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ABSTRACT 22 

 23 

The current definition of coliform bacteria is method-dependent, and when different 24 

culture-based methods are used, discrepancies in results can occur and affect the accuracy 25 

in identifying true coliforms. This study used an alternative approach to identify true 26 

coliforms by combing the phenotypic traits of the coliform isolates and the phylogenetic 27 

affiliation of 16S rRNA gene sequences together with the use of lacZ and uidA genes. A 28 

collection of 1404 isolates from 12 US Environmental Protection Agency approved 29 

coliform-testing methods were characterized based on their phylogenetic affiliations and 30 

responses to their original isolation medium and Lauryl Tryptose broth, m-Endo and MI 31 

agar media. Isolates were phylogenetically classified into 32 true coliform or targeted 32 

Enterobacteriaceae (TE) groups, and 14 non-coliform or non-targeted Enterbacteriaceae 33 

(NTE) groups. It was statistically shown that detecting true-positive (TP) events is more 34 

challenging than detecting true-negative (TN) events. Furthermore, most false-negative 35 

(FN) events were associated with four TE groups (i.e., Serratia group I, Providencia, 36 

Proteus, and Morganella), and most false-positive (FP) events with two NTE groups, 37 

Aeromonas and Plesiomonas. In Escherichia coli testing, 18 out of 145 E. coli isolates 38 

identified by those enzymatic methods were validated as FNs. The reasons behind the FP 39 

and FN reactions could be explained through the analysis of the lacZ and uidA gene. 40 

Overall, combining the analyses of 16S rRNA, lacZ and uidA genes with the growth 41 

responses of TE and NTE on culture-based media is an effective way to evaluate the 42 

performance of coliform detection methods. 43 

  44 
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1.  INTRODUCTION 45 

Total coliform bacteria and E. coli are considered as cost-effective bacterial indicators for 46 

the protection of public health. Detectable total coliforms indicate a potential 47 

contamination associated with the water distribution system while E. coli is a good 48 

indicator of fecal contamination with a health goal (i.e., maximum contaminant level goal 49 

[MCLG]) of zero under the Revised Total Coliform Rule (RTCR) (1). When a positive 50 

result is observed from total coliform testing, public water systems (PWSs) are required 51 

to perform three repeat samples (1). A system assessment is required when a PWS 52 

exceeds a specific frequency of total coliform occurrence. When an E. coli maximum 53 

contaminant level (MCL) violation incurs, a PWS must conduct an assessment performed 54 

by the state or state-approved entity and correct any sanitary defects (1). The occurrence 55 

of false positives results in either the total coliform or E. coli tests will bring an 56 

unnecessary burden on water utilities. On the other hand, false negatives expose 57 

consumers to potential health threats and delay response times for effective action.  58 

Therefore, accurate detection of total coliforms/E. coli in drinking water systems is 59 

crucial for both water utilities and consumers.  60 

 61 

Currently, the USEPA has approved 12 methods for the detection of coliform bacteria in 62 

drinking water, including lauryl tryptose broth (LTB, including Presence/Absence broth), 63 

m-Endo (2), MI (3), Coliscan® C MF (4), Colilert®, Colilert®-18 (5), Colisure®, 64 

E*Colite®, m-ColiBlue 24® (6), Chromocult®, Readycult® Coliforms 100 (7), and 65 

Colitag™ (8). The last ten methods approved are based on enzymatic reactions, which 66 

detect total coliforms and E. coli simultaneously according to the activities of β-67 
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galactosidase (GAL) (encoded by the lacZ gene) and β-glucuronidase (GUD) (encoded 68 

by the uidA gene). Enzyme-based tests have become popular among water utilities 69 

because no confirmation tests are required for analyses showing positive responses.  70 

 71 

Varying degrees of accuracy in identification have been observed for these USEPA-72 

approved methods with reported false positive (FP) rates for total coliforms and E. coli 73 

detection by enzyme-based tests ranging from 2.3 to 36.4% and from 0.9 to 37.5%, 74 

respectively. The rate for false negative (FN) results are 3.3-26.2% and 20.3-48.6% for 75 

total coliforms and E. coli, respectively (9-15). The two likely reasons are the inability to 76 

recover target organisms from different drinking water matrices and the inability to 77 

differentiate target strains from non-target organisms. The former is often related to the 78 

occurrence of FNs while the latter is the major cause of FPs. These two reasons have 79 

been evaluated by several studies (9-18). For example, Olstadt et al. (13) compared ten 80 

enzyme-based tests on their ability to recover different concentrations of spiked coliform 81 

and non-coliform strains from three diverse water matrices.  82 

 83 

Nevertheless, no studies were systematically conducted to test all the approved methods 84 

on identifying coliform bacteria against a representative library of coliform isolates. API 85 

20E (bioMérieux Inc., France) and VITEK® 2 (bioMérieux Inc., France) systems are 86 

commonly used to verify colonies in total coliforms/E. coli tests, yet these tests have been 87 

reported to inaccurately classify coliform bacteria, including Klebsiella spp., 88 

Enterobacter spp., and Salmonella spp. (19). Phenotypic trait changes under stress 89 

conditions in water systems can result in bacterial misidentification (20-22). Currently, 90 
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the definition of coliform bacteria can vary according to detection methods used. 91 

Traditionally, total coliforms are defined based on their ability to ferment lactose to acid 92 

and gas. With the introduction of enzyme-based tests, the definition includes bacteria 93 

within the family of Enterobacteriaceae that possess the enzyme GAL, and E. coli that 94 

exhibits both GAL and GUD activities (23). The broader definition by enzyme-based 95 

methods incorporates more species into the coliform group, which can also contribute to 96 

misidentification when they are compared with traditional methods.  97 

 98 

Since the determination of FPs and FNs is dependent on the definition used, this study 99 

proposes an alternative approach that groups coliform bacteria into cohesive clusters 100 

based on their phylogeny affiliation and then overlays individual clusters with their 101 

phenotypic responses on different USEPA-approved media for drinking water testing. In 102 

this way, FP and FN can be evaluated at a level equivalent to the genus or sub-genus 103 

classification, rather than as the total coliform group as a whole. The 16S rRNA gene is a 104 

well-established phylogenetic molecular marker and more accurate than phenotype-based 105 

results for the identification of coliform bacteria isolated from drinking water systems. In 106 

addition, sequences of lacZ and uidA genes, encoding GAL and GUD enzymes, can 107 

provide additional resolution to support identification of each total coliform/E. coli. The 108 

three key genes can be used simultaneously to define isolates from both phylogenic and 109 

functional perspectives, and serve as a robust approach for the evaluation of cultivation-110 

based coliform methods.  111 

 112 
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To systematically test this approach, coliform isolates obtained from 12 different 113 

USEPA-approved methods (approximately 100 isolates per method) were characterized 114 

by the three target genes and their responses to the original isolation medium, LTB, m-115 

Endo and MI media. This enabled us to evaluate each method in terms of sensitivity, 116 

specificity, FP and FN rates in a cluster-specific and definition-independent manner. The 117 

findings can be used to help water utilities and testing labs to better detect total coliforms 118 

and E. coli, allow USEPA to select a representative library of strains to test new methods 119 

proposed, and help manufacturers to improve media formulation.   120 

 121 

2. MATERIALS AND METHODS 122 

 123 

Isolate collection and phenotypic testing. Approximately 700 bacterial cultures were 124 

obtained from nine water utilities and testing laboratories across the USA with detailed 125 

isolation information. All isolates were shipped to the laboratory at UIUC with ice pack. 126 

Once received, the cultures were streaked onto trypticase soy agar (TSA, BD Diagnostic 127 

Systems, Franklin Lakes, NJ) to confirm viability and purity. These strains were mainly 128 

isolated from m-Endo, MI, Colilert, Coliert-18, and Colisure. Among them, 121 isolates 129 

were from finished water or distribution systems, the target sites of the RTCR.  130 

 131 

The remaining bacterial strains were isolated from different source water samples 132 

shipped to the laboratory overnight from 11 water utilities. Water samples were diluted 133 

and tested as described by each method. Individual colonies were picked from membrane 134 

filtration-based methods after incubation. In the case of liquid media, 50 and 200 µl of 135 
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the liquid were spread onto TSA plates. Single colonies were picked from plates after 24 136 

hours of incubation at 35 oC. All the isolates were re-inoculated onto TSA/m-Endo three 137 

times to ensure purity. To eliminate human preference and potential interference, 138 

methods except LTB, m-Endo, and MI were denoted as M-1 to M-9 during the entire 139 

experimental process.  140 

 141 

Individual isolates were tested against their original isolation media, LTB (gas 142 

production), m-Endo (metallic sheen generation), and MI (fluorescence and blue color 143 

change). At the same time, 1- 5 g of wet biomass from each culture were individually 144 

obtained after centrifugation to obtain the cell pellets. The cell pellets were used for 145 

genomic DNA (gDNA) extraction. In addition, each bacterial isolate was preserved in 15% 146 

(v/v) glycerol solution and stored at – 80oC.   147 

gDNA extraction. For majority of the isolates, gDNA was obtained directly from heat 148 

shock methods (24). A tip of biomass pellet was picked using sterile toothpicks into 50 µl 149 

TE buffer, and subjected to heating at 95°C for 10 min. The suspension was then cooled 150 

to 4°C and kept at -20°C until use. Alternatively, genomic DNA from the isolates was 151 

extracted according to the protocol described by Schmidt et al. (25).  152 

PCR. The 16S rRNA gene of individual bacterial cultures was PCR-amplified using a 153 

domain Bacteria-specific primer set, 11F (5’-GTT TGA TCC TGG CTC AG-3’) and 154 

1492R (5’-GGY TAC CTT GTT ACG ACT T-3’) (26). Each PCR mixture (25 µl in 155 

volume) contained 20 to 30 ng of gDNA in 1× Bullseye Taq 2.0 Master Mix (Midwest 156 

Scientific, St. Louis, MI), and 25 nM of forward and reverse primers. The reaction 157 

mixture was subjected to 95 oC for 5 min and 25 cycles of thermal amplification, 158 
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consisting of denaturation (95 oC for 30 s), annealing (55 oC for 45 s), and extension (72 159 

oC for 60 s).  Amplicons were purified before sequencing using Wizard® SV Gel and 160 

PCR Clean-Up System (Promega, Madison, WI) or MultiScreen® PCRµ96 plate 161 

(Millipore Corp., Bedford, MA). 162 

 163 

To PCR amplify lacZ genes, a database containing lacZ gene sequences was used to 164 

design primers for lacZ genes from known cultures. The primer set designed for lacZ 165 

gene amplification was lacZ3153F (5'-AAG ATC ARG AYA TGT GGC G-3') and 166 

lacZ3995R (5'-CAT GCC GTG BGT YTC RAT-3'). Available lacZ gene sequences from 167 

GenBank (http://www.ncbi.nlm.nih.gov/genbank/) were retrieved (as of December 2010) 168 

and input into ARB software (27) to form a database. Primer design was performed using 169 

the established database. To amplify uidA gene, the primer set UAL1228 (5'-ATG TTA 170 

CGT CCT GTA GAA AC-3') and UAR3426 (5'-TTG TTT GCC TCC CTG CTG CG-3') 171 

was used (28). PCR amplification for lacZ and uidA genes was conducted similarly as the 172 

16S rRNA gene.   173 

 174 

Sequencing. 16S rRNA gene sequencing of amplicons was performed using a BigDye 175 

Terminator kit (Applied Biosystems, Foster City, CA) with ABI 3730XL capillary 176 

sequencers at Keck Biotechnology Center, UIUC. Three primers, including 11F, 1492R, 177 

and 907R (5’-CCG YCA ATT CMT TTR AGT TT-3’) (29) were used to obtain nearly 178 

full-length of 16S rRNA gene sequences. Sequences were analyzed using Sequencher 179 

version 4.9 (Gene Codes Corp., Ann Arbor, MI). Alignment was first performed using 180 

Greengenes online tool (http://greengenes.lbl.gov/) (30), and then imported into ARB 181 
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software (27) using greengenes236469 database (released in Nov 2008). Reference 182 

sequences were selected according to the website of List of Prokaryotic names with 183 

Standing in Nomenclature (www.bacterio.net) (31). Phylogenetic affiliation of individual 184 

cultures was determined with a phylogenetic tree constructed with both reference 185 

sequences and isolate sequences. Closely related sequences were grouped into a cohesive 186 

group, first at the species level to a known bacterium (e.g., Enterobacter aerogenes). If 187 

not, it was formed at a known genus level such as Escherichia. If the sequences could not 188 

form a cohesive cluster within a known genus, more than one sub-cluster was proposed 189 

within a genus with a sequence similarity higher than 97% as used for “species” 190 

definition. 191 

Representative lacZ gene amplicons and the uidA gene of all isolates identified within the 192 

Escherichia group from enzyme-based tests were sequenced. Sequencing of lacZ and 193 

uidA genes was carried out using the same chemistry as described above for the 16S 194 

rRNA gene. The primers used for the lacZ gene were lacZ3153F and lacZ3995R, and for 195 

the uidA gene were UAL1228, UAR3426, and UAR2447 (5'-CGA CCA AAG CCA GTA 196 

AAG TAG AA-3'). The sequences obtained were aligned using MUSCLE (32).  197 

 198 

Nucleotide sequence accession numbers. Assembled sequences of 16S rRNA, lacZ, and 199 

uidA genes were deposited in GenBank with accession numbers KR189031-KR190434, 200 

KR424088-KR424292, and KR424293-KR424443.  201 

 202 
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Prediction of correct monitoring results. The conditional probability of coliform 203 

presence/absence in drinking water systems given a positive/negative result by culture-204 

based methods was estimated using Bayes’ theorem  (equations (1) and (2)) based on the 205 

occurrence rates of total coliform and the sensitivity and specificity of individual 206 

coliform testing methods (33). Occurrence rate is defined as the natural baseline level of 207 

total coliform occurrence in water samples taken for Total Coliform Rule (TCR) 208 

compliance. Different combinations of sensitivity and specificity (i.e., 50%, 75%, 90%, 209 

95%, 99%, and 99.5%) were used for the calculation of method effectiveness.  210 

 211 

P(H|POS) = P(POS|H)P(H)P(POS|H)P(H) + P(POS|H )P(H ) 
 

(1) 

P(H |NEG) = P(NEG|H )P(H )P(NEG|H )P(H ) + P(NEG|H)P(H) 
 

(2) 

where H denoted the presence of total coliforms in a water sample; H′ denoted the 212 

absence of total coliforms in a water sample; POS: positive results from culture-based 213 

testing methods; NEG: negative results from culture-based testing methods; P(H) as the 214 

total coliform occurrence rate; P(H′) equal to 1-P(H); P(H|POS) as the probability of a 215 

positive response on culture-based methods that is truly caused by total coliform bacteria; 216 

P(POS|H) as the probability of total coliform bacteria giving positive responses on 217 

culture-based methods and is equal to sensitivity; and P (H′|NEG) as the probability of a 218 

negative response on culture-based methods that is caused by the absence of total 219 

coliform bacteria in the water sample. 220 
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 221 

3. RESULTS 222 

 223 

Composition of isolates from all coliform testing methods. In total, 1404 bacterial 224 

isolates were isolated from LTB, m-Endo, and ten different enzyme-based methods 225 

(Figure S1). The number of isolates varied from 90 for Colisure® to 204 for Colilert®. 226 

Among all the isolates, 1186 (84.5%) were identified as “coliforms” based on positive 227 

responses (i.e. color change or fluorescence production) from their original isolation 228 

media, and the remaining (15.5%, n = 218) as “non-coliforms”. Within each method, the 229 

positive response varied from 71.4% for Chromocult® to 98.4% for MI. It was difficult to 230 

collect isolates exhibiting negative responses from MI, Colilert®, Colisure®, Coliscan®, 231 

and m-ColiBlue 24®, possibly due to the inhibitory compounds present in the media. 232 

 233 

Phylogenetic diversity of coliform isolates based on 16S rRNA gene sequences. A 234 

phylogenetic tree was constructed with 16S rRNA gene sequences obtained in this study 235 

and of reference species (Figure 1A and Table S1) (sequence length mostly > 1250 bp). 236 

TE was used to designate true coliform bacteria from phylogenetic perspective. 237 

Phylogenetic classification of groups that belonged to TE was based on that reported by 238 

Leclerc et al. (23). Leclerc et al. classified coliform bacteria within Enterobacteriaceae 239 

by ortho-nitrophenyl-β-galactoside (ONPG) reaction, fecal origin, and occurrence in 240 

water. Genera that could occur in water with positive ONPG reactions or of fecal origin 241 

were thus considered as TE in this study. The rest of the isolates or non-coliforms that 242 

could interfere with culture-based tests were referred to as NTE. All the sequences were 243 
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grouped into 32 TE clusters and 14 NTE clusters (Figure 1A). Clearly, TE was comprised 244 

of a wide variety of bacterial groups within the family Enterobacteriaceae as a cohesive 245 

cluster and could be differentiated from NTE clusters, including Plesiomonas in the 246 

family Enterobacteriaceae. Within TE, two branches separated the common TE clusters 247 

from those uncommon ones comprised of Providencia, Proteus, and Morganella. The 248 

largest sequence variation between two given clusters within TE was 6.8%. This 249 

indicated a high sequence similarity of the16S rRNA gene among TE clusters, and the 250 

ability of the 16S rRNA gene to effectively differentiate TEs from NTEs.  251 

 252 

Figure 1B revealed the occurrence frequency for each cluster with respect to all coliform 253 

testing methods. The most abundant TE clusters were Enterobacter group VI, followed 254 

by Escherichia, Citrobacter group II, Klebsiella group I, Serratia group II, Enterobacter 255 

group IX, and Enterobacter group X. Seven clusters were observed to contain no more 256 

than seven isolates (0.5% of total isolates), suggesting that these clusters were rare TE 257 

groups during coliform testing. They were Enterobacter group I, Citrobacter group I, 258 

Trabusiella, Pantoea, Erwinia, Enterobacter group III, Enterobacter group IV, 259 

Enterobacter aerogenes, and Yersinia. Among the 14 NTE groups, Aeromonas, 260 

Pseudomonas, Plesiomonas, and Acinetobacter were dominant. All the other NTE 261 

clusters were less frequently detected. 262 

  263 

Sequences of lacZ and uidA genes as additional target genes for TE and E. coli. 264 

Sequences of lacZ and uidA genes that encode GAL and GUD in enzyme-based test can 265 

provide further information on the identity of TE and E. coli. They could be clustered 266 
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into 12 major groups with sequence dissimilarity varying from 13.1% to 36.7% (Figure 267 

2A). However, the clustering topology is different from that observed with 16S rRNA 268 

gene sequences. This inconsistency suggests that lacZ gene is likely not conserved and its 269 

sequence could be influenced by a combination of horizontal gene transfer among the 270 

species and the loss of common ancestor genes (34, 35). Among the 205 sequences 271 

obtained, 42.0% of them were related to Enterobacter/Pantoea lacZ genes (86 sequences), 272 

followed by Escherichia/Shigella/Klebsiella lacZ-like group (20.1%, 43 sequences), and 273 

Escherichia/Klebsiella/Enterobacter lacZ-like group (12.7%, 26 sequences) (Table S2).  274 

 275 

Figure 2A further indicates that the lacZ gene alone is not sufficient to differentiate TEs 276 

from NTEs. This can be exemplified by the high lacZ gene similarities between two 277 

Plesiomonas isolates (NTE) and one Klebsiella group I isolate (TE) in isolate group II. 278 

Furthermore, the low sequence similarity among lacZ genes made it difficult to design 279 

effective primer set for the entire TE group. As a result, isolates from which lacZ gene 280 

amplicons could not be obtained can still be TE, as observed with Serratia group I, 281 

Providencia, Proteus, and Morganella (Table S3). Therefore, methods based on lacZ 282 

gene amplification have limitations in accurately identifying TEs and should only be used 283 

together with other conserved marker genes such as the 16S rRNA gene. 284 

 285 

Figure 2B reveals that the uidA gene sequences are highly similar among all the isolates 286 

in the Escherichia cluster, except three isolates giving no uidA PCR amplicons. Among 287 

the three isolates, one isolate (number N391_S5) is related to E. hermannii as indicated 288 

by its 16S rRNA and lacZ gene sequences. The reason for the failure in yielding PCR 289 
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amplicons from the other two isolates is not clear. One reason could be due to sequence 290 

variations not targeted by the primer set used. The remaining sequences obtained could 291 

be divided into three groups. The sequence homology difference within individual groups 292 

varied from 2.8% for uidA groups I and II to 8.1% for uidA group III, indicating that 293 

sequences within group III had large gene variations. Within group I, four E. coli 294 

O157:H7 uidA gene sequences from the public database are included. It is hard to 295 

differentiate E. coli from and S. sonnei based on uidA gene sequences as they share 296 

almost identical sequences (97.5-99.6%).   297 

 298 

Comparing phenotypic traits of isolates with their genotypic traits. The performance 299 

of coliform testing methods was evaluated by combining the responses of individual 300 

isolates on/in original isolation media with its phylogenetic identity. The results were 301 

shown in terms of sensitivity, specificity, FP rate, and FN rate (Table 1). Sensitivities 302 

were above 85.0% for all 12 methods except LTB (71.8%). Due to the limited number of 303 

NTE isolates obtained, specificity and FP rates were only calculated for four methods. 304 

With the available data, m-Endo and E*Colite® had specificity equal or higher than 90.0% 305 

and Chromocult had the lowest specificity. Three methods had higher calculated FP rates 306 

than FN rates, and m-Endo and E*Colite® media tended to perform better for TE 307 

detection (sensitivity >85.0%, and specificity >90.0%). Furthermore, Colitag, m-308 

ColiBlue 24®, Coliscan® and MI media also exhibited high sensitivities (>95.0%). 309 

However, their specificities could not be properly evaluated due to low or no NTE 310 

isolates obtained. 311 

 312 
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The phylogenetic clustering was further used to evaluate whether culture-based methods 313 

could achieve consistent accuracy across all the TE and NTE subgroups (Figure 3). 314 

Among all the TE clusters, five FNs were identified within Providencia, Serratia group I, 315 

Enterobacter group VI, Morganella, and Proteus, suggesting a low overall FN rate. 316 

Within the NTE groups, Aeromonas and Plesiomonas tended to give more FP results. 317 

Aeromonas could cause FP responses on Chromocult®, Coliscan®, MI, and m-Endo, and 318 

Plesiomonas on Colilert® and Colilert®-18.  Most of these observations were supported 319 

by the lacZ and uidA gene analysis, predicting that Serratia group I, Providencia, Proteus, 320 

and Morganella could give FN results whereas Plesiomonas were likely responsible for 321 

FPs. In addition, the number of TE groups detected by a given method could differ from 322 

seven (Chromocult®) to 23 (Colilert®), suggesting a wide range of variation among all 323 

coliform testing methods in recovering TE or detecting their presence. 324 

 325 

Effectiveness of enzyme-based E. coli detection methods. 145 isolates from ten 326 

different enzyme-based methods that were phylogenetically clustered within the 327 

Escherichia group were compared based on the responses from their original media and 328 

MI, and the presence/absence of uidA genes (Figure 4). 115 (79.3%) were all identified as 329 

E. coli using the three methods. 18 strains (12.4%) were identified as FNs from their 330 

original isolation media. Most of them occurred with MI (seven isolates), and none with 331 

E*Colite®, Colitag™, and Colisure®. The discrepancies in response between the original 332 

isolation media and MI were further observed with 14 isolates from eight of the nine 333 

enzyme-based methods.   334 

 335 
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Of the nine E. coli FPs, four belonged to Yersinia (two from Colisure®, one from 336 

Colilert®-18 and one from Colitag™), and two belonged to Enterobacter group VI (one 337 

each from Colilert®-18 and Readycult®). For the remaining, three were obtained from 338 

Colisure® media, two were in Citrobacter group II and one in Raoultella group I. The 339 

occurrence of FP GUD activity was common with Yersinia strains (36) but rare with 340 

Enterobacter and Citrobacter strains (37). Among all the media, Colisure® tended to 341 

have the most E. coli FPs (five isolates).  342 

 343 

Detection accuracy for isolates from drinking water distribution systems. 121 344 

isolates from drinking water distribution systems, which are the target sites of the RTCR, 345 

were further analyzed (Figure S3). Isolates from the distribution system were affiliated 346 

with 16 out of those 32 TE clusters. The most abundant group was Enterobacter group VI 347 

(59 isolates), followed by Citrobacter group II (12 isolates) and Enterobacter group II (9 348 

isolates). They accounted for 18.2%, 11.8%, and 81.8% of all the isolates within each 349 

group, respectively. Based on the occurrence of frequency, only Trabusiella (6 isolates) 350 

appeared to be specific to drinking water distribution systems. However, Trabusiella are 351 

usually reported to be present in human stool, vacuum cleaner contents, and termite gut, 352 

and are not specific to drinking water distribution systems (38, 39).  353 

 354 

Fewer FP and FN events were observed with isolates from the distribution systems 355 

(Table 2). They were isolated using Colilert®, m-Endo, Colilert®-18, Coliscan®, and LTB. 356 

Among them, two FP and one FN events were detected. One of two FPs was related to 357 

TE identification using Colilert® and was caused by an Aeromonas sp..  The other FP was 358 
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related to E. coli identification using Colilert®-18 and was due to an isolate from 359 

Enterobacter group VI. The only FN event occurred with TE detection using LTB.    360 

 361 

Comparison of the 12 methods against LTB, m-Endo, and MI. The effectiveness of 362 

the 12 methods was evaluated using three culture-based methods (i.e., LTB, m-Endo, and 363 

MI). Isolates were characterized into true positives (TPs), FPs, FNs, and true negatives 364 

(TNs) by their original isolation media (Figure S3). In the TP category (Figure S3 panel 365 

A), TE isolates responded mostly positive to MI and m-Endo, but showed a higher 366 

negative rate to LTB. This was consistent with the detection principle behind those 367 

culture-based methods, as m-Endo and MI targeted the intermediate products of lactose 368 

fermentation, and LTB detected the end products. In the TN category (Figure S3 panel B), 369 

isolates from all the methods also showed negative responses to LTB, m-Endo and MI 370 

except a few isolates from Colilert®-18, Colisure®, Readycult® and E*Colite®. The most 371 

disagreements between the original isolation media and the three testing methods 372 

occurred for isolates belonging to FP and FN categories (Figure S3, panels C and D). MI 373 

gave high rates of positive results within the FP category, while produced the least 374 

number of negative results within the FN category. Isolates that were identified as FNs by 375 

their original media tended to give negative responses with LTB and m-Endo.  In 376 

summary, isolates causing FP and FN in their original isolation media were likely to be 377 

FPs and FNs in other media.  378 

 379 

 380 

4. DISCUSSION 381 
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 382 

Diversity of TE isolates. The term “coliform” has been used to describe lactose-383 

fermenting Enterobacteriaceae since the 20th century. Traditional biochemical tests for 384 

TE are based on phenotypic information including: (i) pH-based reactions that require 15 385 

to 24 hrs of incubation; (ii) enzyme-based reactions that take 2 to 4 hrs; (iii) utilization of 386 

carbon sources, such as indole production from tryptophan and fermentation of glucose, 387 

lactose, and sucrose (40); and (iv) visual detection of bacterial growth (41). Based on 388 

these principles, commercial kits such as API 20E and VITEK 2 systems were developed. 389 

However, phenotypic traits can often be influenced by growth and stress conditions.  As a 390 

result, biochemical tests can sometimes fail to detect important members of TE, such as 391 

Klebsiella spp. and Enterobacter spp. (19). For example, the accuracy of API 20E kit to 392 

identify Enterobacteriaceae is approximately 80-90% for cultures obtained from clinical 393 

laboratories (41).  394 

 395 

Our findings and recent studies support that 16S rRNA genes can serve as a more robust 396 

gene target than traditional biochemical tests in identifying TE down to the genus or 397 

species level (42, 43).  Using 16S rRNA gene based phylogeny, TE could be successfully 398 

classified into at least 32 clusters, and be differentiated from NTE clusters (Fig. 1A). 399 

Although the lacZ gene has often been used in PCR reactions to detect the presence of TE, 400 

the sequence homology of lacZ genes among TE was not well characterized (34, 44-47). 401 

By combining the findings observed from lacZ gene sequences with that of the 16S 402 

rRNA gene, we can effectively predict clusters in Figure 1A that cause FNs and FPs in 403 

TE detections. TE clusters that caused FNs include Providencia, Morganella, Proteus, 404 
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and Serratia group I. The first three clusters are lacZ negative based on the currently 405 

available genome sequences, and the last one, which is closely related to S. marcescens, 406 

possesses a lacZ gene with low sequence homology to known TE (72% with that of E. 407 

coli). For NTE causing FP events, they included Plesiomonas, Aeromonas and Vibrio, 408 

which can produce the enzyme GUD but have lacZ gene sequence distantly related to that 409 

of E. coli (~55% sequence similarity).   410 

 411 

The representativeness of TE obtained in this study was compared with past studies (9, 412 

10, 12, 18, 48), where 16S rRNA gene sequences (by blast searches) or biochemical 413 

reactions from VITEK 2 or API 20E systems were used for bacterial identification and 414 

taxonomy (Figure 5). In each of the past studies, 60-270 bacterial strains were classified 415 

into 14-33 bacterial species based on their own classification methods, and the results 416 

corresponded to 12-16 bacterial clusters as defined in this study. The most commonly 417 

observed clusters were Escherichia, Enterobacter group VI, Enterobacter group II, 418 

Citrobacter group II, Enterobacter aerogenes, Klebsiella group I, Serratia group II and 419 

Aeromonas. The results were similar with our findings except for Enterobacter group II 420 

and Enterobacter aerogenes. The differences are possibly due to a lower number of 421 

bacterial isolates evaluated in previous studies and hence result in a failure to detect these 422 

two groups of lower occurrence. Alternatively, the application of different bacterial 423 

identification methods in the previous studies may have also resulted in the differences.   424 

 425 

Bacterial isolates responsible for FPs and FNs in TE and E. coli detection. In TE 426 

detection, Aeromonas and Plesiomonas are the main causes of FPs observed here and in 427 
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previous studies (9, 12, 13, 18, 49-52). In addition, a number of NTE bacteria could 428 

interfere with TE detection. Within the Gammaproteobacteria subclass, they included 429 

Vibrio vulnificus (53), V. cholerae (50, 54), Pseudomonas pickettii, P. vesicularis, P. 430 

putida, P. maltophila (55, 56), and P. aeruginosa (49). Within the Alphaproteobacteria 431 

subclass, they included Agrobacterium radiobacter, Sphingomonas paucimobilis (56), 432 

and Ochrobactrum anthropi (18). A few strains from Firmicutes and Bacteroidetes were 433 

reported as well, including Aerococcus spp. (56), Streptococcus spp. (55), 434 

Sphingobacterium spp. (56), and Flavobacterium spp. (9). Some of these species were 435 

also detected in this study (Figure 1B). However, they generally cause far fewer problems 436 

than Aeromonas and Plesiomonas, where future improvement in coliform testing media 437 

should be focused. 438 

 439 

In E. coli detection, positive responses are reported based on the GUD activity. However, 440 

this enzyme activity has been detected with non-E. coli species, including members of 441 

Enterobacteriaceae (i.e., E. vulneris (28, 57), Shigella (40-67%) (28, 58, 59), Salmonella 442 

(17-29%) (58, 60), Yersinia (61-63), Citrobacter, Enterobacter, Edwarda, and Hafnia (37, 443 

61, 62, 64, 65)), and members outside the family of Enterobacteriaceae (i.e., Clostridium 444 

spp., Streptococcus spp., Staphylococcus spp.(66), Bacteroides spp. (67), Aerococcus 445 

spp., Bacillus spp. (56), and Corynebacterium spp. (68)). In this study, Yersinia is the 446 

main cause of FPs in E. coli detection. Considering that some Yersinia species are human 447 

pathogens, it may not be an unfavorable outcome.    448 

 449 
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This study observed more FN events than FP events during the E. coli testing. It is 450 

possible that part of the FNs is caused by Shigella spp. (i.e., S. sonnei and S. boydii), 451 

which are hard to be differentiated from E. coli using 16S rRNA and uidA gene 452 

sequences due to high sequence homology (47, 69).  The FN event can also be caused by 453 

GUD-negative but uidA-positive E. coli strains. A best-known example is E. coli 454 

O157:H7, a pathogen of fecal origin and of great public health concern (70, 71), but does 455 

not generate color or fluorescence change in culture-based coliform methods (72). Thus, 456 

more efforts are needed to validate those E. coli detection methods possibly by testing 457 

them against the same E. coli library.  458 

 459 

Effectiveness of current total coliform testing methods. A wide range of FP and FN 460 

rates have been reported (9-15, 48) (Table 3). In TE detection, LTB (or similar methods) 461 

generally gave much higher FPs (>22%) than enzyme-based media (~10%). However, 462 

high FP rates were also reported with Colilert-18 (36.4%) and MI (37.5%). The highest 463 

FN rates for TE and E. coli occurred with MI (26.2%) and Colilert (48.6%), respectively. 464 

In E. coli detection, the reported FN rates (~20%) were much higher than the overall FP 465 

rates (~10%). In contrast, interpreting Colisure®, Coliscan® and Colitag® as methods with 466 

high performance requires caution due to limited data available.  467 

 468 

Our study (Table 1) suggested that several coliform-testing methods could be of concern 469 

to water utilities.  In TE testing, Chromocult® and LTB seemed to have high FPs and FNs, 470 

respectively. In E. coli detection, Colisure® tended to give more FPs, whereas MI and 471 

Colilert® could underestimate its occurrence. Overall, methods that have high sensitivity 472 
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in TE detection and few FNs and FPs in E. coli testing can be good detection methods. 473 

Readycult®, Colilert®-18, Colitag®, m-ColiBlue 24®, and Coliscan® appeared to meet the 474 

criteria.  475 

 476 

Nevertheless, it is critical to have a consistent set of parameters to evaluate how accurate 477 

coliform testing methods could detect total coliform bacteria present in drinking water 478 

systems. The ultimate goal is to reduce the health risks associated with the occurrence of 479 

total coliforms and/or E. coli in drinking water systems. Therefore, risk assessment based 480 

on Bayes’ probabilistic model is used to determine the cutoff of the parameters. The 481 

confidence level or probability of correct detections was estimated based on the natural 482 

total coliform occurrence rate and the 5% compliance level. When a negative response is 483 

obtained by coliform testing methods, the probability (%) of TN as P (H’|NEG) or the 484 

true absence of total coliform bacteria in a water sample is at least 97.3% based on all the 485 

combinations of sensitivities and specificities listed in Table 4. Table 4 further suggests 486 

that for a positive response obtained from a culture-based method that is truly caused by 487 

total coliform bacteria, i.e., the probability (%) of TP as P(H|POS), is greatly influenced 488 

by the specificity levels. However, even with a sensitivity of 90% and a specificity of 489 

99%, only 42.1% of the positive results are expected to be TP events under the natural 490 

coliform occurrence rate. This observation is crucial for method evaluation and 491 

improvement. While the occurrence of FNs could be a concern to public health, FP 492 

events are more problematic because coliform bacteria rarely occur in properly treated 493 

water and the probability of encountering FPs is much higher than FNs. To get a ≥90% 494 
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probability that a 5% TP occurrence is really due to TEs in drinking water systems, a 495 

method achieving at least 95% sensitivity and 99.5% specificity is needed.   496 

 497 

Based on the above analyses, a set of criteria can be used, for example by the USEPA, to 498 

screen and select methods with good performance. To illustrate this concept, the 499 

following criteria are used: (i) calculate the sensitivity and specificity of a method, which 500 

were obtained from approximately 80-100 isolates that comprise 80% of the isolates as 501 

TE; (ii) approve methods using a specificity ≥99.5% and a sensitivity ≥95%, which 502 

corresponds to 90.9% of P(H|POS) and 99.7% of P(H′|NEG) under the 5% compliance 503 

level of TCR (Table 4), respectively. By applying the above-mentioned criteria to those 504 

12 EPA approved methods tested in this study, none of the methods could achieve the 505 

criteria. Although high specificity and sensitivity were observed with E*Colite and m-506 

Endo, they are lower than the designed criteria. No conclusive answer could be made for 507 

the remaining methods, as insufficient NTE isolates were collected to determine their 508 

specificity. To overcome this problem, a library of 100 isolates consisting of 509 

approximately 80 TE and 20 NTE could be selected from this study to test against the 510 

remaining methods.  511 

 512 

Likewise, a reasonable number of Escherichia isolates that give TP, FP, and FN 513 

responses can be selected from this study and used to test against the 10 enzymatic 514 

methods in their ability of correctly identifying E. coli. In this study, 145 E. coli strains 515 

out of 1164 isolates were identified based on 16S rRNA and uidA genes. Among them, 516 

127 are classified as TPs, 9 as FPs, and 18 as FNs.  Assuming that there is no significant 517 
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difference in results among all E. coli testing methods, the sensitivity, specificity, FP rate, 518 

and FN rate could be calculated as 87.6%, 99.1%, 0.88% and 12.4%, respectively. These 519 

observations suggest that the current methods perform better in E. coli testing than in 520 

total coliform detection.  521 

 522 

In summary, using total coliforms and E. coli as bacterial indicators has been in practice 523 

for more than a century, but the specificity in identification is still not satisfactory. 524 

Advances in sequencing technology provide a new perspective to the concept of total 525 

coliforms, their phylogeny, and functionalities. The three target genes (i.e., 16S rRNA, 526 

lacZ and uidA) utilized in this study enable cluster-wise evaluation of culture-based 527 

coliform detection methods. They not only could identify each isolate but also provide a 528 

genetic level explanation during the occurrence of FNs and FPs. A representative library 529 

of isolates can be selected from the databases established in this study and used to test the 530 

effectiveness of both existing and future coliform detection methods. For the currently 531 

approved methods, manufacturers can improve their media formulation to enhance the 532 

specificity of their methods, thus increasing accuracy of all the total coliform/E. coli 533 

testing methods.  534 

  535 



25 
 

ACKNOWLEDGEMENT 536 

This study is funded by Water Research Foundation (WRF) Project #4300 an #4371. We 537 

thank all the water utilities and testing laboratories that sent water and isolate samples to 538 

our lab. We are especially grateful for the comments for the project by Steve Via from 539 

AWWA and project advising members for those two WRF projects. We also thank two 540 

UIUC undergraduate students, Bonnie Coats and Jinwei Hu, for their assistance with 541 

laboratory experiments. 542 

 543 

REFERENCES 544 

 545 

1. USEPA. 2013. 40 CFR Parts 141 and 142 National Primary Drinking Water 546 

Regulations: Revisions to the Total Coliform Rule; Final Rule. Fed. Reg. Vol. 78, 547 

No. 30. 548 

2. APHA, AWWA, WEF. 1998. Multiple-tube fermentation technique; Membrane 549 

filter technique for members of the coliform group; Enzyme substrate coliform 550 

test; , p. 9-47, Standard Methods for the Examination of Water and Wastewater, 551 

vol. 20th Edition. American Public Health Association, Washington, DC. 552 

3. USEPA. 2002. Method 1604: Total Coliforms and Escherichia coli in Water by 553 

Membrane Filtration Using a Simultaneous Detection Technique (MI Medium), 554 

USEPA Office of Water, Washington DC, EPA 821-R-02-024. 555 

4. USEPA. 2005. Manual for the Certification of Laboratories Analyzing Drinking 556 

Water, USEPA Office of Water, Washington DC, EPA 815-R-05-004. 557 



26 
 

5. USEPA. 1992. 40 CFR Part 141 Colilert®, Colilert-18® Final Approval. Fed. 558 

Reg. Vol. 57, No. 112. 559 

6. USEPA. 1999. 40 CFR Part 141 Colisure®-24 hour, E*Colite® and m-coliBlue 560 

24®. Fed. Reg. Vol. 64, No. 230. 561 

7. USEPA. 2002. 40 CFR Part 141 Chromocult® and Readycult® Coliforms 100. 562 

Fed. Reg. Vol. 67, No. 209. 563 

8. USEPA. 2004. 40 CFR Part 141 Colitag. Fed. Reg. Vol. 69, No. 30. 564 

9. Covert TC, Shadix LC, Rice EW, Haines JR, Freyberg RW. 1989. Evaluation 565 

of the autoanalysis Colilert test for detection and enumeration of total coliforms. 566 

Appl. Environ. Microbiol. 55:2443-2447. 567 

10. Brenner KP, Rankin CC, Roybal YR, Stelma GN, Jr., Scarpino PV, Dufour 568 

AP. 1993. New medium for the simultaneous detection of total coliforms and 569 

Escherichia coli in water. Appl. Environ. Microbiol. 59:3534-3544. 570 

11. Chao WL. 2006. Evaluation of Colilert-18 for the detection of coliforms and 571 

Escherichia coli in tropical fresh water. Lett. Appl. Microbiol. 42:115-120. 572 

12. Bernasconi C, Volponi G, Bonadonna L. 2006. Comparison of three different 573 

media for the detection of E. coli and coliforms in water. Water Sci. Technol. 574 

54:141-145. 575 

13. Olstadt J, Schauer JJ, Standridge J, Kluender S. 2007. A comparison of ten 576 

USEPA approved total coliform/E. coli tests. J. Water and Health 5:267-282. 577 

14. Maheux AF, Huppe V, Boissinot M, Picard FJ, Bissonnette L, Bernier J-LT, 578 

Bergeron MG. 2008. Analytical limits of four beta-glucuronidase and beta-579 



27 
 

galactosidase-based commercial culture methods used to detect Escherichia coli 580 

and total coliforms. J. Microbiol. Methods. 75:506-514. 581 

15. Fricker CR, Warden PS, Eldred BJ. 2010. Understanding the cause of false 582 

negative beta-D-glucuronidase reactions in culture media containing fermentable 583 

carbohydrate. Lett. Appl. Microbiol. 50:547-551. 584 

16. Brenner KP, Rankin CC, Sivaganesan M, Scarpino PV. 1996. Comparison of 585 

the recoveries of Escherichia coli and total coliforms from drinking water by the 586 

MI agar method and the U.S. Environmental Protection Agency-approved 587 

membrane filter method. Appl. Environ. Microbiol. 62:203-208. 588 

17. Hörman A, Hänninen M-L. 2006. Evaluation of the lactose Tergitol-7, m-Endo 589 

LES, Colilert 18, Readycult Coliforms 100, Water-Check-100, 3M Petrifilm EC 590 

and DryCult Coliform test methods for detection of total coliforms and 591 

Escherichia coli in water samples. Water Research 40:3249-3256. 592 

18. Kämpfer P, Nienhüser A, Packroff G, Wernicke F, Mehling A, Nixdorf K, 593 

Fiedler S, Kolauch C, Esser M. 2008. Molecular identification of coliform 594 

bacteria isolated from drinking water reservoirs with traditional methods and the 595 

Colilert-18 system. Int. J. Hyg. and Environ. Health. 211:374-384. 596 

19. Aldridge KE, Hodges RL. 1981. Correlation studies of entero-set 20, API 20E 597 

and conventional media systems for Enterobacteriaceae identification. J. Clin. 598 

Microbiol. 13:120-125. 599 

20. Abdallah F, Chaieb K, Snoussi M, Bakhrouf A, Gaddour K. 2007. Phenotypic 600 

variations and molecular identification of Salmonella enterica serovar 601 

Typhimurium cells under starvation in seawater. Curr. Microbiol. 55:485-491. 602 



28 
 

21. Ciebin BW, Brodsky MH, Eddington R, Horsnell G, Choney A, Palmateer G, 603 

Ley A, Joshi R, Shears G. 1995. Comparative evaluation of modified m-FC and 604 

m-TEC media for membrane filter enumeration of Escherichia coli in water. Appl. 605 

Environ. Microbiol. 61:3940-3942. 606 

22. Monday SR, Whittam TS, Feng PC. 2001. Genetic and evolutionary analysis of 607 

mutations in the gusA gene that cause the absence of beta-glucuronidase activity 608 

in Escherichia coli O157:H7. J. Infect. Dis. 184:918-921. 609 

23. Leclerc H, Mossel DAA, Edberg SC, Struijk CB. 2001. Advances in the 610 

bacteriology of the coliform group: Their suitability as markers of microbial water 611 

safety. Annu. Rev. Microbiol. 55:201-234. 612 

24. Keegan H, Boland C, Malkin A, Griffin M, Ryan F, Lambkin H. 2005. 613 

Comparison of DNA extraction from cervical cells collected in PreservCyt 614 

solution for the amplification of Chlamydia trachomatis. Cytopathology 16:82-87. 615 

25. Schmidt TM, DeLong EF, Pace NR. 1991. Analysis of a marine picoplankton 616 

community by 16S rRNA gene cloning and sequencing. J. Bacteriol. 173:4371-617 

4378. 618 

26. Lane DJ. 1991. 16S/23S rRNA sequencing, p. 115-175. In Stackebrandt E, 619 

Goodfelllow M (ed.), Nucleic Acid Techniques in Bacterial Systematics. Wiley, 620 

New York. 621 

27. Ludwig W, Strunk O, Westram R, Richter L, Meier H, Yadhukumar, 622 

Buchner A, Lai T, Steppi S, Jobb G, Forster W, Brettske I, Gerber S, 623 

Ginhart AW, Gross O, Grumann S, Hermann S, Jost R, Konig A, Liss T, 624 

Lussmann R, May M, Nonhoff B, Reichel B, Strehlow R, Stamatakis A, 625 



29 
 

Stuckmann N, Vilbig A, Lenke M, Ludwig T, Bode A, Schleifer KH. 2004. 626 

ARB: a software environment for sequence data. Nucleic Acids Res. 32:1363-627 

1371. 628 

28. Cleuziat P, Robert-Baudouy J. 1990. Specific detection of Escherichia coli and 629 

Shigella species using fragments of genes coding for beta-glucuronidase. FEMS 630 

Microbiol. Lett. 72:315-322. 631 

29. Muyzer G, Teske A, Wirsen CO, Jannasch HW. 1995. Phylogenetic 632 

relationships of Thiomicrospira species and their identification in deep-sea 633 

hydrothermal vent samples by denaturing gradient gel electrophoresis of 16S 634 

rDNA fragments. Arch. Microbiol. 164:165-172. 635 

30. DeSantis TZ, Hugenholtz P, Keller K, Brodie EL, Larsen N, Piceno YM, 636 

Phan R, Andersen GL. 2006. NAST: a multiple sequence alignment server for 637 

comparative analysis of 16S rRNA genes. Nucleic Acids Res. 34:W394-399. 638 

31. Euzeby JP. 1997. List of bacterial names with standing in nomenclature: a folder 639 

available on the Internet. Int. J. Syst. Bacteriol. 47:590-592. 640 

32. Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and 641 

high throughput. Nucleic Acids Res. 32:1792-1797. 642 

33. Kildare BJ, Leutenegger CM, McSwain BS, Bambic DG, Rajal VB, Wuertz S. 643 

2007. 16S rRNA-based assays for quantitative detection of universal, human-, 644 

cow-, and dog-specific fecal Bacteroidales: A Bayesian approach. Water Research 645 

41:3701-3715. 646 

34. Stoebel DM. 2005. Lack of evidence for horizontal transfer of the lac operon into 647 

Escherichia coli. Mol. Biol. and Evol. 22:683-690. 648 



30 
 

35. Lawrence JG. 2001. Catalyzing bacterial speciation: Correlating lateral transfer 649 

with genetic headroom. Syst. Biol. 50:479-496. 650 

36. Ralovich B, Ibrahim GA, Fabian A, Herpay M. 1991. beta-D-glucuronidase 651 

(BDG) activity of gram-negative bacteria. Acta Microbiol. Hung. 38:283-291. 652 

37. Frampton EW, Restaino L. 1993. Methods for Escherichia-coli identification in 653 

food, water and clinical-samples based on beta-glucuronidase detection. J. Appl. 654 

Bacteriol. 74:223-233. 655 

38. McWhorter AC, Haddock RL, Nocon FA, Steigerwalt AG, Brenner DJ, 656 

Aleksic S, Bockemuhl J, Farmer JJ, 3rd. 1991. Trabulsiella guamensis, a new 657 

genus and species of the family Enterobacteriaceae that resembles Salmonella 658 

subgroups 4 and 5. J. Clin. Microbiol. 29:1480-1485. 659 

39. Chou JH, Chen WM, Arun AB, Young CC. 2007. Trabulsiella odontotermitis 660 

sp. nov., isolated from the gut of the termite Odontotermes formosanus Shiraki. 661 

Int. J. Syst. Evol. Microbiol. 57:696-700. 662 

40. Hansen W, Yourassowsky E. 1984. Detection of beta-glucuronidase in lactose-663 

fermenting members of the family Enterobacteriaceae and its presence in 664 

bacterial urine cultures. J. Clin. Microbiol. 20:1177-1179. 665 

41. O'Hara CM. 2005. Manual and automated instrumentation for identification of 666 

Enterobacteriaceae and other aerobic gram-negative bacilli. Clin. Microbiol. Rev. 667 

18:147-162. 668 

42. Woese CR, Fox GE. 1977. Phylogenetic structure of the prokaryotic domain: the 669 

primary kingdoms. Proc. Natl. Acad. Sci. USA 74:5088-5090. 670 



31 
 

43. Liu WT, Stahl DA. 2007. Molecular approaches for the measurement of density, 671 

diversity and phylogeny, p. 139-156, Manual of Environmental Microbiology, vol. 672 

3rd. American Society for Microbiology, Washington DC. 673 

44. Bej AK, McCarty SC, Atlas RM. 1991. Detection of coliform bacteria and 674 

Escherichia coli by multiplex polymerase chain reaction: comparison with 675 

defined substrate and plating methods for water quality monitoring. Appl. Environ. 676 

Microbiol. 57:2429-2432. 677 

45. Fricker EJ, Fricker CR. 1994. Application of the polymerase chain reaction to 678 

the identification of Escherichia coli and coliforms in water. Lett. Appl. 679 

Microbiol. 19:44-46. 680 

46. Tantawiwat S, Tansuphasiri U, Wongwit W, Wongchotigul V, Kitayaporn D. 681 

2005. Development of multiplex PCR for the detection of total coliform bacteria 682 

for Escherichia coli and Clostridium perfringens in drinking water. The Southeast 683 

Asian J. Trop. Med. Public Health 36:162-169. 684 

47. Horakova K, Mlejnkova H, Mlejnek P. 2008. Specific detection of Escherichia 685 

coli isolated from water samples using polymerase chain reaction targeting four 686 

genes: cytochrome bd complex, lactose permease, beta-D-glucuronidase, and 687 

beta-D-galactosidase. J. Appl. Microbiol. 105:970-976. 688 

48. Freier TA, Hartman PA. 1987. Improved membrane filtration media for 689 

enumeration of total coliforms and Escherichia coli from sewage and surface 690 

waters. Appl. Environ. Microbiol. 53:1246-1250. 691 



32 
 

49. Burlingame GA, McElhaney J, Bennett M, Pipes WO. 1984. Bacterial 692 

interference with coliform colony sheen production on membrane filters. Appl. 693 

Environ. Microbiol. 47:56-60. 694 

50. Palmer CJ, Tsai YL, Lang AL, Sangermano LR. 1993. Evaluation of colilert-695 

marine water for detection of total coliforms and Escherichia coli in the marine 696 

environment. Appl. Environ. Microbiol. 59:786-790. 697 

51. Landre JP, Gavriel AA, Lamb AJ. 1998. False-positive coliform reaction 698 

mediated by Aeromonas in the Colilert defined substrate technology system. Lett. 699 

Appl. Microbiol. 26:352-354. 700 

52. Schets FM, Nobel PJ, Strating S, Mooijman KA, Engels GB, Brouwer A. 701 

2002. EU Drinking Water Directive reference methods for enumeration of total 702 

coliforms and Escherichia coli compared with alternative methods. Lett. Appl. 703 

Microbiol. 34:227-231. 704 

53. Davies CM, Long JA, Donald M, Ashbolt NJ. 1995. Survival of fecal 705 

microorganisms in marine and freshwater sediments. Appl. Environ. Microbiol. 706 

61:1888-1896. 707 

54. Edberg SC, Allen MJ, Smith DB. 1988. National field evaluation of a defined 708 

substrate method for the simultaneous enumeration of total coliforms and 709 

Escherichia coli from drinking water: comparison with the standard multiple tube 710 

fermentation method. Appl. Environ. Microbiol. 54:1595-1601. 711 

55. Bej AK, Steffan RJ, DiCesare J, Haff L, Atlas RM. 1990. Detection of 712 

coliform bacteria in water by polymerase chain reaction and gene probes. Appl. 713 

Environ. Microbiol. 56:307-314. 714 



33 
 

56. Tryland I, Fiksdal L. 1998. Enzyme characteristics of beta-D-galactosidase- and 715 

beta-D-glucuronidase-positive bacteria and their interference in rapid methods for 716 

detection of waterborne coliforms and Escherichia coli. Appl. Environ. Microbiol. 717 

64:1018-1023. 718 

57. Holt SM, Hartman PA, Kaspar CW. 1989. Enzyme-capture assay for rapid 719 

detection of Escherichia coli in oysters. Appl. Environ. Microbiol. 55:229-232. 720 

58. Feng PC, Hartman PA. 1982. Fluorogenic assays for immediate confirmation of 721 

Escherichia coli. Appl. Environ. Microbiol. 43:1320-1329. 722 

59. Kilian M, Bülow P. 1979. Rapid identification of Enterobacteriaceae. II. Use of 723 

beta-glucuronidase-detecting agar medium (PGUA agar) for the identification of 724 

E. coli in primary cultures of urine samples. Acta Pathol. Microbiol. Scand. Sect. 725 

B 87B:271-276. 726 

60. Le Minor L. 1979. Tetrathionate reductase, beta-glucuronidase, and ONPG-test 727 

in the genus Salmonella. Zentralbl. Bakteriol. Parasitenkd. Infektionskr. Hyg. Abt. 728 

I Orig. A 243:321-325. 729 

61. Kampfer P, Rauhoff O, Dott W. 1991. Glycosidase profiles of members of the 730 

family Enterobacteriaceae. J. Clin. Microbiol. 29:2877-2879. 731 

62. Manafi M, Rotter ML. 1991. A new plate medium for rapid presumptive 732 

identification and differentiation of Enterobacteriaceae. Int. J. Food Microbiol. 733 

14:127-134. 734 

63. Petzel JP, Hartman PA. 1985. Monensin-based medium for determination of 735 

total gram-negative bacteria and Escherichia coli. Appl. Environ. Microbiol. 736 

49:925-933. 737 



34 
 

64. Perez JL, Berrocal CI, Berrocal L. 1986. Evaluation of a commercial beta-738 

glucuronidase test for the rapid and economical identification of Escherichia coli. 739 

J. Appl. Bacteriol. 61:541-545. 740 

65. Sharpe AN, Parrington LJ, Diotte MP, Peterkin PI. 1989. Evaluation of 741 

indoxyl-beta-D-glucuronide and hydrophobic grid membrane filters for electronic 742 

enumeration of Escherichia coli. Food Microbiol. 6:267-280. 743 

66. Gadelle D, Raibaud P, Sacquet E. 1985. beta-Glucuronidase activities of 744 

intestinal bacteria determined both in vitro and in vivo in gnotobiotic rats. Appl. 745 

Environ. Microbiol. 49:682-685. 746 

67. Skar V, Skar AG, Midtvedt T, Lotveit T, Osnes M. 1986. Beta-glucuronidase-747 

producing bacteria in bile from the common bile duct in patients treated with 748 

endoscopic papillotomy for gallstone disease. Scand. J. Gastroenterol. 21:253-256. 749 

68. Kilian M BP. 1976. Rapid diagnosis of Enterobacteriaceae. I. Detection of 750 

bacterial glycosidases. Acta Pathol. Microbiol. Scand. Sect. B 84B:245-251. 751 

69. McDaniels AE, Rice EW, Reyes AL, Johnson CH, Haugland RA, Stelma GN. 752 

1996. Confirmational identification of Escherichia coli, a comparison of 753 

genotypic and phenotypic assays for glutamate decarboxylase and beta-D-754 

glucuronidase. Appl. Environ. Microbiol. 62:3350-3354. 755 

70. Feng P. 1995. Escherichia coli serotype O157:H7: novel vehicles of infection and 756 

emergence of phenotypic variants. Emerg Infect Dis. 1:47-52. 757 

71. Cahoon FE, Thompson JS. 1987. Frequency of Escherichia coli O157:H7 758 

isolation from stool specimens. Can. J. Microbiol. 33:914-915. 759 



35 
 

72. Doyle MP, Schoeni JL. 1984. Survival and growth characteristics of Escherichia 760 

coli associated with hemorrhagic colitis. Appl. Environ. Microbiol. 48:855-856. 761 

73.       USEPA. 2009. Baseline Conditions; RTCR Draft Economic Analysis – Draft 762 

(EPA-HQ-OW-2008-0876) 763 

  764 



36 
 

Figure Legends 765 

Figure 1. Phylogenetic tree by 16S rRNA gene sequences obtained in this study with 766 

reference sequences (A) and the abundance of isolates belonging to each group (B). In A, 767 

the number of reference sequences was indicated at the beginning of the cluster in 768 

parentheses. In B, the number of isolates belonging to each group was labeled at the top 769 

of each bar.  770 

 771 

Figure 2. Neighbor-joining trees of lacZ (A) and uidA (B) gene sequences obtained in 772 

this study. In A, the numbers at the beginning of each cluster shown as a+b indicated the 773 

number of reference sequences (a) and the number of sequences obtained in this study (b) 774 

that belonged to the cluster. 775 

 776 

Figure 3. Number of isolates showing positive and negative responses in original 777 

isolation media within each targeted Enterobacteriaceae (TE) and non-targeted 778 

Enterobacteriaceae (NTE) group. 779 

  780 

 781 

Figure 4. Evaluation of ten enzyme-based methods for the detection of E. coli. Each cell 782 

represented one culture isolated from a certain method that was identified as Escherichia 783 

by their 16S rRNA genes (e.g., MI, n=11; Colilert®, n=26). Each isolate’s response in/on 784 

original isolation medium was compared with response on MI and the presence/absence 785 

of uidA genes.  786 

 787 
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Figure 5. Distribution of isolated coliform bacteria from different studies. Isolates were 788 

clustered using the groups defined in this study.  Each circle represented relative 789 

abundances of each group in that study. 790 

 791 



Figure 1.  

Figure 1. Phylogenetic tree by 16S rRNA gene sequences obtained in this study with reference 

sequences (A) and the abundance of isolates belonging to each group (B). In A, the number of 

reference sequences was indicated at the beginning of the cluster in parentheses. In B, the number of 

isolates belonging to each group was labeled at the top of each bar.  



Figure 2.  

Figure 2. Neighbor-joining trees of lacZ (A) and uidA (B) gene sequences obtained in this study. In A, 

the numbers at the beginning of each cluster shown as a+b indicated the number of reference 

sequences (a) and the number of sequences obtained in this study (b) that belonged to the cluster.  



Figure 3. Number of isolates showing positive and negative responses in original isolation 

media within each targeted Enterbacteriaceae (TE) and non-targeted Enterbacteriaceae 

(NTE) group. 

Figure 3.  



Figure 4. Evaluation of ten enzyme-based methods for the detection of E. coli. Each cell represented 

one culture isolated from a certain method that was identified as Escherichia by their 16S rRNA 

genes (e.g., MI, n=11; Colilert®,  n=26). Each isolate’s response in/on original isolation medium was 

compared with response on MI and the presence/absence of uidA genes.  
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Figure 5.  

Figure 5. Distribution of isolated coliform bacteria from different studies. Isolates 

were clustered using the groups defined in this study.  Each circle represented 

relative abundances of each group in that study.  



Table 1. Performance of 12 coliform detection methods. 
Number of isolates  % 

Methods TPs FPs FNs TNs Sensitivity Specificity FP rate FN rate 
LTB 74 2 29 0 71.8 N/A N/A 28.2 
E*Colite® 71 2 11 18 86.6 90 10 13.4 
Chromocult® 21 44 3 23 87.5 34.3 65.7 12.5 
Readycult® 96 0 12 16 88.9 N/A N/A 11.1 
Colisure® 80 2 6 2 93 N/A N/A 7 
m-Endo 95 3 7 30 93.1 90.9 9.1 6.9 
Colilert® 181 9 12 2 93.8 N/A N/A 6.2 
Colilert®-18 81 4 5 18 94.2 81.8 18.2 5.8 
Colitag® 78 4 3 9 96.3 N/A N/A 3.7 
m-ColiBlue 24® 108 0 4 0 96.4 N/A N/A 3.6 
Coliscan® 102 9 1 5 99 N/A N/A 1 
MI 113 7 1 1 99.1 N/A N/A 0.9 
 
TP (true positive), TE showed positive responses in original isolation media; FP (false positive), NTE 
showed negative responses in original isolation media; TN (true negative), NTE showed negative 
responses in original isolation media; FN (false negative), TE showed positive responses in original 
isolation media; Sensitivity indicates the ability of a method to correctly identify TE and equals the 
number of TP/number of (TP + FN); Specificity refers to the ability of a method to correctly identify 
NTE and equals the number of TN/number of (FP + TN); FP rate, the number of FP/number of (FP + 
TN) = 1-specificity; FN rate, the number of FN/ number of (TP + FN) = 1-sensitivity. When there were 
not enough isolates for the calculation of sensitivity, specificity, FP rate, and FN rate (i.e., FP+TN<20 
or TP+FN<80), the results are not shown in the table.  
  



Table 2. Responses of isolates from distribution systems (EC: E. coli). 

Isolation 
media 

Number of 
isolates 

FPs   FNs 
Reason   Reason 

Colilert® 
94 TE 

(including 2 
EC), 1 NTE 

TE FP caused by an 
Aeromonas isolate  None 

Colilert®-18 9 TE 
EC FP caused by an 

Enterobacter group VI 
isolate 

  None 

Coliscan® 4 TE None   None 

LTB 1 TE None   
TE FN caused by an 

Enterobacter group V 
isolate 

m-Endo 9 TE, 3 NTE None   None 
 
  



Table 3. Percentages of FPs and FNs in USEPA approved methods (TC: total 
coliforms; EC: E. coli).  

Medium FNs FPs References 
 TC EC TC EC  
LTB N/A  TC: 73.0%  

TC: 21.9%  
EC: 68.0%* 
EC: 18.3%* 

(12) 
(15) 

m-Endo (LES 
Endo) agar 

N/A  TC: 15.4% 
TC: 32.5%  (15) 

(38) 
Colilert® 
  

TC:15.9% 
TC: 0.0% 
TC:20.5% 
  

EC: 48.6%  TC:3.4% 
  
TC: 8.0% 
TC: 4.9% 

EC: 0.0% 
 
 
EC: 0.9% 

(14) 
(13) 
(9) 

(15) 

Colilert®-18 TC: 3.3% 
  
 

 
 
EC: 11.0% 

  
TC: 15.0% 
TC: 36.4% 
TC: 2.3% 

 
EC: 13.0% 
EC: 10.3% 
EC: 0.0% 

(13) 
(12) 
(11) 
(15) 

Colisure® TC: 0.0%    
TC: 8.8% 

 
EC: 18.7% 

(13) 
(15) 

m-ColiBlue 24® TC: 23.0%    
TC: 27.0% 

 
EC: 6.0% 

(13) 
(12) 

Readycult®  TC:15.9% 
TC: 20.0% 

EC:18.9% TC: 3.4% EC: 12.5% (14) 
(13) 

Chromocult®  TC:15.0%  
 

EC:20.3% TC: 3.4%  
TC: 6.9% 

EC: 12.5% 
EC: 5.6%  

(14) 
(15) 

Coliscan®  TC: 0.0%    
TC: 4.9%  

 
EC: 8.1% 

(13) 
(15) 

E*Colite® TC: 20.0%     (13) 
MI agar EC: 4.3% 

TC:26.2%  
TC: 0.0% 
  

 
EC:20.3%  

TC: 6.9%  
TC: 3.4% 
  
TC: 12.1% 

EC: 4.3% 
EC: 37.5% 
 
EC: 3.2% 

(10) 
(14) 
(13) 
(15) 

Colitag™ TC: 0.0%     (13) 
            * Lactose TTC agar with Tergitol 7, a medium similar to LTB.  

  



Table 4. Probability (%) of TP as P(H|POS) and TN as P (H′|NEG) for various 
combinations of method sensitivity and specificity.  

Sensitivity Specificity 
True Negative True Positive 

P (H′|NEG) P (H|POS) 
0.8%* 5.0%* 0.8%* 5.0%* 

50 
95 

99.6 97.3 7.5 34.5 
75 99.8 98.6 10.8 44.1 
90 99.9 99.4 12.7 48.6 
50 

99 
99.6 97.4 28.7 72.5 

75 99.8 98.7 37.7 79.8 
90 99.9 99.5 42.1 82.6 

95 

50 99.9 99.5 1.5 9.1 
75 99.9 99.7 3 16.7 
90 100 99.7 7.1 33.3 
99 100 99.7 43.4 83.3 

99.5 100 99.7 60.5 90.9 

99 

50 100 99.9 1.6 9.4 
75 100 99.9 3.1 17.2 
90 100 99.9 7.4 34.3 
99 100 100 44.4 83.9 

99.5 100 100 61.5 91.2 
 
*The natural baseline level of total coliform occurrence in a TCR water sample, P(H), is 0.8% according 
to USEPA data for community water systems (73), and 5.0% as the compliance level of TCR.  
 
 


