC, 
151 MF/UF, and RO are combined measurements from the respective parallel treatment process 
152 effluents. The total number of samples taken (n) at each location is located immediately above 
153 the x-axis. All samples were analyzed in technical triplicate. Log reduction values were 
154 calculated by comparing the microbial abundance in the influent and effluent of each unit 
155 process. Intracellular ATP was not below the detection limit for AOP and is not shown here.



156  

157
158 Figure S3. Proportion of intact cell counts that were high nucleic acid bacteria throughout 
159 the advanced treatment train. All samples were analyzed in technical triplicates. Error bars 
160 represent standard deviation of the average proportion.
161
162  

163
164 Figure S4: Recovery efficiencies of total cells through primary (“primary”; dead-end 
165 ultrafiltration) and secondary concentration (“secondary”; polyethylene glycol flocculation 
166 and centrifugation) at sampling locations for which dead-end ultrafiltration was used to 
167 concentrate bulk water. Overall recovery was calculated by multiplying primary and secondary 
168 concentration efficiencies for respective samples. Secondary recovery was not assessed for tertiary 
169 wastewater, BAC, or MF/UF storage tank samples. The total number of samples taken (n) for each 
170 type of recovery measurement or calculation is located above the x-axis.   



171  
172

173
174 Figure S5: Quantities of the 16S rRNA gene in qPCR reaction wells for RO permeate, dead-end 
175 ultrafiltration field blank, and qPCR negative controls (i.e., PCR-grade water). The total number 
176 of samples taken (n) at each sampling location is located above the x-axis.   
177
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180
181 Table of Author Contributions 
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