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Since general fecal pollution indicators (coliforms, fecal coli-

forms, E. coli) exist in human and animals simultaneously, 

standard methods of fecal pollution in water could not tell 

their sources. In addition, there is still dispute about how 

fecal coliform group will survive and multiply after they are 

discharged into receiving waters (Davies et al., 1995). Bacter-

oides are enteric bacteria and exist in the intestine tracts of 

human and animal with 1,000-fold higher density than coli-

form group, and therefore, from a numerical point, Bacter-

oides could serve as more sensitive fecal indicators than fecal 

coliform bacteria including E. coli (Fiksdal et al., 1985).

Moreover, they are Gram-negative obligate anaerobes de-

manding very strict nutrient condition and will not survive 

long outside the host, which makes them a good indicator of 

recent fecal pollution (Fiksdal et al., 1985). Several studies 

have proposed that some species of Bacteroides should be

source-specific. In other word, they are human-specific as 

they are the most abundant species in human feces and they 

present only at very low density in other animals (Allsop and 

Stickler, 1985; Fiksdal et al., 1985; Kreader, 1995). Because 

Bacteroides has very short survival time and is hard to culti-

vate after being discharged into natural watershed, it has 

been very difficult to use this species for the fecal source 

tracking. But with advent of molecular biological techniques 

such as Terminal Restriction Fragment Length Polymorphism 

(T-RFLP), it is more feasible to use a particular DNA of 

Bacteroides species as a source-specific molecular marker in 

water (Field et al., 2003).

  Fecal source tracking has been studied for ages in ad-

vanced countries and various methods have been used for 

this purpose, including molecular biological techniques, such 

as length heterogeneity-PCR (Bernhard and Field, 2000a), 

terminal restriction fragment length polymorphism (Bernhard 

and Field, 2000a; Sakamoto et al., 2003), PCR with species 

specific primers (Bernhard and Field, 2000b; Matsuki et al.,

2002), multiplex PCR (Bonjoch et al., 2004), real time PCR 

(Layton et al., 2006), metabolic fingerprint (Ahmed et al.,

2005), denaturing gradient gel electrophoresis (Buchan et 

al., 2001), subtractive hybridization (Dick et al., 2005), fluo-

rescence in situ hybridization (Dore et al., 1998), pulsed 

field gel electrophoresis (Parveen et al., 2001), and ribotyping 

(Carson et al., 2001). In addition to the molecular techni-

ques, some researchers utilized statistical methods to discri-

minate source-specific fingerprints using existence and non-

existence of some peaks in the molecular fingerprints like 

T-RFLP profiles (Wang et al., 2004; Bower et al., 2005; 

Fogarty and Voytek, 2005). Because of monitoring pressure 

to identify the origin of fecal pollution source, as exempli-

fied by U.S. EPA’s TMDL (Total Maximum Daily Load) 

program, there has been a steady increase in research on 

this subject (Stoeckel and Harwood, 2007). In Korea, coli-

forms and fecal coliforms have been used as fecal pollution 
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indicators using various cultivation methods. The genetic 

fingerprinting technique such as T-RFLP was occasionally 

used to demonstrate microbial community (Kim et al., 2004; 

Lee et al., 2008). However, little attention has been given 

to the use of fecal molecular markers to track pollution 

sources in a watershed environment.

  In this study, specific fecal DNA markers were analyzed 

for potential use as specific indicators of fecal pollution 

sources in water using molecular biological techniques. The 

main objectives of this study were (1) to identify source- 

specific DNA markers of cow, human, and pig by comparing 

their T-RFLP profiles for the 16S rDNA of obligate anae-

robic fecal Bacteroides-Prevotella, (2) to analyze how these 

host-specific markers could be recovered in mixed sources 

and river waters, and (3) to investigate the occurrence of 

the Bacteroides-Prevotella group in river environment using 

cloning, sequencing of 16S rDNA, and phylogenetic analysis.

Human fecal samples were taken from nine humans including 

adults and children for identification of host-specific 16S 

rDNA markers. Five each of cow, dairy cow, and pig fecal 

samples were collected from livestock farms in Icheon city, 

Gyeonggi-do. To recover the fecal Bacteroides-Prevotella 16S 

rDNA markers in natural waters, river water samples were 

taken from 14 sites of five rivers three times, February, 

April, and June 2005. The five rivers were Anseong, Jinwi, 

Hwangguji, Bokha, and Deokpung that are national water 

quality monitoring sites located in southern part of Gyeonggi- 

do. Two sites were selected from the Deokpung and three 

sites, upstream, midstream, and downstream, were chosen 

for others. The sources of fecal pollution of these rivers 

were expected to be mainly human and partly cow or pig.

DNAs were extracted from the fecal samples using QIAamp 

stool DNA Mini kit (QIAGEN, USA) according to the 

manufacturer’s recommendation. To collect microorganisms 

in the water samples, 300~1,000 ml of water was filtered 

using 0.22 µm pore size cylinder filter membrane (Sterivex- 

GP, Milipore) and a peristaltic pump (Somerville et al.,

1989). Approximately 1,000 ml of tap and distilled waters 

were filtered as above and used as negative controls. After 

filtration of the samples, 1 ml of CLS-TC buffer (Qbiogene, 

USA) was added to each filter and filters were stored at 

-20°C until processed.

Equal portion of fecal DNAs from fecal sources was 

pooled to make samples representing human, cow, dairy 

cow, and pig. The pooled DNAs were mixed to reproduce 

multiple (human+cow, human+dairy cow, human+pig, cow+ 

dairy cow, cow+pig, dairy cow+pig, human+cow+dairy 

cow+pig) fecal pollutions in the environmental water. PCR 

reactions for individual and pooled samples were performed 

to amplify 16S rRNA genes of Bacteroides-Prevotella groups 

from fecal and water samples with fluorescently labeled 

Bac32F; AACGCTAGCTACAGGCTT and Bac708R; CAAT 

CGGAGTTCTTCGTG primers (Bernhard and Field, 2000a), 

yielding amplicons of approximately 690 bp.

T-RFLP analysis was conducted on PCR product by digest-

ing a 10 µl aliquot over 4 h at 37°C with 2.5 units of single 

restriction endonuclease HaeIII and RsaI (Bioneer) in the 

manufacturer’s recommended buffer solutions. After diges-

tion, the digested solution was purified to remove inhibitory 

salts using nucleotide removal kit (QIAGEN) according to 

the manufacturer’s recommendation and approximately 50 ng 

of samples was dried down using a MicroVac concentrator 

to make pellets. An ABI 3100 DNA sequencer at Korea 

Ocean Research and Development Institute (KORDI) de-

termined the precise lengths of peaks from the amplified 

16S rDNA products. Results were analyzed using ABI prism 

GeneScan Analysis program version 3.7 (Applied Biosystem, 

USA).

T-RFLP profiles were compared with each other to find the 

unique peak representing each source. To acquire the per-

centages of peaks in the T-RFLP profiles, the method de-

veloped by Dunbar et al. (2000) was used. The T-RFL of 

50 to 690 bp in length and 50 fluorescence units in height 

were included in the analysis. The sum of all terminal re-

striction fragment heights in each replicate or triplicate T- 

RFLP profiles was calculated as a total DNA amount of each 

profile. The percentage of specific peak was calculated as 

height of specific peak divided by the total DNA height of 

profiles calculated as above.

T-RFLP data of HaeIII digestion were analyzed for the 

presence/absence of peaks only by percent similarities as 

previously described (Wawrik et al., 2005). A search window 

of ±0.5 bp was applied to match peaks between individual 

T-RFLP profiles. Similarity values were calculated as follows: 

P
s
=S

a
/N

a
, where S

a
 is the number of peaks in sample A 

that are also found in sample B and N
a
 is the total number 

of peaks in sample A. Distance matrix was analyzed to draw 

a neighbor-joining tree using MEGA program (Version 4.0) 

to assess similarities among samples by means of cluster 

analysis.

Equal portion of DNAs extracted from each fecal source 

was pooled to make three samples representing human, cow 

(cow+dairy cow), and pig. DNAs from river water samples 

were also pooled to represent five rivers tested. The pooled 

DNAs from fecal and water samples were amplified with 

non-labeled Bac32F and Bac708R primers. The PCR product 

was cloned into plasmid pCR2.1-TOPO using a TOPO TA 

PCR Cloning Kit (Invitrogen, USA) according to the manu-

facturer’s recommendation. Positive colonies were selected 

and the inserted region was amplified with M13F and M13R 

primers. The PCR products were digested with HaeIII and

RsaI restriction enzymes as in the T-RFLP analysis to select 

unique RFLP patterns. The RFLP patterns for each clone 
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 Profiles of potential source-specific molecular markers in T-RFLP analyses of 16S rDNA fragments amplified with Bac32F-FAM and

Bac708R followed by digestion with HaeIII (A, B, C, D) and RsaI (E, F, G, H). Cow (A, E); Dairy cow (B, F); Human (C, G); Pig (D, H).

were grouped visually, and representative clones were selected 

for sequencing. The PCR products of each representative 

clone were analyzed with ABI 3100 DNA sequencer using 

ABI prism BigDye Terminator Cycle sequencing V2.0 Ready 

Reaction with AmpliTaq DNA polymerase, FS at KORDI. 

Sequences of approximately 690 bases were compared with 

sequences available in the GenBank by using the NCBI- 

BLAST to determine their phylogenetic affiliation. A phylo-

genetic tree was built including type strains and sequences 

from previous studies using neighbor-joining method in the 

MEGA program (Version 4.0).

To be a host-specific marker, a peak had to be present in all 

of the samples from the host and absent in all of the sam-

ples from the other sources. When source-specific markers 

were identified by digesting labeled PCR products with 

HaeIII, a potential cow and dairy cow specific marker was 

found at 222 bp in the replicate of pooled and all individual 

cow and dairy cow feces, which accounted for approximately 

5% of total DNA (Fig. 1A and B). A human specific peak 

was identified as a peak of 60 bp in the replicate of pooled 

and all individual samples that occupied 7~8% of the total 

DNA (Fig. 1C). While a pig-specific DNA marker was not 

found in the HaeIII T-RFLP profile, a peak of 106 bp ob-

served from pig was in common with cow and dairy cow 

(Fig. 1D). When labeled PCR amplicons were digested with 

RsaI endonuclease, promising cow-specific peaks were found 

at 109 bp and 290 bp in the replicate of pooled and 4 out 

of 5 individual samples that occupied 1.4% and 4.2% of total 

DNA, respectively, while dairy cow-specific markers were 

identified at 94 bp and 289~291 bp in the replicate of 

pooled and all individual samples that accounted for 1.7% 

and 7.6% of total DNA, respectively (Fig. 1E and F). A 
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 Total coliforms and fecal coliforms
a

 estimated by standard MPN method in the study sites

River Site

February April June

Total Coliform Fecal Coliform Total Coliform Fecal Coliform Total Coliform Fecal Coliform

Bokha 1

2

3

900

3000

230

4

110

20

1600

5000

9000

22

1100

90

17

7000

9000

7

700

90

Deokpung 1

2

9000

1700

80

110

9000

500

20

110

40

110

20

40

Anseong 1

2

3

2200

16000

1600

40

20

6

40

400

1400

20

200

20

1100

5000

220

200

200

20

Jinwi 1

2

3

NA

3000

16000

NA

20

20

27

110

11000

2

20

200

80

110

8000

20

40

400

Hwangguji 1

2

3

16000

13000

300

40

200

20

110000

80000

16000

14000

2000

20

50000

13000

27000

7000

2000

2000

a

All data are the means for two replicate measurements (MPN/100 ml).

NA, not available

 Representative T-RFLP profiles of 16S rDNA fragments from Anseong 1 (upstream) and 2 (midstream) river waters (April) ampli-

fied with Bac32F-FAM and Bac708R followed by digestion with HaeIII (A, B) and RsaI (C, D).

human-specific marker was identified as a 107 bp peak in 

the replicate of pooled and 6 out of 9 T-RFLP profiles 

when digested with RsaI (Fig. 1G). However, in case of pig, 

there were no significant peaks at all below fragment size 

of 400 bp in the RsaI T-RFLP profile, which may be a 

unique pattern different from the others (Fig. 1H). The re-

sults suggested that fecal DNAs from 4 different sources, 

human, cow, dairy cow, and pig, could be discriminated by 

source-specific peaks and T-RFLP profiles obtained after 

restriction enzyme digestions.

The PCR reactions for river water samples with primers 

targeting Bacteroides-Prevotella produced 11, 14, and 13 pos-

itive results out of each 14 water samples of February, 

April, and June, respectively. From this result, most of river 

water samples appeared to be polluted with feces, which 

was in agreement with relatively high MPN values for total 

coliform and fecal coliforms measured by cultivation meth-

ods (Table 1). The positive PCR products were analyzed to 

investigate fecal DNA markers identified in the above 
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 T-RFLP dendrogram. Labels indicate the identity of single and multiple fecal sources and water sample where F (February), A 

(April), and J (June) are sampling time. U (Upstream), M (Midstream), and D (Downstream) are sampling sites for each river.

T-RFLP and species distribution of Bacteroides-Prevotella in 

the river water samples. Detection rates of the human-spe-

cific marker were 100% (11/11), 71% (11/14), and 100% 

(13/13) for February, April, and June, respectively. T-RFLP 

profiles of positive water samples were very similar to those 

of human feces, exhibiting the human-specific marker and 

major peaks except 143 bp peak (RsaI-digest) from an un-

identified source (Fig. 2). Interestingly two clones that have 

TRF of 60 bp and 143 bp in Fig. 4 were recently recovered 

from the human intestines (Eckburg et al., 2005).

  The proportions of the human specific marker, 60 bp 

peak (HaeIII), and major peaks, 240 bp and 242 bp were 

calculated in water samples. In February, the HaeIII T- 

RFLP profiles were generally similar among different water 

samples and the human fecal marker accounted 2.9% of total 

DNA on the average. The two major peaks, 240 bp (20%) 

and 242 bp (56%), which were presumed to originate from 

human and/or pig, occupied 76% of total DNA overall. 

The T-RFLP profiles of April samples were slightly different 

from those of February. Percentages of two major peaks 

decreased to 60%, 240 bp (33%) and 242 bp (27%), and the 

relative proportion of the 240 bp peak increased in April. 

In June, the human-specific marker was observed 1.6%, with 

240 bp and 242 bp occupied 34% and 41%, respectively. 

Overall, the human fecal maker was detected in most of 

river water samples (92.1%) and 240 bp and 242 bp peaks 

were found to be the two major peaks as in the human fecal 

samples. From these results, it could be inferred that major 
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 Phylogenetic relationship among 16S rDNA sequences from this study (bold letters), previous study, and type strains (in italic).

Bootstrap values less than 50% are not included. The tree was built by using the neighbor-joining method in MEGA program. Flavbacterium

hydatis was used to root the tree. Each clone sequence from fecal sources was labeled as cow, human and swine. Clones from river water 

samples were named after rivers they were detected. HF (Human), CF (Cow), Pig, and Dog, etc. were clones identified in the previous 

studies.

fecal pollution source in the river waters examined was 

human. It was not certain whether the changes of relative 

ratios of 240 bp and 242 bp peaks were due to the different 

pollution sources or environmental factors, such as water 

temperature and predation.

Cluster analysis using percent similarities was performed 

using the T-RFLP profiles of fecal sources and river waters 

(Fig. 3). Four major clusters resulted from the analysis. 

Cluster A composed of river waters of February, April and 

human+cow or dairy cow feces. Cluster B contained water 

samples of April and June. Cluster C included all the 

mixed fecal samples that contained human feces. Cluster D 

is comprised of multiple sources containing cow, dairy cow, 

and pig. While source-specific markers and major peak pro-

files could only indicate that the river waters were mainly 

polluted with human feces, the cluster analysis of T-RFLP 

data told more about it. That is, river waters would be pol-

luted with also other sources rather than only human feces. 

Because the T-RFLP profiles of replicate of same fecal 

source were closely related in the T-RFLP dendrogram, it 

was convinced that the T-RFLP analysis was pretty repro-

ducible and reliable. The cluster analysis showed that the 
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river waters sampled on February and April might be pol-

luted with multiple fecal sources (human+cow or dairy 

cow). It also could be inferred that the main fecal pollution 

source of April and June would be human+cow or dairy 

cow rather than human, cow, dairy cow, pig alone or 

cow+pig (Fig. 3). The fact that the water samples from 

February, April, and June formed different clusters maybe 

reflects seasonal variations or different combination of fecal 

sources.

To investigate species distribution of the Bacteroides-Prevo-

tella group, 16S rDNA fragments PCR-amplified with Bac32F 

and Bac708R primers were cloned from the host feces and 

river waters and screened for T-RFLP source-specific pattern. 

Blast search indicated that the 16S rDNA sequences of 59 

clones recovered from the fecal and water samples belonged 

to the Bacteroides-Prevotellag group (89~100% similarities). 

Sequences from water samples were all similar (70~100% 

similarities), but not identical, to clones from cow, human, 

and pig feces except Jinwi7FR that was 100% matched to 

Human7FR. Many 16S rDNA sequences of clones were 

shown to have the major peaks described in the previous 

section. For examples, Human4FR and Swine7FR were shown 

to have 240 bp peaks in HaeIII-digests, and blast search in-

dicated that these sequences were identical to the uncul-

tured bacterial clones with 98% and 96% matches, respec-

tively. Interestingly, three clones, Anseong3FR, Bokha5FR, 

and Hwangguji7FR, had 62 bp peaks (HaeIII-digested) in-

stead of the 60 bp peak, the human fecal marker. These 

three clones, Anseong3FR, Bokha5FR, and Hwangguji7FR, 

were 99%, 100%, and 93% identical to the partial 16S 

rDNA sequence of an uncultured bacterium, respectively. 

In addition, Anseong3FR, Bokha5FR, and Hwangguji7FR 

were found to have 455 and 457 bp terminal fragments that 

were major peaks of human and pig feces. In HaeIII di-

gests, some clones, such as Anseong12FR, Swine3FR, and 

Deokpung4FR, showed new peaks of 106, 110, and 394 bp, 

which were not detected in the previous section. In RsaI di-

gests, some clones, such as Jinwi2FR and Human6FR, also 

showed additional peaks of 96 and 110 bp, besides major 

peaks.

  A phylogenetic tree was built using the clones of this 

study, previously known clones, and Bacteroides type strains 

(Fig. 4). One of the most distinct features in this phyloge-

netic tree was that most of clones from the cow formed a 

discrete group together with clones recovered from cow feces 

of previous studies. The other clones from human, pig, and 

river water formed two groups all together. The separate 

clustering of Bacteroides-Prevotella species in cow feces from 

those in the other sources may be related to the nutritional 

property of cow as a ruminant animal.

DNA molecular fecal markers were identified for the three 

major fecal pollution sources, cow, human, and pig, and the 

specific DNA markers in the river waters were analyzed us-

ing T-RFLP of 16S rDNA of the Bacteroides-Prevotella group, 

obligate anaerobic fecal bacteria. When the PCR amplicons 

obtained with Bacteroides-Prevotella specific primers were 

digested with HaeIII, host-specific DNA markers were iden-

tified as 60 and 222 bp peaks for human and cow, respec-

tively, and no specific DNA marker was found for pig. In 

the previous study, an 119 bp peak, instead of the 60 bp 

peak, was reported to be a human specific fecal DNA 

marker, but the 222 bp peak as a cow specific maker was 

found to be the same (Bernhard and Field, 2000a). The 

119 bp peak was not detected at any T-RFLP profiles in 

this study and some other previous researches, which may 

reflect a racial or dietary difference among people (Fogarty 

and Voytek, 2005). In RsaI digests, T-RFLP analysis of the 

labeled PCR products showed a 107 bp human-specific fecal 

marker, 109 and 290 bp cow-specific peaks, and 94, 109, 

and 289~291 bp dairy cow-specific markers, respectively. 

By contrast, pig had not any specific marker and even no 

significant peaks were observed below 400 bp in the RsaI

T- RFLP profile. In the previous study, Bernhard and Field 

reported that difference between fecal sources was not in 

existence and nonexistence of specific species but in com-

position of species (Bernhard and Field, 2000a). Fogarty and 

Voytek could not find the source specific fecal markers in 

their study and proposed a statistical method to identify the 

fecal pollution sources

  Application of identified source-specific makers to river 

waters showed that the human fecal marker was widespread 

in almost all sites examined in this study. In addition, the 

proportions of major peaks and T-RFLP profiles in river 

waters were similar to those of human feces while there 

were seasonal variations. On the other hand, the cow spe-

cific marker was found only in Bokha2 and Hwangguji3 at 

April as a minor peak (0.2% of total amplified DNA). Our 

observation is in contrast with the previous report that the 

cow-specific marker detection frequency was much higher 

than the human-specific marker using source-specific pri-

mers (Shanks et al., 2006). There have been several studies 

demonstrating the survival and detection by PCR of Bacter-

oides spp. in water environment. Fogarty and Voytek dem-

onstrated that there was little change in the T-RFLP pro-

files after inoculation of fecal sample into pond water during 

12 days at 18°C (Fogarty and Voytek, 2005). Kreader sug-

gested that the detection of Bacteroides species by PCR is 

dependent on water temperature and predation (Kreader, 

1998). For examples, B. distaonis was detected for 14 days at 

4°C and only 1 to 2 days at 24°C. The water temperatures 

of February, April, and June were 0~9°C, 11~20°C, and 

10~29°C, respectively. The observation that the human-spe-

cific marker, but not cow-specific marker, was detected in 

almost all of the river waters suggested that human fecal 

pollution was predominant over fecal pollution by cow in 

river waters examined in this study.

  The source identification by analysis of T-RFLP data ob-

tained from an environmental water sample contaminated 

with single source was relatively straightforward (Fogarty 

and Voytek, 2005). In this study, we could tell that the 

most of river waters were contaminated with human feces 

using source specific DNA marker. But in many water envi-

ronments, there would be multiple source rather than single. 

Cluster analysis using T-RFLP profiles of multiple fecal 
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sources and river water samples indicated that the river wa-

ters mainly were contaminated with human source but partly 

with other sources such as cow or pig. There have been de-

bates on the usefulness and reproducibility of genetic finger-

printing techniques including T-RFLP to elucidate on mi-

crobial community analysis (Bent et al., 2007; Pandey et al.,

2007). Despite several limitations of T-RFLP technique, 

many studies have confirmed that T-RFLP is a stout and 

reproducible methodology for the simple and rapid analysis 

of microbial community structure (Bernhard and Field, 

2000a; Osborn et al., 2000; Saikaly et al., 2005). The size of 

source-specific fecal makers and profiles resulted from the 

T-RFLP were very reproducible in this study.

  The 16S rDNA cloning, sequencing, and phylogenetic 

analysis of Bacteroides-Prevotella was performed to investi-

gate distribution of the Bacteroides species in fecal and water 

samples. Only one clone, Bokha5FR, was 100% matched to 

a known sequence. Moreover, almost all of the clone se-

quences from fecal samples and river waters were different 

to each other except Jinwui7FR that were shown to have 

100% sequence similarity to Human7FR that was from hu-

man source. These two identical clones were 93% matched 

to a known sequence and could be used as a target sequence 

for human source. Most of the clones were shown to have 

terminal restriction fragments of predominant peaks of T- 

RFLP profiles for fecal samples. Interestingly, most of clones 

from cow feces formed a discreet cluster with other cow fecal 

clones from the previous study (Bernhard and Field, 2000a), 

while the other clones from human, pig, dog, and river waters 

formed together a separate cluster. Primers targeting cow 

clones that formed a discreet cluster could be designed and 

utilized as a cow-specific marker to enhance detection sen-

sitivity of cow fecal pollution.

  In conclusion, the fecal pollution sources could be tracked 

with the source-specific molecular markers, proportions of 

major peaks, and T-RFLP profiles. Human and cow were 

shown to have unique DNA markers that could be used to 

determine the fecal pollution source. Pig had a distinctive 

T-RFLP profile that was different from the others. The in-

formation of this work on various DNA markers identified 

using proper restriction enzymes and primers for specific 

sources could be useful for rapid and accurate tracking of 

the fecal pollution sources in water supplies.

We thank Mr. Seung-Seob Bae for T-RFLP experiments. 

We thank Dr. Boris Wawrik for advice with the T-RFLP 

clustering analysis.

Ahmed, W., R. Neller, and M. Katouli. 2005. Host species-specific 

metabolic fingerprint database for enterococci and Escherichia 

coli and its application to identify sources of fecal contamina-

tion in surface waters. Appl. Environ. Microbiol. 71, 4461-4468.

Allsop, K. and D.J. Stickler. 1985. An assessment of Bacteroides 

fragilis group organisms as indicators of human faecal pollution. 

J. Appl. Bacteriol. 58, 95-99.

Bent, S.J., J.D. Pierson, L.J. Forney, R. Danovaro, G.M. Luna, A. 

Dell'anno, and B. Pietrangeli. 2007. Measuring species rich-

ness based on microbial community fingerprints: The emperor 

has no clothes. Appl. Environ. Microbiol. 73, 2399-2401; author 

reply 2399-2401.

Bernhard, A.E. and K.G. Field. 2000a. Identification of nonpoint 

sources of fecal pollution in coastal waters by using host-spe-

cific 16S ribosomal DNA genetic markers from fecal anaerobes. 

Appl. Environ. Microbiol. 66, 1587-1594.

Bernhard, A.E. and K.G. Field. 2000b. A PCR assay to discrim-

inate human and ruminant feces on the basis of host differ-

ences in Bacteroides-Prevotella genes encoding 16S rRNA. Appl. 

Environ. Microbiol. 66, 4571-4574.

Bonjoch, X., E. Balleste, and A.R. Blanch. 2004. Multiplex PCR 

with 16S rRNA gene-targeted primers of Bifidobacterium spp. 

to identify sources of fecal pollution. Appl. Environ. Microbiol.

70, 3171-3175.

Bower, P.A., C.O. Scopel, E.T. Jensen, M.M. Depas, and S.L. 

McLellan. 2005. Detection of genetic markers of fecal in-

dicator bacteria in Lake Michigan and determination of their 

relationship to Escherichia coli densities using standard micro-

biological methods. Appl. Environ. Microbiol. 71, 8305-8313.

Buchan, A., M. Alber, and R.E. Hodson. 2001. Strain-specific dif-

ferentiation of environmental Escherichia coli isolates via Dena-

turing Gradient Gel Electrophoresis (DGGE) analysis of the 

16S-23S intergenic spacer region. FEMS Microbiol. Ecol. 35, 

313-321.

Carson, C.A., B.L. Shear, M.R. Ellersieck, and A. Asfaw. 2001. 

Identification of fecal Escherichia coli from humans and ani-

mals by ribotyping. Appl. Environ. Microbiol. 67, 1503-1507.

Davies, C.M., J.A. Long, M. Donald, and N.J. Ashbolt. 1995. 

Survival of fecal microorganisms in marine and freshwater 

sediments. Appl. Environ. Microbiol. 61, 1888-1896.

Dick, L.K., M.T. Simonich, and K.G. Field. 2005. Microplate sub-

tractive hybridization to enrich for bacteroidales genetic mark-

ers for fecal source identification. Appl. Environ. Microbiol. 71, 

3179-3183.

Dore, J., A. Sghir, G. Hannequart-Gramet, G. Corthier, and P. 

Pochart. 1998. Design and evaluation of a 16S rRNA-targeted 

oligonucleotide probe for specific detection and quantitation 

of human faecal bacteroides populations. Syst. Appl. Microbiol.

21, 65-71.

Dunbar, J., L.O. Ticknor, and C.R. Kuske. 2000. Assessment of 

microbial diversity in four southwestern united states soils by 

16S rRNA gene terminal restriction fragment analysis. Appl. 

Environ. Microbiol. 66, 2943-2950.

Eckburg, P.B., E.M. Bik, C.N. Bernstein, E. Purdom, L. Dethlefsen, 

M. Sargent, S.R. Gill, K.E. Nelson, and D.A. Relman. 2005. 

Diversity of the human intestinal microbial flora. Science 308, 

1635-1638.

Field, K.G., A.E. Bernhard, and T.J. Brodeur. 2003. Molecular ap-

proaches to microbiological monitoring: Fecal source detection. 

Environ. Monit. Assess. 81, 313-326.

Fiksdal, L., J.S. Maki, S.J. LaCroix, and J.T. Staley. 1985. Survival 

and detection of Bacteroides spp., prospective indicator bacteria. 

Appl. Environ. Microbiol. 49, 148-150.

Fogarty, L.R. and M.A. Voytek. 2005. Comparison of Bacteroides- 

Prevotella 16S rRNA genetic markers for fecal samples from 

different animal species. Appl. Environ. Microbiol. 71, 5999-6007.

Kim, J.B., M.S. Moon, D.H. Lee, S.T. Lee, M. Bazzicalupo, and 

C.K. Kim. 2004. Comparative analysis of cyanobacterial com-

munities from polluted reservoirs in Korea. J. Microbiol. 42, 

181-187.

Kreader, C.A. 1995. Design and evaluation of bacteroides DNA 

probes for the specific detection of human fecal pollution. 

Appl. Environ. Microbiol. 61, 1171-1179.

Kreader, C.A. 1998. Persistence of PCR-detectable bacteroides dis-

tasonis from human feces in river water. Appl. Environ. 



Vol. 46, No. 6 Molecular identification of fecal pollution sources in water supplies 607

Microbiol. 64, 4103-4105.

Layton, A., L. McKay, D. Williams, V. Garrett, R. Gentry, and G. 

Sayler. 2006. Development of bacteroides 16S rRNA gene 

TaqMan-based real-time PCR assays for estimation of total, 

human, and bovine fecal pollution in water. Appl. Environ. 

Microbiol. 72, 4214-4224.

Lee, J.W., J.H. Nam, Y.H. Kim, K.H. Lee, and D.H. Lee. 2008. 

Bacterial communities in the initial stage of marine biofilm 

formation on artificial surfaces. J. Microbiol. 46, 174-182.

Matsuki, T., K. Watanabe, J. Fujimoto, Y. Miyamoto, T. Takada, K. 

Matsumoto, H. Oyaizu, and R. Tanaka. 2002. Development of 

16S rRNA-gene-targeted group-specific primers for the detec-

tion and identification of predominant bacteria in human feces. 

Appl. Environ. Microbiol. 68, 5445-5451.

Osborn, A.M., E.R. Moore, and K.N. Timmis. 2000. An evaluation 

of terminal-restriction fragment length polymorphism (T-RFLP) 

analysis for the study of microbial community structure and 

dynamics. Environ. Microbiol. 2, 39-50.

Pandey, J., K. Ganesan, and R.K. Jain. 2007. Variations in T-RFLP 

profiles with differing chemistries of fluorescent dyes used for 

labeling the PCR primers. J. Microbiol. Methods 68, 633-638.

Parveen, S., N.C. Hodge, R.E. Stall, S.R. Farrah, and M.L. Tamplin. 

2001. Phenotypic and genotypic characterization of human 

and nonhuman Escherichia coli. Water Res. 35, 379-386.

Saikaly, P.E., P.G. Stroot, and D.B. Oerther. 2005. Use of 16S 

rRNA gene terminal restriction fragment analysis to assess 

the impact of solids retention time on the bacterial diversity 

of activated sludge. Appl. Environ. Microbiol. 71, 5814-5822.

Sakamoto, M., H. Hayashi, and Y. Benno. 2003. Terminal restric-

tion fragment length polymorphism analysis for human fecal 

microbiota and its application for analysis of complex bifido-

bacterial communities. Microbiol. Immunol. 47, 133-142.

Shanks, O.C., C. Nietch, M. Simonich, M. Younger, D. Reynolds, 

and K.G. Field. 2006. Basin-wide analysis of the dynamics of 

fecal contamination and fecal source identification in tillamook 

bay, oregon. Appl. Environ. Microbiol. 72, 5537-5546.

Somerville, C.C., I.T. Knight, W.L. Straube, and R.R. Colwell. 

1989. Simple, rapid method for direct isolation of nucleic 

acids from aquatic environments. Appl. Environ. Microbiol. 55, 

548-554.

Stoeckel, D.M. and V.J. Harwood. 2007. Performance, design, and 

analysis in microbial source tracking studies. Appl. Environ. 

Microbiol. 73, 2405-2415.

Wang, M., S. Ahrne, M. Antonsson, and G. Molin. 2004. T-RFLP 

combined with principal component analysis and 16S rRNA 

gene sequencing: An effective strategy for comparison of fecal 

microbiota in infants of different ages. J. Microbiol. Methods

59, 53-69.

Wawrik, B., L. Kerkhof, J. Kukor, and G. Zylstra. 2005. Effect of 

different carbon sources on community composition of bacterial 

enrichments from soil. Appl. Environ. Microbiol. 71, 6776-6783.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


