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ABSTRACT 
 

Molecular and biochemical assays for GAD, GUD, lysine decarboxylase and tryptophanase were compared 
for their abilities to detect Escherichia coli in large collection of water samples. Following a long period of 
sample collection, strict screening, discarding repetitive samples based on ERIC and (GTG)5 PCR profiling and 
developing a tetraplex PCR, tnaA, uidA, cadA and gadA/B and the corresponding enzymes were evaluated both 
biochemically and molecularly. In this study we found of 189 E. coli strains, 188 (99.47%) isolates were 
positive for gadA/B, while just 169 (89.41%) isolates were positive for glutamic acid decarboxylase assay. Out 
of the 189 isolates, 188 (99.47%), 188 (99.47%) and 172 (91.00%) were positive for tryptophanase, β-D-
glucuronidase and lysine decarboxylase enzymes and 188 (99.47%), 187 (98.94%) and 170 (89.94%) were 
positive for tnaA, uidA and cadA, respectively. Analyzing the results statistically, we determined the bivariate 
correlation between tnaA and tryptophanase, uidA and β-D-glucuronidase, cadA and lysine decarboxylase and 
gadA/B and glutamic acid decarboxylase were 100%, 98.12%, 92.32% and 76.32%, respectively. Finally we 
found the combination of tryptophanase and β-D-glucuronidase activities which can be performed in LMX broth 
can be the best biochemical methods while tnaA, uidA and gadA/B are prominent molecular markers of 
Escherichia coli. 
 
Key words: Escherichia coli; bivariate correlation; ERIC PCR; (GTG)5 PCR; tetraplex PCR. 
 
Introduction 
 

In 1986, Escherichia coli has been established as 
the most reliable indicator of human fecal 
contamination to predict the microbiological quality 
of potable water [12] because it is believed that the 
presence of this bacterium in water can indicate the 
potential fecal contamination and therefore the 
possible presence of enteric pathogens [3]. In the 
latest edition of Standard Methods for the 
Examination of Water and Wastewater, 21th ed., it is 
recommended that for samples which are positive for 
presumptive test, E. coli should be verified. The 
traditional methods of detecting E. coli rely upon 
culturing onto media that selectively permit the 
growth of gram-negative bacteria capable of 
fermenting lactose and producing gas and acid. In 
addition to the methods based on lactose 
fermentation, others such as MUG and tryptophan 
hydrolysis and glutamic acid and lysine 
decarboxylation are also recommended by Standard 
methods for the examination of water and wastewater 
as biochemical methods for E. coli detection. 

Beside biochemical methods, nowadays 
molecular approaches are widely applied in 

diagnostic processes, among which, PCR-based 
methods are used to amplify target nucleotide 
sequences (genes) and so are used to detect 
microorganisms specifically. For example Sequences 
from the uidA [4], coding for GUD, gadA/B [7], 
coding for GAD, tna, coding for tryptophanase 
operon [5] and cadA, coding for lysine decarboxylase 
[13] are reported repetitively as applicable tools for 
tracing E. coli in various samples. 

Different studies have reported different efficacy 
of culture methods versus DNA-based methods to 
detect E. coli in water samples. For example in a 
study it was suggested that a PCR-based method for 
uidA gene detection appeared to identify E. coli in a 
significantly greater number of river water samples 
than does a MUG based phenotypic assay [4]. In 
another study it was proved that the high level of 
false-negative results for E. coli recognition obtained 
by culture methods suggests that they may not be 
appropriate for identification of E. coli strains [2]. 
Other survey conducted by Khan et al. reported that 
their Q-PCR assay revealed a significantly higher 
number of E. coli in water samples as compared to a 
standard culture-based. However Camilla et al. [5] 
reported 12 E. coli strains with indole-positive 
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phenotype did not produce the expected amplicons 
by PCR and attributed this phenomenon to IS 
elements. He believed this result implies that the 
presence of a certain gene doesn't ensure the 
presence and activity of the corresponding enzyme. 
The results gained in these studies are contradictory 
and we wonder the accuracy and sensitivity of 
different E. coli detection methods.  

In the current study, this problem was addressed 
by testing a large number of E. coli strains isolated 
from different geographic origins and serotypes 
encountered in water sources both biochemically and 
genetically to check the accuracy and the sensitivity 
of methods as well as the correlation between a gene 
and the corresponding enzyme. Although there are 
tremendous volumes of researches in this field, none 
of them can be found covering 4 different enzymes 
of E. coli simultaneously. Since it is believed that 
microorganisms from different geographical 
locations and different periods of time may have 
slight differences and most of the previous studies 
had covered just 1 or 2 features, we think it's more 
logical and reasonable to compare the results gained 
in a single study. By the way, 10600 participant 
samples of this study were selected solely from water 
and we ensured the isolated E. coli by applying strict 
screening steps, therefore the huge number of 
participants can help to evaluate the efficiency of 
different methods, to compare the results and finally 
to generalize the gained results. 

 
Materials and Methods 
 
Water samples collection and bacterial strains: 

 
water samples were collected from different 

sources of Alborz province water supplies e.g., deep 
wells, surface and treated (chlorinated) water during 
a 2 year period (from September 2009 to September 
2011) according to standard microbiological 
sampling protocols [3]. They were immediately 
placed in a lightproof insulated box containing ice-
packs to ensure rapid cooling. The autoclaved glass 
bottles, in which the samples were placed, contained 
sodium thiosulfate (3%) to neutralize any free 
chlorine residual, if present. Following sampling, the 
samples were shipped to the Water and Wastewater 
Quality and Hygiene Control Office of Alborz 
province. 

To isolate E. coli, according to method of 9221 
of Standard methods for the examination of water 
and wastewater, at first 10600 water samples 
(approximately 460 samples per month) were 
inoculated to LST (Merck Chemicals, Germany) and 
incubated at 35-37°C for 48 hours (presumptive 
phase). Considering the gas producers as positive 
isolates, the isolates were inoculated to BGBL broth 
(Merck Chemicals, Germany) and incubated at 35-
37°C for 48 hours (confirmed phase). After 
completing the incubation period, the lactose 

fermenters were inoculated into EC broth (Merck 
Chemicals, Germany) and incubated at 44.5°C for 24 
hours (complete phase); subsequently the lactose 
fermenters  were  streaked  on  EMB agar (Merck  
Chemicals, Germany) to isolate thermotolerant 
coliforms colonies and colonies showing metal sheen 
were considered as presumptive E. coli  isolates.  

Since some Shigella sonnei strains are capable 
of fermenting lactose, to differentiate these bacteria 
from E. coli, the isolated bacteria were subjected to 
the secondary screening and so all were tested for 
motility, sorbitol and xylose fermentation. To test 
xylose and sorbitol fermentation, we used phenol red 
xylose broth and phenol red sorbitol broth (Merck 
Chemicals, Germany) and to check the motility, SIM 
medium (Merck Chemicals, Germany) was used. 
 
Genomic fingerprinting of E. coli isolates by ERIC 
PCR and (GTG)5 to avoid any repetitive sample: 

 
The rep-PCR oligonucleotide primer applied in 

this study were ERIC1R (5’-
ATGTAAGCTCCTGGGGATTCAC-3’) and ERIC2 
(5’-AAGTAAGTGACTGGGGTGAGCG-3’): ERIC-
PCR and (5’-GTGGTGGTGGTGGTG-3’): (GTG)5- 
PCR. Amplifications were performed with a thermal 
cycler ABI verity 96 well, as described by Versalovic 
et al. (1994). The PCR products were 
electrophoresed in a 1% agarose gel, visualized by a 
Gel DocTM XR+ (BIORAD) and analyzed by Image 
LabTM software. To avoid any repetitive strain, all of 
the isolates having both the same ERIC and (GTG)5 
profiles were discarded. The gel separated PCR 
amplicons for (GTG)5 PCR are shown in Fig1. 

After collecting, screening and genomic 
fingerprinting the water samples, all were subjected 
to biochemical and molecular tests applying the 
following methods. 

 
Biochemical assays: 
 
β-D-glucuronidase assay: 

 
According to Standard methods for the 

examination of water and wastewater (method 
9221F), all of the isolates were inoculated to  LMX 
broth (Merck Chemicals, Germany) containing MUG
 (4 methylumbelliferyl-β-D-glucuronide) 
substrate and were incubated at 35-37°C for 24 hours. 
Blue fluorescence under long wave UV light 
confirms the β-D-glucuronidase activity and 
production of the fluorogenic compound (4-
methylumbelliferone) in positive isolates. 
 
Tryptophanase assay: 

 
According to Standard methods for the 

examination of water and wastewater (method 
9225D), all of the isolates were inoculated to LMX 
broth containing tryptophan and incubated at 35-37°C 
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for 24 hours. Trypthophanase activity and so indole 
production can be observed by adding Kovac's 
reagent (Merck Chemicals, Germany) and formation 
of red ring on the surface of the broth. 

 
Glutamic acid decarboxylase assay: 

 
According to Standard methods for the 

examination of water and wastewater (method 9221 
F), all of the isolates were enriched in LST broth at 
35-37°C for 24 hours and 5 ml of such enriched 
media was centrifuged at 1006*g for 10 min. The 
supernatant was discarded and the cells were 
resuspended in 5 ml phosphate buffer. Bacterial cells 
were concentrated at 1006*g for 10 min once again. 
The supernatant was discarded and 1 ml GAD 
reagent was added and swirled vigorously. After 1 to 
4 hours incubation at 35°C, the presence of a blue 
color was considered as positive response for 
glutamic acid decarboxylase activity.  

 
Lysine decarboxylase assay: 

 
This enzyme is inducible under anaerobic 

conditions at pH 5.5 and can decarboxylate L-lysine 
to cadaverin, an alkaline product. To apply this test, 
according to Standard methods for the examination 
of water and wastewater (method 9225 D), we chose 
decarboxylation basal medium according to Moeller 
formula with L-lysine dihydrochloride (Merck 
Chemicals, Germany). After inoculation and adding 
sterile mineral oil and incubating at 35-37°C for 48 
hours, color change from yellow to violet or reddish-
violet constitutes a lysine decarboxylase positive 
activity. 

 
Genetical assays: 
 
DNA extraction: 

 
The screened isolates were enriched in LST 

broth at 35-37°C for 24 hours. 2 ml of such enriched 
medium was centrifuged at 1006 *g for 10 min. The 
supernatant was discarded and the cells were 
resuspended in 5 ml phosphate buffer. Bacterial cells 
were concentrated at 1006 *g for 10 min once again. 
Discarding the Supernatant and following biomass 
concentration, applying AccuPrep® Genomic DNA 
Extraction Kit, DNA was extracted. To ensure the 
efficiency and suitability, we evaluated 5µl of the 
extracted DNA by electrophoresis on 1% agarose gel 
in 1x TBE buffer. 

 
Designing the specific Primers: 

 
The target genes were uidA, tnaA, gadA/B and 

cadA encoding for β-D-glucuronidase, 
tryptophanase, glutamic acid decarboxylase and 
lysine decarboxylase, respectively. 

To design the primers sets of interest, following 
downloading different variant of one gene belonging 
to different strains and substrains of E. coli from 
NCBI and aligning them all in Allele ID 7.6, we 
selected primers sets from the conserved sequence of 
the aligned sequences. To ensure the adequacy of 
primer sets and PCR optimization, we conducted 4 
single PCRs. The primers were obtained from 
Bioneer, Korea. 

 
Table 1: PCR primers and specific pmols of the primer sets per reaction 

Target gene Primers (5' to 3') Amplicons size 
(bp) Primer concentration (pmol) 

tnaA CGATGGTCTGGAAGAGAT 370 16 GGTGAAGTGACGCAATAC 

gad A/B GAATTATATCTTGATGGCAACG 425 8 TCCATAAACAACTGACCG 

cadA GATGATGATGAGCGATGTTA 1020 12 TGAGCCAGTTCCTGAATA 

uidA CGAAGTCTTTATACCGAAA 1363 20 ATACTCTTCACTCCACAT 
 
PCR conditions: 

 
The gene amplification protocol was performed 

by ABI verity 96 well thermal cycler in reaction 
mixture at a final volume of 25μl consisting of 12.5 
μl, 2x CinnaGen PCR master kit containing Taq 
DNA Polymerase (recombinant), PCR buffer, 
MgCl2, dNTPs, in addition to 1µ DNA template  and 
specific pmols of each set of primers (listed in Table 
1).  

PCR amplification cycle included initial 
denaturation at 95ºC for 3 min, followed by 30 cycles 
of denaturation at  95ºC for  30 sec,  annealing at  58 
ºC for 1 min and extension at 72ºC for 90 seconds. 

The final stage was an extension cycle at 72ºC for 5 
min. PCR products were evaluated by electrophoresis 
in 1% agarose gel containing SYBR green and 
visualized by a Gel DocTM XR+ (BIORAD) and 
analyzed by Image LabTM software. The gel 
separated PCR amplicons are shown in Fig 2. 
 
2.5  Data analyzing: 

 
To analyze the gained results, we used PASW 

statistics 18 (SPSS). The purpose of such analyzing 
was to determine the most ubiquitous gene(s) and the 
most efficient phenotypic method(s) of E. coli 
detection in water as well as assessing the bivariate 
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correlation between the genetic sequence of a gene 
and its corresponding enzyme. 

 
Results: 

 
In this study, among 10600 water samples 

collected within a 2 year period, 270 suspect E. coli 
strains were isolated and in order to differentiate the 
Shigella strains, all were subjected to secondary 
screening step (xylose and sorbitol fermentation and 

motility test). However all were detected as E. coli 
strains. The digitized results of (GTG)5 and ERIC 
PCR genomic finger printing showed 189 different 
and 81 repetitive (similar) banding profiles and so we 
conducted the main procedure applying just 189 
different samples. To set up the tetraplex PCR, 
different ratio of designed primers were combined 
and finally the best specific pmoles (listed in Table 
1) were evaluated to optimize the multiplex PCR.

 
 

 
 

Fig. 1: (GTG)5-PCR fingerprints of environmental E. coli isolates. 
 
Of 189 E. coli isolates from water sources, 188 

(99.47%) isolates were positive for gadA/B, while 
just 169 (89.41%) isolates were positive for glutamic 
acid decarboxylase assay. Out of 189 isolates, 188 
(99.47%), 188 (99.47%) and 172 (91.00%) were 

positive for tryptophanase, β-D-glucuronidase and 
lysine decarboxylase enzymes and 188 (99.47%), 
187 (98.94%) and 170 (89.94%) were positive for 
tnaA, uidA and cadA, respectively.  

 
 

 
 

Fig. 2: Gel analysis of  uidA, cadA, gadA/B and tnaA gene fragments .Lanes: 1, 100-bp ladder; 2-18, PCR 
product from amplification with uidA (1363 bp), cadA (1020 bp), gadA/B (425 bp) and tnaA (370 bp). 

 
Analyzing the mentioned results using PASW 

statistics 18 (SPSS) and assessing the bivariate 
correlation between a single gene and the 
corresponding enzyme (being positive or negative for 
both of molecular and biochemical assays), we found 

the highest correlation was between tnaA and 
tryptophanase (100%) followed by uidA and β-D-
glucuronidase (98.12%), cadA and lysine 
decarboxylase (92.32%) and gadA/B and glutamic 
acid decarboxylase (76.32%) (table 

 
 

 
 

uidA 1363 bp 
cadA 1020 bp 

gadA/B 425 bp 

tnaA  425 bp 

1 2 3 4 5 6 7 8 9 10 

 

12 13 14 15 16 17 11 
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Table 2: No of positive isolates and the bivariate correlation between a gene and the corresponding enzyme 
gene and the corresponding enzyme No. of isolates 

positive for the 
target gene 

No. of isolates 
positive for the 
target enzyme 

No. of isolates containing 
both target gene and enzyme 

 
Bivariate 
correlation 

uidA and GUD 187 188 187 98.12 
gadA/B and GAD 188 169 164 76.32 
tnaA and tryptophanase 188 188 188 100% 
cadA and lysine decarboxylase 170 172 168 92.32 

 
Discussion: 

 
The goal of this study was to compare the 

efficacy of four different culture and DNA-based 
methods to detect E. coli in water samples by 
comparing uidA, tnaA, gadA/B, and cadA and 
corresponding enzymes.  

In this study we tested β-D-glucuronidase 
activity (MUG hydrolysis) using fluorocult LMX 
broth and found 188 (99.44%) of the isolates were 
capable of MUG hydrolysis while uidA could be 
detected in 187 (98.94%) of the isolates which 
implies a great coordination between the enzyme and 
the corresponding gene. Similarly Mcdaniels et al. 
conducted a survey which showed 97% of the 
isolates carried uidA, and 95% were GUD positive. 
Our results showed an acceptable consistency with 
Mcdaniels et al. both phenotypically and genetically. 
In another survey conducted by Andrée et al. [1] 74 
tested E. coli strains of different geographic origins 
and serotypes using four glucuronidase-based 
commercial cultures including Colilert® (Colilert), 
Readycult® Coliforms 100 (Readycult), 
Chromocult® Coliform agar ES (Chromocult), and 
MI agar (MI). Chromocult, MI, Readycult, and 
Colilert detected β- glucuronidase production from 
respectively 79.9, 79.9, 81.1, and 51.4% of the 74 E. 
coli strains tested. Comparing these results implies 
the great recovery of LMX broth which is highly 
efficient in E. coli detection. 

Tryptophanase gene and corresponding enzyme 
were other assays performed in this study. Of 189 
isolates, 188 were positive both for tnaA and 
tryptophanase activity implying excellent 
coordination between tnaA and tryptophanase. As 
Camilla et al. [5] described, Tryptophanase operon 
(tnaOP) is a region consisting of two major structural 
genes. This operon enables the bacterium to 
metabolize L-tryptophan as a source of nitrogen. 
Camilla et al. [5] tested 118 E. coli strains in which 
105 (89%) were positive and 98 out of 100 non-E. 
coli strains (98%) were negative for tnaOP. In 
addition to determination of tnaOP structure, they 
reported Thirteen E. coli strains, 12 with an indole-
positive phenotype, because of IS elements, did not 
produce the expected amplicons.  IS elements have 
often been associated with negative phenotypes since 
they can disrupt the functionality of the genes 
product [6,9].  

Lysine decarboxylase is an inducible enzyme 

under anaerobic conditions at pH 5.5 and by adding 
lysine to the culture medium [13]. This test is another 
assay to detect E. coli. However it is not of such 
specificity for E. coli because some other coliforms 
and Salmonella spp. carry the cadA gene and are 
capable of performing such test. In this survey we 
found 170 (89.94%) of the isolates were positive for 
cadA gene while 172 (91.00%) performed the lysine 
decarboxylation test. As it is shown in Table1, the 
number of lysine decarboxylase positive of E. coli 
exceeds the isolates carrying the cadA gene. We can 
attribute such discrepancy to inducible lysine 
decarboxylase which is completely separate from the 
constitutive one [13]. In another words, the isolates 
not carrying the constitutive lysine decarboxylase 
gene (cadA) may have the inducible one which 
results in increasing the number of positive lysine 
decarboxylase isolates phenotypically. 

The results of our study on GAD efficacy are not 
consistent with previous findings since we found 
gadA/B in 99.47% and GAD activity just in 89.41% 
of isolates, while Rice et al. [10] following 
introducing phenotypic GAD assay reported this trait 
was 95% specific for E. coli strains. They believed 
GAD assay was a significant phenotypical assay to 
detect E. coli. McDaniels et al. [7] used both 
phenotypic and genotypic assays and detected GAD 
in 62 of 64 E. coli isolates tested and gadA/B in all 
64, including the pathogenic groups that are 
implicated in food-borne illness. McDaniels et al. [7] 
examined 32 enterovirulent E. coli strains. Michael 
Grant et al. [8] extended the number of virulent 
strains known to contain gadA/B by 173, including 
numerous atypical variants. They believed gadA/B 
can be an applicable screening gene to differentiate 
Shigella and E. coli strains. The same as Michael 
Grant et al, our results showed gadA/B can be a 
suitable genetical marker for E. coli detection since 
99.47% of the E. coli isolates could be detected in 
our study by tracing gadA/B. however GAD reagent 
can't be a remarkable phenotypical method to detect 
E. coli if enriched in LST broth. 

 
Conclusion: 

 
Comparing 4 E. coli specific genes and 

corresponding enzymes, we determined the most 
appropriate biochemical methods are those based on 
MUG and tryptophan breaking which can be tested 
efficiently and simultaneously using LMX broth. In 
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current study we found no E. coli isolates to make 
negative results for both MUG and tryptophan 
hydrolysis and so targeting these enzymes in LMX 
broth and responding at least one of them can be 
helpful to detect E. coli in water samples. By the 
way, while using LMX broth, the sample is 
inoculated into the culture media tube directly and 
following 24 hours incubation, such media can 
confirm simultaneously coliforms and E. coli in a 
single sample, no need to apply time consuming 
steps of confirmed and complete phase of standard 
multiple tube fermentation techniques based on gas 
and acid production from lactose. In addition to 
biochemical findings, we found the most ubiquitous 
genes (of 4 tested genes) in E. coli isolates were 
gadA/B, uidA and tnaA so can be used in efficient 
molecular detection of E. coli in water samples. 
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