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Problem and Research Objectives 
 
Problem I: Distribution of microorganisms in beach water and sand is patchy.  

It is well established that distribution of microbes in the environment is heterogenous 
(Whitman and Nevers 2004), and that the detection of a sewage contamination event may be 
missed when using current water quality monitoring programs that utilize samples of 100 
mL. A single 100 mL sample of water or sand may not be representative of the actual water 
quality and of the associated human health risk at a given site (Whitman and Nevers 
2004). Sample volumes larger than 100 mL should be analyzed which would require a 
concentration technique. 
 
Problem II: Fecal indicator bacteria can originate from multiple sources, and source specific 
markers may elude detection by conventional methods because marker concentrations are 
often low. 

Reliable information on a contamination source is needed to make meaningful 
management decisions and to better protect public health in Hawaii. Fecal indicator bacteria 
can originate not only from humans but from animals and have been isolated from the 
environment (Byappanahalli et al. 2012a, Byappanahalli et al. 2012b, Hardina and Fujioka 
1991, Harwood et al. 2014). Several source specific bacteria and viruses have been identified 
in the last decade and have been validated by our laboratory for use in water quality monitoring 
(Harwood et al. 2013, Harwood et al. 2014, Boehm et al. 2013, McQuaig and Noble 2011). 
They have been tested for sensitivity, specificity and survival in water samples from coastal 
and inland sites of Oahu. Since the levels of source specfic microorganisms are relatively low 
compared to indicator bacteria, the detection and quantification of source specific markers is 
hampered and the ability to concentrate source specific markers from large sample volumes is 
needed.  
 
Problem III:  Monitoring for fecal indicator bacteria may not be sufficient to adequately 
protect public and environmental health. Monitoring for human pathogens themselves, 
however, is difficult using conventional methods because their concentrations in 100 mL 
samples are often below the detection limit. 

Direct targeting of human pathogens is important today because the changing 
environment (climate change and related ocean acidification, storm events) will alter the 
dynamics of microbial communities including those consisting of environmental and sewage-
borne pathogens. The direct surveillance of pathogens is currently not possible for several 
reasons, one of which is that human pathogens are usually in low amounts in the 
environment. The ability to concentrate large volume samples is needed. 
Solution:  The Portable Multi-use Automated Concentration System (PMACS) is a hollow 
fiber based dead-end ultrafiltration device developed and validated at Dr. Daniel Lim’s 
laboratory at the University of Southern Florida (USF). This system allows analyses of sample 
volumes 1,000× larger (100 L) than sample volumes analyzed by traditional filtration 
techniques (100 mL). It offers two major advantages: 1) PMACS enables detection of low 
level microbial targets such as source specific markers and human pathogens, and 2) PMACS 
reduces sample variability in long-term monitoring programs because the analysis of a large 
volume sample is more representative of the site than analysis of a single sample of 100 mL.  

 



 

 

This filtration system has been used by the USF group for a variety of microorganisms 
but needs further evaluation under conditions specific for Hawaii. 

Project Goal:  This project will evaluate the ability of PMACS to concentrate microbial 
indicator bacteria and source specific microorganisms as well as human pathogens from large 
volume water samples collected on Oahu. 
 
 
Research Objectives  
 

1) Conduct laboratory experiments to recover heterotrophic plate count bacteria (HPC), 
total coliform (TC), E. coli (ECOLI), enterococci (ENT), Clostridium perfringens 
(CPERF), and the molecular markers for human Bacteroides (HBAC) and human 
polyomaviruses (HPyV) using PMACS by spiking sewage into a large volume of 
drinking water. The PMACS results will be compared to those obtained by 
conventional filtration methods using 100 mL grab samples.  

2) Compare ultrafiltration (100 L samples) and standard filtration techniques (100 mL 
grab samples) on field samples collected from drinking water systems, Manoa 
Stream, and coastal beaches of Oahu. 

 
 
Methodology 
 
Operation of the Ultrafiltration Unit, PMACS 

Sample water is passed through the unit at a flow rate of 3.0–3.8 L/min. The water passes 
through cartridges with a pore size of 30 kDa that traps the microbiological material. If the unit 
is used “in the field”, the cartridges are removed, stored in the cold, and transported to the 
laboratory. The cartridges are eluted with phosphate buffer (0.1 M sodium phosphate with 
0.01% sodium polyphosphate) using the instrument’s default recovery protocol. Roughly 350 
to 375 mL of retentate is recovered from the cartridges and can then be assayed for particular 
bacteria, viruses, or markers. 

  
Spiking Experiment 

104 L of drinking water collected from the laboratory sink faucet was mixed with  
100 mL of raw sewage from Honouliuli Wastewater Treatment Plant (WWTP). 100 L were 
passed through the PMACS and the remainder was used as a grab sample.  

 
Environmental Samples 

During the first round of collection, which occurred February 2–5, 2014, 100 L of water 
were collected and concentrated from two drinking water sources and four beach sites. Single  
1 L grab samples were also taken at the same time. The cartridges from the unit and the grab 
samples were stored in the cold and transported to the laboratory to be processed. 

• Drinking Water Sources:  
Board of Water Supply building (630 S. Beretania St., Honolulu), Palolo tunnel pump 
station (before chlorination and distribution). 

 



 

• Beach Sites for Round 1:  
Ala Moana Beach (Diamond Head side), Ala Moana Beach middle, mouth of Ala Wai 
Canal (next to Magic Island), San Souci Beach. 

During the second round of collection, March 24–28, 2014, 100 L of water was 
concentrated from three beach sites and three 1 L grab samples were collected at each of the 
three sites (9 grab samples) to explore the variability associated with the size of a conventional 
grab sample. The cartridges from the PMACS and the grab samples were stored in the cold and 
transported to the laboratory to be processed. 

• Beach Sites for Round 2: 
Ala Moana Beach (Diamond Head side), Ala Moana Beach middle, mouth of Ala Wai 
Canal (next to Magic Island). 

All retentate and grab samples, were serially diluted as appropriate in Phosphate Buffered 
Dilution Water (USEPA 2002) and analyzed for heterotrophic plate count (HPC), total 
coliforms (TC), E. coli (ECOLI), enterococci (ENT), C. perfringens (CPERF), F+ specific 
coliphage (PHAGE), human Bacteroidales (HBAC) and human polyomaviruses (HPyV). HPC 
was determined using 100 µl sample portions with the Simplate binary detection technology by 
BioControl Systems (Bellevue, WA). TC, ECOLI and ENT concentrations were determined 
using Colilert-18 and Enterolert tests by IDEXX Laboratories, Inc. (Westbrook, ME). PHAGE 
concentrations were determined using 5 mL sample portions and a single agar layer procedure 
modified from Method 1602 (USEPA 2001). 

For the molecular tests HBAC and HPyV the pH of the water samples (both grab samples 
and retentates recovered from PMACS) was adjusted to 3.5 using 6N HCl and 300 mL of the 
grab samples or 75 mL of the ultrafiltration retentate were filtered through a 0.45 µm 
membrane filter (GN-6 Metricel, Pall Life Sciences, Ann Arbor, MI). DNA was extracted from 
the filters using the PowerSoil® DNA extraction kit (MO BIO Laboratories, Inc., Carlsbad, 
CA) according to the manufacturer’s protocol, except that bead beating was performed for two 
minutes on the Mini-BeadBeater-8 (BioSpec Products, Bartlesville, OK). The final elution 
volume for the DNA extraction kit was 100 µl. HBAC and HPyV concentrations were 
determined by qPCR using primers and probes specified in Haugland et al. (Haugland et al. 
2010) and McQuaig et al. (McQuaig et al. 2009) on a CFX96 real-time System (Bio-Rad 
Laboratories, Inc., Hercules, CA) using SsoAdvanced (Bio-Rad Laboratories, Inc., Hercules, 
CA) chemistry with 500 nM primer and 80 nM probe concentrations. Trace quantities of 
salmon sperm DNA were seeded into the PCR reactions to identify samples containing 
inhibitors as in Haugland et al. (2005). Samples that were delayed by more than three PCR 
cycles were considered inhibited and further diluted 1:10. Linearized plasmids containing 
primer and probe specific DNA regions were quantified using Qubit 2.0 fluorometer (Life 
Technologies, Inc., Grand Island, NY) and used as a quantification standard for qPCR 
reactions.   

 
 

Principal Findings and Significance 
 
Sewage Spiking Experiments 

The first set of tests were performed by spiking 104 L of tap water with 100 mL raw 
sewage from Honouliuli WWTP. Results obtained with the ultrafiltration unit were positive for 



 

 

all microbiological tests performed, but the standard membrane filtration technique using 100 
mL did not detect ENT, PHAGE, and HPyV. Concentrations of microorganisms determined by 
both sampling techniques were comparable. These tests provided preliminary evidence that the 
ultrafiltration method is a sensitive method to detect and quantify a variety of microorganisms. 
 
Recreational Water Samples 

Based on the eight microbiological tests conducted on seven samples collected at four 
beach sites, the ultrafiltration system was more effective in recovering different groups of 
microorganism than grab samples (Table 1). 73.2% of the tests conducted on samples collected 
by the ultrafiltration device were positive (41 positive test out of 56 tests) and 58.9% of 
microbiological tests conducted on the grab samples (33 positive tests out of 56 tests). While 
HPC and TC were constistently recovered by both methods, PHAGE and HPyV were only 
recovered using the ultrafiltration device. 

 
Table 1. Recovery of microorganisms from beach water samples  
during Rounds 1 and 2. Number of positive samples over total  
number of samples taken as indicated.  

Group Ultrafiltration Sample  
(No. positive/Total) 

Grab Sample 
(No. positive/Total) 

HPC 7/7 7/7 
TC 7/7 7/7 
ECOLI 7/7 6/7 
ENT 7/7 4/7 
CPERF 7/7 7/7 
PHAGE 1/7 0/7 
HBAC 3/7 2/7 
HPyV 2/7 0/7 

 
There was a significant positive correlation between the measurements obtained from 

grab samples and measurements obtained using the ultrafiltration device when back calculated 
to a 100 mL sample volume (Figure 1) which indicates a good agreement between the 
concentration estimates obtained by the two methods.  

Concentration measurements obtained by using the ultrafiltration device tended to be 
lower than measurements obtained by direct analyses of grab samples (Figure 2) because the 
elution of materials from the hollow fiber filters is never 100% efficient. While this needs to be 
considered when interpreting quantitative data, the ultrafiltration device recovered targets that 
eluded detection when grab samples from the same site were analyzed. Errors associated with 
multiple grab samples were often several orders of magnitude different indicating the uneven 
distribution of microorganisms in small volumes. Major measurement error was associated 
with the HPC counts. This could probably be attributed to the small sample portion (100 µl) 
analyzed by the Simplate method, further confirming the patchy distribution of 
microorganisms. 

Samples concentrated using the ultrafiltration method can contain elements which 
interfere with microbiological tests. For example, highly turbid material can cause problems 
with backgrounds or clogging when a membrane filtration method is used or PCR inhibitors 
can interfere with molecular tests. Membrane filtration issues can sometimes be overcome by  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The correlation between the microbiological results obtained from the 1 L (Round 1) grab 
samples and those obtained using the ultrafiltration device (PMACS). Triangles indicate samples 
that were not used for analyses as concentration measurements were not available by both 
methods. 
 

using alternative MPN based techniques while the material used for molecular tests can be 
purified using commercial kits. We did encounter issues with PCR inhibitors when the 
retentate eluted from the hollow fiber filters was adjusted to pH 3.5 and further concentrated 
using the conventional membrane filtration technique. A 1:10 dilution of the DNA material 
extracted from the filter alleviated the effect of inhibitory compounds. Samples analyzed in 
parallel from the same concentrate without pH adjustment were not compromised by PCR 
inhibitors. Because Leskinen et al. (2010) did not detect inhibitors after pH adjustment using a 
urea-lysine buffer, the inhibition was likely related to the sodium phosphate based elution 
buffer used in this study which required generous amounts of HCl for adjustment. 

Sample volumes tested within this study did not exceed 100 L, but large volumes of ground 
and coastal waters could potentially be concentrated if needed using this device. During this 
study the flow rate through the unit varied between 3.0–3.8 L /min, and did not change 
substantially during the filtration processes. This indicates that larger volumes of ground and 
coastal waters could have been concentrated. In this regard, ~500 L of groundwater samples 
have been concentrated using this ultrafiltration device without compromising the filter 
cartridges in an earlier study conducted in Florida (Dr. E. Kearns, personal communication). 

The Hawaii state water quality standard (single sample standard threshold value of 130 
CFU of enterococci per 100 mL water sample [HAR 2014]) was exceeded in a single sample 
collected at the mouth of the Ala Wai Canal which is listed as one of the State’s impaired water 
bodies by the EPA, has been posted by HIDOH, and is not used for swimming by the public. It 
should also be noted that human polyomaviruses were detected in a single water sample that 
complied with water quality standards. This indicates that human pathogens, such as human 
polymaviruses can be detected in water samples that comply with standards. It should be noted 
though, that this detection was based on a molecular assay and does not necessarily indicate 
presence of infective viral particles. Despite the detection of human polyomaviruses in a single  
sample by molecular assay, collectively our results indicate good microbial water quality for 
Hawaii beaches.   

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Recovery of microorganisms at three beach sites: A. Ala Moana Beach (Diamond Head side), 
B. Ala Moana Beach (middle), and C. Ala Wai Canal at Magic Island’s boat ramp using triplicate grab 
samples and an ultrafiltration method (Round 2 samples). Asterisks indicate samples that exceeded the 
maximum detection limit of the assay based on the dilution series used. HPC, TC, ECOLI, and ENT 
were measured as most probable number (MPN), CPERF as colony forming units (CFU), PHAGE as 
placque forming units (PFU), and HBAC and HPYV as gene copies (GC) per 100 mL.  
 
Source Water Samples 

Source water samples collected at two sites contained no cultivable cells of E. coli. 
From the 100 L sample volume analyzed using the ultrafiltration device, we were able to 
estimate that E. coli concentrations were < 0.001 MPN per 100 mL. Heterotrophic bacteria 
were detected in all groundwater samples up to concentrations of 9,000 MPN per 100 mL. 

 



 

Total coliform concentrations varied from <1 to 5 MPN per 100 mL. All other microbiological 
tests were negative using both collection methods. Our findings indicated excellent microbial 
water quality at both City source water sites.   
 
Training and Workshop 

In collaboration with Dr. Daniel Lim’s laboratory at the University of South Florida 
(USF), the project was kick-started with a five day workshop (Figure 3). Dr. Kirs, as well as 
members of the Hawaii State Department of Health (HIDOH) and City and County of 
Honolulu Laboratory Services, were trained to use the PMACS for sample collection. PMACS 
was also introduced to a wider audience during the WRRC seminar series (February 5, 2014). 
The workshop and the seminar generated strong interest in this methodology, and we have 
received additional funds from HIDOH and a private sponsor for related research activities 
using PMACS.  

There is a follow up workshop planned for June 1–5, 2015 and we will continue to 
collaborate with HIDOH and USF. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Training session during the workshop. Members of Dr. Daniel Lim’s laboratory  
are demonstrating how to collect and recover samples using PMACS. 

 



 

 

Ongoing Work 
 

Our analyses indicate that this type of ultrafiltration method is highly sensitive for the 
detection and quantification of a wide array of microbial targets and provides a more 
comprehensive characterization of microbial water quality. Therefore, we would like to 
encourage the utilization of ultrafiltration devices in routine water quality monitoring 
programs.   

This research was conducted using the PMACS device provided by Dr. Daniel Lim’s 
laboratory at USF. We are expecting to complete the purchase of the PMACS by May 2015. 
Field testing of the instrument will be ongoing. Additional training will be provided to the 
Hawaii Department of Health. A summer intern (Ms. Bruna Chieza Madeira, New Mexico 
State University), and a post-doctoral researcher (Roberto Augusto Caffaro Filho, Federal 
University of Alagoas, Brazil) will be joining this project from May–August 2015. 
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