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ABSTRACT 14 

Rapid qPCR methods for enumerating enterococci can provide results in a few hours, thereby 15 

enhancing public health protection. Analysis of 140 samples collected from 11 beaches in 16 

Hawaii for enterococci using EPA Method 1611 revealed that a majority (70%) of samples 17 

yielded unusable data using the recommended protocol due to DNA losses during extraction.  18 

The DNA loss was correlated to the presence of suspended coralline sand. Acidification of 19 

samples alleviated or removed the interference, enabling successful method application. There 20 

were significant correlations across the three methods evaluated (Enterolert®/ Method 1600 R2 = 21 

0.85, Enterolert®/ Method 1611 R2 = 0.78 and Method 1600/1611 R2 = 0.82). When samples 22 

were not compromised, there was also good agreement among methods for beach management 23 

decisions. This study presents a protocol for beach areas with coralline sands, and re-emphasizes 24 

the need to use appropriate controls to prevent underestimation of bacterial concentrations at 25 

recreational beaches. 26 

  27 

 28 

Highlights 29 

• Application of EPA Method 1611 for enterococci is hampered in Hawaii. 30 

• DNA is lost during the rapid extraction protocol. 31 

• DNA loss is likely due to coralline sediment present in Hawaiian coastal water. 32 

• Acidification of coastal water samples prior to filtration is recommended. 33 

• Good agreement between beach management decisions based on the different methods. 34 

  35 



Graphical Abstract 36 

 37 



1. Introduction 38 

Recreational marine water quality in the US is evaluated based on concentrations of enterococci. 39 

An association between these concentrations and the incidence of illness in swimmers has been 40 

established by several epidemiological studies conducted over past decades (USEPA 2012a). 41 

Although the value of enterococci as a health risk indicator has been questioned in subtropical 42 

and tropical environments due to the observation that these bacteria can naturalize and grow in 43 

warm, nutrient rich extra-enteric environments (Fujioka and Byappanahalli 2003; Byappanahalli 44 

et al. 2012), it is likely that the use of enterococci as the indicator organism for marine 45 

recreational water quality monitoring programs will continue for the foreseeable future. 46 

Hawaiian recreational water quality standards (HDOH 2014a) are based on the federal 47 

Recreational Water Quality Criteria (RWQC) (USEPA 2012a). Therefore, as in other coastal 48 

states, marine water quality in Hawaii is evaluated based on enterococci. The Hawaii Department 49 

of Health (HI DOH) has also been using Clostridium perfringens as a sewage tracer for beach 50 

notification purposes (HDOH 2014b).  Currently beach advisories are posted online or as 51 

physical signs when enterococci concentrations exceed 130 CFU/100ml. This concentration is 52 

referred to as the Beach Action Value (BAV) and referred to as such in Hawaii water quality 53 

monitoring programs (HIDOH 2017). As water quality cannot be tested daily at each beach due 54 

to the limited resources available for the water quality monitoring programs, Hawaii also utilizes 55 

brown water advisories. These are published online to warn the public of potential risks from 56 

runoff as well as from sanitary sewer and stormwater overflows after significant rain events. 57 

A major practical issue with the application of current laboratory methods for the analysis of 58 

enterococci concentrations is that these cultivation-based methods, such as EPA Method 1600, 59 

Enterolert®, and others, require ≥24 hour time to get results. Also, confirmation of positive 60 

colonies by additional tests is recommended as a quality control (USEPA 2014a) which further 61 

extends the time between collection and results. To address this issue, the USEPA approved and 62 

released  two new molecular methods (EPA Method 1609 and EPA Method 1611)(USEPA 2012b; 63 

USEPA 2013) in order to provide the public with near real-time water quality information 64 

(Griffith and Weisberg 2010). The results obtained using these methods generally correlate with 65 

the traditional culture-based methods for enterococci (Griffith et al. 2009; Noble et al. 2010) and 66 

are predictive of gastrointestinal illnesses in beachgoers (Wade et al. 2006; Wade et al. 2008). 67 



Furthermore, as culture-based beach management decisions are frequently no longer significant 68 

by the time they are posted, these rapid molecular methods can provide more accurate health-risk 69 

based decisions (Colford et al. 2012). 70 

Over eight million tourists visit Hawaii every year (HTA 2014). Application of rapid methods for 71 

enterococci would improve Hawaiian water quality monitoring programs and increase the value 72 

of beach services. These methods would be particularly well suited to Hawaii as many of the 73 

beaches are heavily used and easy to sample. Nevertheless, although there is a well identified 74 

need throughout the year for beach water quality information, the implementation of these novel 75 

methods in Hawaii is likely to face economic, political, social, and technical challenges.  76 

The objective of this study is to determine whether the new rapid qPCR-based EPA Method 1611 77 

for enterococci could be utilized in recreational water quality monitoring programs in Hawaii. To 78 

determine this, we compared traditional cultivation-based to the qPCR-based methods using 79 

water samples collected in Hawaii over a one-year period (2013-2014). Related technical issues 80 

were identified and addressed in a follow up study (2016-2017). This paper provides a summary 81 

of both studies. 82 

 83 

2. Methods 84 

2.1 Analyses of one year of coastal water samples:  2013/2014 study 85 

2.1.1 Sample collection 86 

A total of 140 one-liter water samples were collected from 12 beaches on the island of Oahu 87 

(Fig. 1; Table 1)) using sterilized plastic sample bottles and either wading to a knee depth or 88 

utilizing a telescoping sampling rod. These sites are further referred to as coastal sites. The 89 

sampling sites were selected in consultation with the state Clean Water Branch (HI DOH). A 90 

total of 11 samples were collected from each site, except for Ala Moana Beach Park where 24 91 

samples were collected and Waimea Bay where only six samples were collected. In addition, 13 92 

samples each were collected from Manoa Stream at Date Street, from the Ala Wai Canal at the 93 

canoe ramp, and at the Ala Wai Yacht Harbor (Fig. 1; Table 1). These sites are further referred to 94 

as additional sites. All samples were collected between March 21st, 2013 and April 21st, 2014 95 

with monthly sampling events more or less evenly distributed across seasons and conditions. All 96 

coastal sites were sampled at knee depth and all additional sites were sampled from shoreline 97 



with a telescoping sampling rod. All samples were collected from top 10-20 cm of water column. 98 

Salinity at each site was determined using Pro1030 salinity instrument (YSI; Yellow Springs, 99 

OH). All samples were transported in a cooler to the WRRC laboratory at the University of 100 

Hawaii at Manoa and analyzed within six hours.  101 

 102 

Figure 1. Sample site locations. Coastal sites: 1 - Sans Souci, 2 - Waialae Kahala Beach, 3 – 103 

Sandy Beach Pt. No.1, 4 – Kailua Beach Park, 5 – Kalama Beach, 6 – Kahana Bay Beach, 7 – 104 

Punaluu Beach Park, 8 – Hauula Beach Park, 9 – Waimea Bay Shoreline, 10 – Haleiwa Beach 105 

Park, 11- Keehi Lagoon Pt. X, 12- Ala Moana Beach Park. Additional sites: A – Ala Wai Canal 106 

at Yacht Club, B – Ala Wai Canal at canoe ramp, C – Manoa Stream at Date Street.  107 

 108 

 109 

 110 

 111 

 112 

 113 



 114 

 115 

Table 1. Sample site locations. Tier 3 beaches are not monitored by the Hawaii Department of 116 

Health, while Tier 2 beaches are tested five times per year and Tier 1 beaches are tested at least 117 

once a week. WQX – Water Quality Exchange site ID number 118 

Site WQX #  Tier Main use 

COASTAL Sites     

Ala Moana Beach Park - Center 000153  1 swimming, SUP2 

Haleiwa Beach Park 000171  2 swimming 

Hauula Beach Park 000176  3 swimming 

Kahana Bay Beach 000230  3 swimming 

Kailua Beach Park 000193  1 swimming, kayaking 

Kalama Beach 000207  2 swimming 

Keehi Lagoon Pt. X 000342  2 kayaking, fishing 

Punaluu Beach Park 000177  2 swimming 

Sans Souci 000228  1 swimming 

Sandy Beach Pt. No. 1 000200  1 swimming 

Waialae – Kahala Beach 000214  3 swimming 

Waimea Bay Shoreline 000172  1 swimming, surfing, SUP2 

ADDITIONAL Sites     

Ala Wai Canal - Yacht Club NA1  NA kayaking 

Ala Wai Canal – canoe ramp NA  NA kayaking 

Manoa Stream (at Date Street) NA  NA limited fishing 
1NA - Not available; 2SUP – stand up paddle boarding    119 

 120 

2.1.2 Culture- and qPCR-based microbiological tests 121 

2.1.2.1 Enterococci by Enterolert®  122 

Concentrations of enterococci were determined in the laboratory using two cultivation-based 123 

methods and also by a molecular qPCR-based method (EPA Method 1611). The first cultivation-124 

based method was a defined substrate method (Enterolert®) which was utilized in Quanti-125 

Tray/2000 format according to the manufacturer's protocol (IDEXX Laboratories, Inc.; 126 

Westbrook ME). Samples for this test were diluted in Milli-Q® water (Millipore Sigma; 127 

Burlington, MA) at a 1:10 ratio prior to analysis and the results were recorded as MPN/100 ml.  128 

2.1.2.2 Enterococci by membrane filtration and mEI (EPA Method 1600)  129 



The second cultivation-based method used was the membrane filtration method, EPA Method 130 

1600 (USEPA 2014a), for which undiluted 100 ml sample portions (coastal sites) or undiluted 131 

and 1:10 diluted samples (additional stream sites) were filtered. Filters were placed on Indoxyl-132 

β-D-Glucoside agarose (mEI) plates and incubated for 24 hours at 41.0°C. Colonies ≥0.5 mm in 133 

diameter with a blue halo were counted as enterococci. 134 

2.1.2.3 Clostridium perfringens by membrane filtration and mCP  135 

In addition, concentrations of C. perfringens were determined in 1:10 diluted coastal and 136 

additional sites’ samples  by a membrane filtration-based method (Bisson and Cabelli 1979), 137 

which included incubation of filter membranes (GN-6, 0.45 µm pore size; Pall Corp., Ann Arbor, 138 

MI) on mCP media in the GasPak™ EZ Anaerobe Pouch System (BD Diagnostics; Franklin 139 

Lakes, NJ) at 42°C for 24 hours.  The phosphatase test was used to confirm positive C. 140 

perfringens colonies as indicated by pink, red, magenta color reactions after twenty seconds of 141 

exposure to ammonium hydroxide vapors. 142 

2.1.2.4 Enterococci by qPCR (EPA Method 1611)  143 

For the molecular qPCR-based method 100 ml samples were filtered and the filters stored frozen 144 

(-80°C), hence the storage time for the filters varied depending from the collection data from one 145 

to 14 months. One month after completion of the field studies, the  DNA captured on the filters 146 

was extracted and analyzed for concentrations of enterococci as specified in EPA Method 1611 147 

(USEPA 2012b), except known concentrations of washed pre-quantified cells of Enterococcus 148 

faecalis ATCC® #29212TM (105 cells per filter) were filtered onto the same filter types using the 149 

same protocol, and the filters were extracted in parallel with the field samples and used to make 150 

quantification standards as 10-fold dilution series from the original extract. Salmon testes DNA 151 

(Sigma D1626), was used as a sample processing control (SPC). Unless otherwise stated, all 152 

samples throughout this study, were extracted using identical concentrations of SPC in the lysis 153 

buffer as recommended by the US EPA Method 1611. A CFX96TM Real-Time PCR System 154 

(Bio-Rad Laboratories, Inc.; Hercules, CA) was used throughout this study as the platform for 155 

DNA quantification.  In each qPCR run, serially diluted four-point standards (166, 16.6, 1.66 and 156 

-0.16 cell per PCR reaction were analyzed ), were included in duplicates to estimate 157 

concentrations of enterococci and SPC in the extracted samples, including extraction blanks. The 158 

lower limit of quantification was 100 cells/and upper limit of detection 100,000 cells /100ml. 159 



The lower limit of quantification was determined by 100% detection in the lower dilution used. 160 

No template controls, containing no enterococci or SPC DNA, were run in duplicate for each 161 

qPCR run. These no template controls remained negative. 162 

 Concentrations of enterococci were extrapolated from the standard curves using Bio-Rad CFX 163 

Manager 3.1 software (Bio-Rad laboratories). Based on the standard curves generated, the 164 

efficiencies of the qPCR reactions for enterococci varied from 85.8 to 99.5% (average 93.8%) 165 

and for SPC they varied from 85.5 to 95.5% (average 91.8%). The R2 estimates for the 166 

enterococci standards ranged from 0.993 to 0.999 (average 0.997) and for the SPC standard 167 

ranged from 0.992 to 0.999 (average 0.996).When the amplification efficiency and/or R2 for any 168 

of the standards did not meet the acceptable criteria (<85%, and R2 <0.99 respectively)  (USEPA 169 

2004; Fout et al. 2016), the standards were discarded and the run was repeated with freshly 170 

prepared standard. PCR chemistry and conditions were as specified in EPA Method 1611.  To 171 

identify compromised samples, CT values for SPC in the Negative Extraction Control (100 ml 172 

Milli-Q® water, CTNEC) and sample (CTSample) where compared. Samples were considered 173 

compromised when ΔCT (C TNEC-C t Sample) for the SPC was equal to or exceeded 3.3 PCR 174 

cycles which corresponds to ≥10-fold underestimation of actual concentrations due to 175 

interference. While EPA Method 1611 utilizes SPC CT values to adjust standard curve model, we 176 

did not make this adjustment as efficiency of the enterococcus and SPC was different between 177 

the standards compared. 178 

R2 and Index Agreement (IA) between cultivation-based and molecular method-based 179 

enterococci concentration estimates were determined according to the EPA guidelines for 180 

Alternative Indicators and Methods (USEPA 2014b) in the Excel spreadsheet format (Microsoft 181 

Corp, Albuquerque, NM). Per the guidelines, all samples in which concentrations of enterococci 182 

were below the limit of quantification, were excluded when determining the R2 and IA.  183 

 184 

2.2 Interference: 2016/2017 follow up study 185 

2.2.1 Interference - loss of DNA or inhibition. A set of experiments was designed to determine 186 

whether the interference associated with coastal water samples in Hawaii is due to the loss of 187 

DNA during the rapid extraction step or due to PCR inhibitors. For this purpose, five heavily 188 

visited beach sites, Kahala Beach Park, Kailua Beach Park, Kalama Beach Park, Sandy Beach 189 



Park, and Sans Souci Beach Park (Table 1), were selected from the twelve coastal sites. A new 190 

set of one-liter water samples were collected at those sites on September 26th, October 14th, and 191 

October 20th of 2016 as described above (section 2.1), and transported to the laboratory. In the 192 

laboratory two 100 ml portions of each sample were filtered through polycarbonate membrane 193 

filters (0.45 µm pore size). One of the filters was extracted as in EPA Method 1611by seeding 194 

SPC into the DNA extraction buffer (10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0) as a control for 195 

losses during the DNA extraction process and PCR inhibition, while the other filter was 196 

extracted using extraction buffer which did not contain SPC. In this case, SPC was added 197 

directly into the PCR mastermix as a control for PCR inhibition.  198 

2.2.2 Interference – calcareous coralline sand. To test the hypothesis that calcareous coralline 199 

suspended particles were interfering with the DNA extraction, beach sand samples from three 200 

coastal sites (Kailua Beach Park, Kalama Beach Park, Sandy Beach Park (Table 1)) were 201 

collected.  DNA extraction tubes containing silica beads and extraction buffer, as specified in 202 

EPA Method 1611.Tubes were seeded with 0.5g, 0.1g, 0.05g and 0.01 g of coralline sand. Each 203 

tube was also seeded with an equal concentration of E. faecalis ATCC® #29212TM cells (106 204 

CFU per tube). Three replicate extraction tubes were extracted and analyzed for SPC and 205 

enterococci concentrations according to EPA Method 1611.  A set of PowerSoil® Bead Tubes 206 

containing no coralline sand were seeded with SPC and E. faecalis ATCC® #29212TM cells as 207 

above and extracted according to the manufacturer’s protocol (MO BIO Laboratories, Inc.; 208 

Carlsbad CA).  209 

2.2.3 Interference – silica sand. To compare the effect of coralline and silica sand on DNA 210 

extraction efficiency, silica sand was collected from three beaches in North Carolina, one at Pine 211 

Knoll Shores on May 22nd, 2017 (Beach access “C”) and two at Dogwood Circle Access Area on 212 

September 18th, 2017). Silica sand was shipped to the laboratory in Hawaii and analyzed in 213 

parallel with Hawaii coralline sand samples. As with the Hawaii samples, the effect of 0.5g, 214 

0.1g, 0.05g and 0.01 g of North Carolina sand on DNA extraction efficiency was investigated. 215 

Triplicate tubes were extracted according to EPA Method 1611 for each concentration. For all 216 

sand tests (sections 2.2.2 and 2.2.3), the CT values for SPC and enterococci were determined 217 

relative to CT values identified from samples that contained no sand. EPA Method 1611 218 

extraction and qPCR protocols were used for extraction and determination of Ct values for both 219 

targets respectively.  220 



 2.2.4 Interference – troubleshooting. To test the hypothesis that the interference could be 221 

removed by acidifying the samples, five beach sites, Kahala Beach Park, Kailua Beach Park, 222 

Kalama Beach Park, Sandy Beach Park and Sans Souci Beach Park (Table 1), were sampled on 223 

January 25th, February 13th and March 20th 2017. At each site, a one-liter water sample was 224 

collected as above and transported to the laboratory. In the laboratory, samples were split into 225 

five 100ml portions and acidified using 6N and 1N hydrochloric acid to pH 5.0, 4.0, 3.0 and 2.5. 226 

An unadjusted control was also included for the analyses. Milli-Q® water was used as an 227 

extraction control, as clean water should not interfere with the extraction. Each 100ml sample 228 

portion, including the controls, was seeded with an equal concentration of E. faecalis ATCC® 229 

#29212TM cells (8.2x106 CFU per sample) prior to the filtration.  230 

All samples were filtered, extracted, and analyzed as directed in EPA Method 1611. The CT 231 

values for SPC and enterococci were determined according to EPA Method 1611. ΔCT was 232 

calculated by subtracting sample CT from the CT obtained for sample extraction control. 233 

 234 

3.  Results & Discussion 235 

3.1 Coastal water quality (2013/2014 study) 236 

In general, based on the concentrations of enterococci, good water quality was observed at all 237 

coastal sites. The Hawaii BAV, 130 CFU/100 ml, was exceeded in five samples (3.6%, n=140) 238 

based on the Enterolert® method and in four samples (2.9%, n=140) based on EPA Method 239 

1600. In all the samples the BAV was exceeded only twice by both cultivation-based tests 240 

concurrently. Both of these samples were collected at Kahana Bay. The water in this bay was 241 

frequently brown due to the sediment plume originating from Kahana Stream and poor 242 

circulation in the bay. Concentrations of enterococci in Kahana Bay were generally elevated 243 

(>35 CFU/100 ml by both cultivation-based tests for seven out of 11 samples) compared to the 244 

other coastal sites (Table 2). Concentrations of C. perfringens remained below the 50 CFU/100 245 

ml threshold (Table 2). Other sites where BAV exceedances were observed were Ala Moana 246 

Park Center (two samples by EPA Method 1600 and one sample by Enterolert®), Haleiwa Beach 247 

Park (one sample by Enterolert®), and Keehi Lagoon (one sample by Enterolert®). The latter 248 



site is located in a coastal area with mostly industrial land use and was known to be affected by 249 

sewage leaks before this study was initiated.  250 



Table 2. Geometric mean and range (in parentheses) of enterococci and Clostridium perfringens concentrations (2013/2014 study).  251 

Site  # of samples Salinity  

 

ppt 

Enterococci C. perfringens  

mCP 

CFU/100 ml 

 

Enterolert® 

MPN/100 ml 

EPA Method 1600 

CFU/100 ml 

 

COASTAL SITES       

Ala Moana Beach Park 

- Center 

24 34.7 8.8 (<10-301) 2.8 (<1-180) 5.4 (<10-14)  

Haleiwa Beach Park 11 33.0 8.1 (<10-121) 1.9 (<1-56) 5.7 (<10-10)  

Hauula Beach Park 11 35.2 6.3 (<10-62) 1.1 (<1-37) 5 (<10)  

Kahana Bay Beach 11 24.1 53.9 (<10-389) 30.1 (4-151) 5.7 (<10-20)  

Kailua Beach Park 11 34.1 6.0 (<10-20) 1.1 (<1-51) 5.7 (<10-20)  

Kalama Beach 11 34.7 7.7 (<10-72) 1.4 (<1-82) 5.8 (<10-30)  

Keehi Lagoon Pt. X 11 33.2 16.3 (<10-256) 5.8 (<1-50) 10.1 (<10-96)  

Punaluu Beach Park 11 31.5 24.8 (<10-97) 14.7 (<1-63) 5.3 (<10-10)  

Sans Souci 11 34.1 9.4 (<10-41) 2.1 (<1-25) 5 (<10)  

Sandy Beach Pt. No. 1 11 34.8 6.0 (<10-20) 1.3 (<1-41) 5  (<10-10)  

Waialae Kahala Beach 11 34.1 7.0 (<10-31) 4.0 (<1-37) 5 (<10)  

Waimea Bay Shoreline 6 33.9 8.9 (<10-41) 1.8 (<1-72) 5 (<10)  

ADDITIONAL SITES       

Ala Wai Canal 

(Yacht Club) 

13 26.8 95.8 (<10-7,270) 57.7 (1-3,000) 9.6 (<10-120)  

Ala Wai Canal  

(canoe ramp) 

13 23.7 79.3 (<10-10,462) 43.9 (2-3,370) 10.9 (<10-100)  

Manoa Stream  

(at Date Street) 

13 4.8 1305 (85-12,997) 790.1(87-10,640) 55.4 (10-490)  

       

 252 

 253 

 254 



Table 3. Percentage of samples that could not be analyzed by EPA Method 1611 (USEPA, 2012b) due to the shift of CT (ΔCT > 3.3) 255 

for the SPC assay.  256 

Site  # of samples Compromised samples 

1611 

 (%) 

COASTAL SITES   

Ala Moana Beach Park 

- Center 

24 79.2 

Haleiwa Beach Park 11 63.6 

Hauula Beach Park 11 27.3 

Kahana Bay Beach 11 72.7 

Kailua Beach Park 11 81.8 

Kalama Beach 11 81.8 

Keehi Lagoon Pt. X 11 81.8 

Punaluu Beach Park 11 100 

Sans Souci 11 45.5 

Sandy Beach Pt. No. 1 11 45.5 

Waialae Kahala Beach 11 81.8 

Waimea Bay Shoreline 6 66.7 

ADDITIONAL SITES   

Ala Wai Canal 

(Yacht Club) 

13 0 

Ala Wai Canal  

(canoe ramp) 

13 7.7 

Manoa Stream  

(at Date Street) 

13 0 

   



3.2 qPCR – EPA Method 1611 (2013/2014 study) 257 

A high percentage (70.0%) of coastal samples could not be analyzed for enterococci using rapid 258 

molecular EPA Method 1611 (USEPA, 2012b) as indicated by the CT shift (ΔCT > 3.3) observed 259 

for SPC (Table 3). When the samples were further diluted 1:10 in the extraction buffer to 1:50 260 

final dilution of crude DNA extract (USEPA, 2012b), 67.9% of samples remained compromised 261 

(three samples improved). This is in contrast to a study conducted on the U.S. mainland where 262 

dilution decreased the proportion of compromised samples from 40% to 6% (Haugland et al. 263 

2016), likely indicating the presence of a different type of interference. Compromised samples 264 

were not associated with a single beach, but varied between the beaches from 27.3% to 100% 265 

(Table 3). From the samples that could be analyzed using EPA Method 1611, only four 266 

contained enterococci at concentrations which exceeded the quantification limit of the assay. 267 

Therefore reporting beach water quality information based on the protocol as outlined currently 268 

in EPA Method 1611 for Hawaiian coastal sites was mostly impossible. 269 

A large proportion of coastal samples could not be analyzed due to the analytical issue and/or 270 

exhibited good water quality, hence did not contain measurable numbers of enterococci. 271 

Therefore, in order to facilitate comparison between the cultivation-based and molecular 272 

methods, a set of 39 samples from additional sites (Ala Wai Canal and Manoa Stream) collected 273 

during the same study period, were analyzed. The salinity of those samples was lower compared 274 

to those from coastal sites, averaging from 4.8 to 26.8 ppt depending on the site (Table 2). 275 

Concentrations of enterococci exceeded BAV in 56.5% and 53.8% of samples analyzed using 276 

Enterolert® and EPA Method 1600 respectively (Table 2). In contrast to the coastal sites, only 277 

one of these samples (2.3%, n=39) was compromised, as indicated by the CT shift (ΔCT > 3.3).  278 

DNA losses seen in samples from coastal sites did not appear to be related to salinity, as 73% of 279 

the samples collected from the coastal Kahana Bay site, a site with salinity comparable to the Ala 280 

Wai Canal sites, were compromised. These findings suggested that some factor, other than 281 

salinity, was compromising the method application in the coastal water samples. 282 

Although a high percentage of coastal samples were compromised or did not contain detectable 283 

levels of enterococci, we were able to compare enterococci concentration estimates delivered by 284 

different methods when the additional set of 39 samples was analyzed.  There was good 285 

agreement between the two cultivation-based methods (n = 90; R2 = 0.847; IA = 0.93) as well as 286 



between rapid molecular EPA Method 1611 and EPA Method 1600, and Enterolert® (n = 32; R2 287 

= 0.820; IA = 0.88) and (n = 35; R2 = 0.777; IA = 0.84) respectively. Furthermore, in most cases 288 

there was also good agreement between the beach management decisions that would be made 289 

using results of the three methods tested (Table 4).  Collectively our data suggests that rapid EPA 290 

Method 1611 can be utilized in Hawaii only when the source of interference has been identified 291 

and addressed, as the assay has limited use when over 2/3 of samples cannot be analyzed due to 292 

the interference. 293 

Table4. Agreement (%) of beach management decisions based on the Enterolert®, EPA Method 294 

1600, and EPA Method 1611. Hawaii BAV of 130 CFU/100ml was used as a criterion for all the 295 

comparisons. 296 
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 297 

3.3 Source of the interference (2016/2017 study) 298 

To identify the source of the interference, experiments were conducted to detect whether the 299 

DNA extraction or amplification protocols were compromised. Six out of fifteen samples (40%) 300 

were compromised when the SPC was seeded into the extraction buffer according to the protocol 301 

outlined in EPA Method 1611 (Table 5). When the SPC was seeded directly to the PCR reaction 302 

as part of the mastermix, none of the samples were compromised. This experiment demonstrated 303 

that most of the interference observed was not due to the inhibition of PCR reactions, but rather 304 

to compromised DNA extraction.  We speculate that bacterial DNA binds and pellets with 305 

suspended calcareous coralline particles during the rapid DNA extraction procedure. 306 

Furthermore, Hawaiian beach sand appears to be rich in coralline material as indicated by high 307 

CaCO3 content  compared to many other tropical and subtropical areas (Pando et al. 2012). 308 

Suspension of coralline beach sand by wave action is the most likely source of this material in 309 

the water column. As both rapid methods for enterococci, EPA Method 1609 and 1611, utilize 310 

identical DNA extraction protocols, the interference is likely to be associated with both methods.  311 

Table 5. Comparison of ΔCt measurements for SPC. SPC was seeded either into DNA extraction 312 

buffer as extraction and inhibition control or into the PCR mastermix as inhibition control. Bold 313 



indicates samples which would have yielded ≥10 fold underestimation of the target DNA. Water 314 

samples were collected on three different dates (September 26th, October 14th, and October 20th 315 

of 2016) from five popular beach sites. 316 

 Δ Ct Date 1 Δ Ct Date 2 Δ Ct Date 3 

Site SPC in 

Sample 

SPC in PCR 

Mastermix 

SPC in 

Sample 

SPC in PCR 

Mastermix 

SPC in 

Sample 

SPC in PCR 

Mastermix 

Kailua Beach Park -8.0 0.8 -1.1 0.1 -5.0 1.9 

Kalama Beach -7.8 1.8 -7.2 0.3 -1.2 1.8 

Sans Souci 1.3 1.4 -9.7 0.0 1.4 1.9 

Sandy Beach Pt. No. 1 0.3 1.6 -0.3 0.1 -0.1 1.1 

Waialae Kahala Beach 1.5 1.6 -5.7 -0.4 -0.7 1.2 

 317 

As calcareous coralline particles were the suspected source of the interference, experiments were 318 

conducted with coralline beach sand collected from three beaches in Hawaii and silica sand from 319 

three beaches in North Carolina. Coralline sand caused strong interference at all concentrations 320 

seeded, while silica sand caused interference only at the two highest concentrations seeded (0.5 g 321 

and 0.1g per 100 ml) (Fig. 2). This indicates that silica sand is less likely to cause interference, 322 

especially since the two highest concentrations tested are probably not typical for coastal water. 323 

As the interference appears to be linked to coralline sand, we believe that the interference can 324 

compromise the method application in other locations having such sand. In this regard, a recent 325 

epidemiological study conducted at Boqueron Beach, Puerto Rico found that a high proportion of 326 

their samples were compromised and could not be analyzed using qPCR  (USEPA 2009). 327 

Coralline sand could have interfered. 328 

  329 

 330 



 331 

 332 

 333 

Figure 2. Average ΔCT (C TNEC-C T Sample) as an indication of loss of enterococci (A) and SPC 334 

(B) DNA during the rapid DNA extraction process. Different concentrations (0.5, 0.1, 0.05 and 335 

0.01 g) of coralline sand (Hawaii) and silica sand (North Carolina) were added. 336 

 337 

3.4 Troubleshooting 338 



As suspended calcareous coralline sand particles were identified as the presumed source of 339 

interference in Hawaii coastal samples, experiments were conducted to identify whether 340 

acidification of samples with hydrochloric acid could be used to enhance DNA recovery. There 341 

was a significant correlation between the pH adjustment and ΔCT for enterococci (n=35, 342 

R2=0.406, p<0.001) and SPC (n=31, R2=0.55, p<0.001), indicating that acidification of samples 343 

was effective in improving DNA recovery. Where six out of 15 samples (40%) were previously 344 

compromised when analyzed for enterococci and seven out of 15 samples (47%) were previously 345 

compromised when analyzed for SPC as indicated by a CT shift exceeding 3.3 PCR cycles, 346 

acidification was able to reduce the interference to below the 3.3 threshold in all the samples 347 

analyzed for enterococci and SPC. Furthermore, in all samples, except one, analyzed for 348 

enterococci, the loss of DNA was less than two-fold, as indicated by ΔCT <1.0.   PCR 349 

interference was reduced in most of the samples when the pH was adjusted to ≤4.0 (Fig. 3). 350 

Lowering pH below 3.0 could potential damage DNA (An et al. 2015) and is probably not 351 

recommended.   352 

  353 



 354 

Figure 3. Effect of pH adjustment on the recovery of enterococci (A) and SPC (B) DNA in the compromised samples. 355 

Uncompromised samples were not adjusted and were excluded from this analysis. The CT of all adjusted and unadjusted positive 356 

controls did not vary more than 0.51 and 0.09 PCR cycles for enterococci and SPC assay respectively.  * indicates samples where ΔCT 357 

could not be determined as no DNA could be amplified in the qPCR reactions (heavy interference). 358 

 359 



4. Conclusions 360 

Hawaii's beaches see consistent rough wave action. Wind direction and related wave action vary 361 

over the year, altering suspension of sediments. This might explain why interference does not 362 

appear to be observed only at certain beaches but was more or less evenly distributed around the 363 

island of Oahu. As erosion and resuspension of coralline sand particles can compromise 364 

application of rapid methods for enterococci, water samples for analysis using EPA Method 1611 365 

should not be collected close to shore where most of the particles are suspended, and any visible 366 

milky plumes, likely containing high concentrations of coralline materials, should be avoided.  367 

In its current form, the application of EPA Method 1611in Hawaii is hampered due to the loss of 368 

DNA when the rapid DNA extraction protocol is used. We found this loss of DNA to be 369 

correlated with the presence of suspended coralline sand particles. Therefore, it is likely that this 370 

issue is not limited to Hawaii and needs to be considered in other subtropical and tropical regions 371 

having coralline beach sand. Moreover, this study re-emphasizes the need to use appropriate 372 

extraction controls as the loss of DNA is sample specific, and can result in the underestimation 373 

of bacterial concentrations and related health risk. 374 

 375 

5. Acknowledgements 376 

We would like to thank Ms. Martina Frycova and Mr. Edwin Colon for their assistance in sample 377 

collection.   378 

This project was supported by the Department of Interior, USGS Grant G11AP20075 379 

administered by the Water Resources Research Center and NOAA Grant NA14OAR4170071 380 

administered by Hawaii Sea Grant Program. 381 

This is contributed paper WRRC-CP-0000-00 of the Water Resources Research Center, 382 

University of Hawaii at Manoa, Honolulu. 383 

 384 

6. Conflict of interest 385 

None.  386 



References 387 

USEPA, 2012a. Recreational Water Quality Criteria. 820-F-12-058. Office of Water, United States 388 

Environmental Potection Agency, Washington D.C., USA, 1-63. 389 

Fujioka, R. S. & M. N. Byappanahalli, 2003. Proceedings and Report on Tropical Water Quality Workshop. 390 

Final report to USEPA and Hawaii State Department of Health. University of Hawaii, Water 391 

Resources Research Center Honolulu, Hawaii, USA, 95. 392 

Byappanahalli, M. N., M. B. Nevers, A. Korajkic, Z. R. Staley & V. J. Harwood, 2012. Enterococci in the 393 

environment. Microbiol Mol Biol Rev 76(4):685-706 doi:10.1128/MMBR.00023-12. 394 

HDOH, 2014a. Hawaii Administrative Rules, Title 11 Department of Health Chapter 54 Water Quality 395 

Standards Honolulu, Hawaii. 396 

HDOH, 2014b. State of Hawaii water quality monitoring and assessment report: Integrated Report to the 397 

U.S. Environmental Protection Agency and the U.S. Congress Pursuant to §303(d) and §305(b), 398 

Clean Water Act (P.L. 97-117). Hawaii Department of Health, Honolulu, Hwaii, 124. 399 

HIDOH, 2017. Hawaii Beach Monitoring Program. Clean Water Branch, Hawaii Department of Health, 400 

Honolulu, 28. 401 

USEPA, 2014a. Method 1600: Enterococci in Water by Membrane Filtration Using membrane-402 

Enterococcus Indoxyl-β-D-Glucoside Agar (mEI). EPA-821-R-06-009. In: United States 403 

Environmental Protection Agency, O. o. w. (ed). Washington DC, 20460, 9. 404 

USEPA, 2012b. Method 1611 : Enterococci in Water by TaqMan ® Quantitative Polymerase Chain  405 

Reaction (qPCR) Assay. EPA-821-R-12-008. USEPA, Office of WAter, Washington D.C., 56. 406 

USEPA, 2013. Method 1609: Enterococci in Water by TaqMan® Quantitative Polymerase Chain Reaction 407 

(qPCR) with Internal Amplification Control (IAC) Assay. EPA-820-R-13-005. USEPA, Office of 408 

WAter, Washington D.C., 41. 409 

Griffith, J. F. & S. B. Weisberg, 2010. Challenges in implementing new technology for beach water quality 410 

monitoring: Lessons from a California demonstration project. Marine Technology Society Journal 411 

45(2):65-73. 412 

Griffith, J. F., Y. Cao, C. D. McGee & S. B. Weisberg, 2009. Evaluation of rapid methods and novel 413 

indicators for assessing microbiological beach water quality. Water research 43(19):4900-7 414 

doi:10.1016/j.watres.2009.09.017. 415 

Noble, R. T., A. D. Blackwood, J. F. Griffith, C. D. McGee & S. B. Weisberg, 2010. Comparison of rapid 416 

quantitative PCR-based and conventional culture-based methods for enumeration of 417 

Enterococcus spp. and Escherichia coli in recreational waters. Applied and environmental 418 

microbiology 76(22):7437-43 doi:10.1128/AEM.00651-10. 419 

Wade, T. J., R. L. Calderon, E. Sams, M. Beach, K. P. Brenner, A. H. Williams & A. P. Dufour, 2006. Rapidly 420 

measured indicators of recreational water quality are predictive of swimming-associated 421 

gastrointestinal illness. Environ Health Perspect 114(1):24-8. 422 

Wade, T. J., R. L. Calderon, K. P. Brenner, E. Sams, M. Beach, R. Haugland, L. Wymer & A. P. Dufour, 423 

2008. High sensitivity of children to swimming-associated gastrointestinal illness: results using a 424 

rapid assay of recreational water quality. Epidemiology 19(3):375-83 425 

doi:10.1097/EDE.0b013e318169cc87. 426 

Colford, J. M., Jr., K. C. Schiff, J. F. Griffith, V. Yau, B. F. Arnold, C. C. Wright, J. S. Gruber, T. J. Wade, S. 427 

Burns, J. Hayes, C. McGee, M. Gold, Y. Cao, R. T. Noble, R. Haugland & S. B. Weisberg, 2012. 428 

Using rapid indicators for Enterococcus to assess the risk of illness after exposure to urban 429 

runoff contaminated marine water. Water research 46(7):2176-86 430 

doi:10.1016/j.watres.2012.01.033. 431 

HTA, 2014. Annual Visitor Research Report (2013). Hawaii Tourism Authority, Honolulu, 176. 432 



Bisson, J. W. & V. J. Cabelli, 1979. Membrane filter enumeration method for Clostridium perfringens. 433 

Applied and environmental microbiology 37(1):55-66. 434 

USEPA, 2004. Quality assurance/quality control guidance for laboratories performing PCR analyses on 435 

environmental samples. U.S. Environmental Protection Agency (EPA) Office of Ground Water 436 

and Drinking Water and the Office of Research and Development, Washington DC, 56. 437 

Fout, G. S., J. L. Cashdollar, S. M. Griffin, N. E. Brinkman, E. A. Varughese & S. U. Parshionikar, 2016. EPA 438 

Method 1615. Measurement of Enterovirus and Norovirus Occurrence in Water by Culture and 439 

RT-qPCR. Part III. Virus Detection by RT-qPCR. Journal of visualized experiments : 440 

JoVE(107):e52646 doi:10.3791/52646. 441 

USEPA, 2014b. Site-Specific Alternative Recreational Criteria  Technical Support Materials  For 442 

Alternative Indicators and Methods. EPA-820-R-14-011. U.S. Environmental Protection Agency 443 

Office of Water; Office of Science and Technology, Health and Ecological Criteria Division 33. 444 

Haugland, R. A., S. Siefring, M. Varma, K. H. Oshima, M. Sivaganesan, Y. Cao, M. Raith, J. Griffith, S. B. 445 

Weisberg, R. T. Noble, A. D. Blackwood, J. Kinzelman, T. Anan’eva, R. N. Bushon, E. A. Stelzer, V. 446 

J. Harwood, K. V. Gordon & C. Sinigalliano, 2016. Multi-laboratory survey of qPCR enterococci 447 

analysis method performance in U.S. coastal and inland surface waters. Journal of 448 

Microbiological Methods 123(Supplement C):114-125 449 

doi:https://doi.org/10.1016/j.mimet.2016.01.017. 450 

Pando, M. A., E. A. Sandoval & J. Catano, 2012. Liquefaction Susceptibility and Dynamic Properties of 451 

Calcareous Sands from Cabo Rojo, Puerto Rico. Paper presented at the 15th World Conference 452 

on Earthquake Engineering will be held from September 24 to September 28, 2012, Lisbon, 453 

Portugal. 454 

USEPA, 2009. Report on the 2009 National Epidemologic and Environmental Assessment of Recreational 455 

Water Epidemiology Studies (NEEAR): Boquerón Beach, Puerto Rico, and Surfside Beach, SC of 456 

the paper published in Environmental Health. EPA/600/R-10/168. In: al., W. e. (ed). United 457 

States Environmental Protection Agency, Office of Research and Development, Washington DC, 458 

449. 459 

An, R., Y. Jia, B. Wan, Y. Zhang, P. Dong, J. Li & X. Liang, 2015. Non-Enzymatic Depurination of Nucleic 460 

Acids: Factors and Mechanisms. PloS one 9(12):e115950 doi:10.1371/journal.pone.0115950. 461 

 462 




