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This study presents evidence for the unfeasibility of enzymatic presence-absence tests to detect one total
coliform or one Escherichia coli organism in 100 ml of drinking water within a working day. The results of field
trials with prototype chemiluminometric procedures indicated that the sensitivity-boosting measures that are
essential to achieve the required speed compromise the specificity of the tests.

Current enzymatic presence-absence (P/A) tests for total
coliforms (TC) and Escherichia coli in drinking water rely on
the detection of B-galactosidase and B-glucuronidase, respec-
tively (12). Commercial versions of this approach, including
Colilert, Colisure, and Fluorocult, employ visual detection of a
color and of fluorescence and take 18 to 24 h to complete. In
view of the constant time pressure for drinking-water labora-
tories to report results (22), the question of whether the per-
formance of enzymatic P/A procedures could be improved to
the extent that they would be capable of detecting one TC or
one E. coli organism in a water sample within a working day
arises. Ideally, such testing should not take more than 3 h, as
most laboratories receive their samples only in the late morn-
ing or the early afternoon. One obvious approach to enhance
the sensitivity of enzymatic procedures would be to use instru-
mental rather than visual endpoint detection. For example,
spectrophotometry reportedly reduced the duration of the
original 24-h Colilert test by 2 to 6 h (17). Using fluorometry,
Berg and Fiksdal (2) and Peterson et al. (13) were able to
detect one fecal coliform per 100 ml of water within 7 h.
However, the corresponding detection time for TC, which pos-
sess lower enzyme activity than E. coli, is substantially longer
(2).

In a previous paper we described how the speed of an en-
zymatic test for TC in liquid medium could be considerably
enhanced by conducting a constitutive B-galactosidase assay in
the presence of a membrane permeabilizer after a brief prop-
agation phase and by using instrumental, particularly chemilu-
minometric, endpoint detection (19). This prototype P/A test
has now been applied in a field study.

Water samples. Natural water samples were collected from
different sites in Flanders, Belgium. They included samples of
surface water, partially purified water, distribution water, tap
water, and well water. In some cases samples were diluted in
order to obtain different levels of coliforms. A total of 80
samples (232 dilutions) and 32 samples (52 dilutions) were
analyzed in the TC and the E. coli tests, respectively.

Seeded water samples were prepared by adding appropriate
dilutions in peptone water of pure cultures grown overnight.
Klebsiella pneumoniae 36 was kindly donated by D. van der
Kooij (Kiwa, Nieuwegein, The Netherlands). All other strains
were isolates from natural waters. Identification was done by
the API 20E or the 20NE test (bio-Mérieux, Marcy I’Etoile,
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France). Overnight cultures were prepared in tryptic soy broth
without dextrose (Difco Laboratories, Detroit, Mich.) but sup-
plemented with 0.001% of isopropyl-B-p-thiogalactopyrano-
side (IPTG; Sigma, St. Louis, Mo.).

Chemiluminometric P/A test for TC. Samples were filtered
over 8.3-mm-diameter Durapore filters (0.45-pm pore size;
Millipore, Bedford, Mass.) with a Biofiltration Unit (Celsis
Lumac, Landgraaf, The Netherlands) connected to a vacuum
pump. Filters were punched out of conventional 47-mm-diam-
eter filters. Each filter was prewetted with approximately 10 ml
of sterile distilled water before 100 ml of the sample was
filtered. Simultaneously, at least three blank samples (i.e., ster-
ile distilled water) were processed in the same way. Following
filtration, the membrane filter was placed in a flat-bottom
Lumacuvette (Celsis Lumac) containing 400 wl of Colicult
(Celsis Lumac) supplemented with cefsulodin (Sigma; 10 pg/
ml) and then vortex mixed. In cases in which a propagation
phase preceded the actual enzyme assay, the cuvettes were
preincubated at 35°C for 5 to 6 h.

To assay B-galactosidase activity, solutions (50 pl each) of
polymyxin B sulfate (100 pg/ml in sterile distilled water;
Sigma) and Galacton-Plus (Tropix, Bedford, Mass.) (90 nM in
0.05 M sodium phosphate buffer, pH 6.5, containing 10 mM
magnesium chloride) were added to the cuvettes, which were
subsequently incubated for another 45 min at 35°C.

Light emission was measured with a Lumac 2500 Biocounter
(Celsis Lumac) after the addition of 100 wl of an alkaline
enhancer (Emerald [Tropix], 1.6 mg/ml, diluted in 0.5 M aque-
ous piperidine) with the pump which is part of the luminom-
eter. The responses (in relative light units) obtained for the
samples (signal) and the blanks (background) were divided to
yield signal-to-background (S/N) ratios, as described by Bron-
stein et al. (5). A sample was considered to yield a positive
response when its corresponding S/N ratio was at least 2 (19).

Validation. Responses were interpreted based on U.S. En-
vironmental Protection Agency guidelines (18). A loopful of
the preincubation mixture was streaked on plate count agar
(Difco) prior to the enzyme assay. After incubation for 24 h at
35°C, all colony types were subcultured until pure cultures
were obtained. If the target organism could be isolated from
the Lumacuvette, a response was considered to be true posi-
tive. A response was termed true negative when no target
organisms were recovered. Target organisms were identified
on the basis of Gram stain, oxidase, and o-nitrophenyl--D-
galactopyranoside (ONPG; B-galactosidase assay) or p-nitro-
phenyl-B-p-glucuronide (B-glucuronidase assay) reactivity.

Reference bacteriological tests. TC were enumerated by the
delayed-incubation TC procedure (12). Besides confirmation
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TABLE 1. Agreement between the chemiluminometric P/A test
for TC and the reference procedure

No. of responses

Test
Negative Positive Total
Reference procedure” 128 104 232
P/A test 75 157 232

“ Delayed-incubation TC procedure.

in lauryl tryptose broth (48 h, 35°C; Difco) and brilliant green
bile lactose broth (24 h, 35°C; Difco), typical colonies were
subcultured on tryptic soy agar (TSA; Difco) and verified for
oxidase and ONPG reactivity.

Aeromonas spp. were enumerated on trehalose ampicillin
agar (16) at 35°C. Typical colonies appeared as yellow on a
dark blue background after incubation for 24 h.

The total count of B-galactosidase-containing bacteria was
determined at 22 and 35°C after membrane filtration and in-
cubation on R2A agar (Oxoid, Ltd., Basingstoke, United King-
dom) (72 h) and TSA (48 h), respectively, each containing 0.1
mg of 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-
Gal; Biosynth AG, Staadt, Switzerland) per ml.

Gram-negative rods were identified on the basis of oxidase
reaction and the API 20E or the 20NE test. Gram-positive
cocci were characterized to genus level with the catalase test,
whereas gram-positive rods were not further differentiated. All
isolates were verified for ONPG reactivity.

Optimized chemiluminometric P/A test for TC in seeded
water samples. With the original chemiluminometric P/A test,
approximately 7 to 10 h was required to detect the presence of
1 CFU of TC seeded in water (19). Enhanced sensitivity has
subsequently been achieved with a new, purposely developed
growth and assay medium (Colicult) in conjunction with a
superior chemiluminogenic substrate (Galacton-Plus) (20) and
with scaled-down sample concentrations, as first described in
this paper. Colicult was further supplemented with cefsulodin
to suppress the growth of Aeromonas spp., as recommended by
Brenner et al. (4) and Alonso et al. (1). The optimized proce-
dure is capable of detecting one TC seeded in 100 ml of water
in a total time (i.e., sample concentration time plus preincu-
bation time plus enzyme assay time) of 6 h (E. coli, K. pneu-
moniae, and Enterobacter intermedius) to 7 h (Citrobacter freun-
dii). Although the long-term goal of a 3-h test could not be
reached with spiked waters, a field trial to test the performance
of the prototype method with naturally contaminated water
samples appeared to be warranted.

Specificity. As shown in Table 1, no agreement was obtained
between the chemiluminometric and the reference procedures,
the difference being significant at a P value of 0.001 (nonpara-
metric chi-square test for proportional data [21]). This dis-
agreement was mainly caused by an extremely high false-pos-
itive rate of 56.7%, resulting in a specificity of only 40.3%.
False-positive responses were the result of the presence of
considerable numbers of B-galactosidase-containing noncoli-
forms (Table 2). On TSA supplemented with X-Gal and incu-
bated at 35°C, the B-galactosidase-containing strains most fre-
quently isolated from water included Aeromonas spp. (37%),
Staphylococcus spp. (22%), Bacillus spp. (22%), and Pseudo-
monas spp. (15%). B-Galactosidase-positive species recovered
at 22°C on R2A agar containing X-Gal mostly belonged to the
genera Flavobacterium (19%), Pseudomonas (15%), and Xan-
thomonas (11%). Although none of these species were found
to propagate at 35°C in Colicult supplemented with cefsulodin,
their B-galactosidase activity was mostly preserved during pre-
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TABLE 2. Recovery of X-Gal-positive bacteria and Aeromonas
organisms and S/N ratio in the chemiluminometric P/A test for TC
before and after preincubation of samples containing no TC*

No. of X-Gal-
positive bacteria

No. of Aeromonas i :
Sample  Type (CFU/100 ml) organisms SN ratio at
recovered at: (CFU/100 ml)

35°C 22°C 0Oh 6h
1 DW 26 2,100 19 1.2 1.3
2 DW 6 TNTC 0 1.4 1.0
3 DW 414 510 10 1.7 2.2
4 DW 1 342 2 2.9 ND
5 DW 0 118 0 3.0 ND
6 ™ 0 0 0 3.1 ND
7 ™ 0 1,000 0 34 2.8
8 ™ 0 6 0 5.0 ND
9 ™ 730 412 0 5.1 6.6
10 DW 66 5,000 9 5.5 ND
11 ™ 1 1,800 0 6.0 6.0
12 DW 0 2,200 0 8.0 ND
13 ™ 2 318 0 8.0 3.9
14 ™ 3 36,000 0 9.0 9.0
15 DW 8 500 0 12.6 10.0
16 DW 6 424 7 13.0 15.0
17 DW 342 TNTC 165 24.7 ND
18 DW 0 20,000 0 25.8 20.1
19 DW 42 TNTC 35 27.0 35.0
20 ™ 12 TNTC 8 29.0 ND
21 ™ 0 11 1 30.0 ND
22 DW 60 4,240 111 42.0 45.0
23 DW 48 TNTC 15 50.0 ND
24 ™ ND TNTC 100 74.0 ND
25 ™ ND TNTC 23 69.0 ND
26 DW 396 20,000 236 113.0 42.0
27 DW 146 20,000 22 400.0  300.0

“ DW, distribution water; TW, tap water; ND, not determined; TNTC, too
numerous to count.

incubation (Table 3). However, the extent of the interference
of nontarget bacteria would be underestimated on the basis of
the X-Gal-positive plate counts at 35°C. The B-galactosidase-
containing species additionally recovered at 22°C (plate counts
differed by 2 to 3 log units from those recovered at 35°C, as
shown in Table 2) will indeed also react “passively” in the
sensitive constitutive enzyme assay. The above three phenom-
ena, i.e., the absence of propagation of nontarget bacteria in
Colicult supplemented with cefsulodin, the maintenance of

TABLE 3. Cell number and chemiluminescent response (S/N ratio)
of B-galactosidase-containing nontarget organisms isolated from
natural water samples, before and after incubation in
Colicult supplemented with cefsulodin (10 pg/ml)

No. of cells Response
Organism (CFU/ml)* at: (S/N ratio) at:
0Oh 6h Oh 6h
Staphylococcus spp. 4 x 10* 6 x 10* 1.5 2.7

Bacillus spp. 1x10>  3x10° 351 3.0
Flavobacterium indologenes 4 x 10° 3 x 10* 2.0 1.9
Sphingomonas paucimobilis 4 X 10> 5% 10" 354 434
Aeromonas hydrophila 2 x 10* 2 X 10? 13.6 12.8
Aeromonas caviae 1x10* 2% 10! 2.0 3.7
Aeromonas sobria 4 x 10* 4 X 10? 32 18.9
Vibrio parahaemolyticus 2 x 10* 1% 10? 3.9 2.9

“ As determined on TSA at 22°C.
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TABLE 4. Recovery of X-Gluc-positive nontarget bacteria from
natural water samples on TSA at 35°C and R2A agar at 22°C
in relation to the corresponding count for E. coli

No. of X-Gluc-positive nontarget
E. coli count bacteria (CFU/100 ml) recovered at:

(CFU/100 ml)

35°C 22°C
5 75 13,200
10 14 93
2 1 38
0 180 160
0 20 30,000
0 22 3,600
40 41 62
4 4 170,000
0 50 20,000
0 50 101,000

their B-galactosidase activity in the course of preincubation,
and the “passive” nature of the interference, were confirmed
with natural water samples containing no TC (Table 2). High-
level responses had already been obtained at time zero, and
these remained roughly unchanged after preincubation. In the
few samples yielding a negative or a very low X-Gal-positive
plate count, high responses may have been caused by the pres-
ence of viable but nonculturable bacteria. “Passive” interfer-
ence of high numbers of nontarget bacteria, i.e., exceeding
20,000 CFU/ml, has also been reported for defined-substrate
tests (7-10). However, the latter include an extended growth
phase of 18 to 24 h, which leads to the predominance of
initially low numbers of actively growing TC over the nongrow-
ing interferences. In contrast, the growth phase of the present
test is too short to shift the equilibrium towards the target
bacterium if the latter occurs in low numbers. For example, if
sample 14 (Table 2), containing 3.6 X 10* X-Gal-positive bac-
teria, harbored one TC and six generations occurred in 6 h, the
final number of target bacteria would only be 64, affording a
ratio of 563:1 in favor of the interfering species.

The rationalization of the high false-positive error in the TC
test was supported by similar findings with a newly developed
chemiluminometric procedure for E. coli. The latter differs
from the TC test only in that it uses B-glucuronidase as a
marker enzyme and Glucuron (Tropix) (90 pM in 0.05 M
sodium phosphate buffer, pH 6.5, containing 10 mM magne-
sium chloride) as a chemiluminogenic substrate instead of Ga-
lacton-Plus. Eighteen samples containing 1 to 10 CFU of E.
coli per 100 ml (mean =* standard deviation = 3.3 * 2.7), as
determined on m FC agar (Difco) and C-EC agar (Biolife,
Milan, Italy) at 44.5°C, already yielded S/N ratios of 53.5 *
97.7 (mean * standard deviation) at time zero. These high-
level responses could not have been solely caused by such low
numbers of the target bacterium, because the chemilumino-
metric test for E. coli has a limit of detectability (S/N ratio of
2) of 2 CFU/100 ml after 9 h of preincubation. Hence, the
presence of other B-glucuronidase-containing nontarget bac-
teria that interfere “passively” was suspected and experimen-
tally confirmed on nonselective media containing 5-bromo-4-
chloro-3-indolyl-B-p-glucuronic acid (X-Gluc, 0.1 mg/ml;
Biosynth AG) as a chromogenic substrate, i.e., TSA (incubated
at 35°C) and R2A agar (22°C). As for TC, the counts on R2A
agar at 22°C were 2 to 3 log units higher than those on TSA at
35°C (Table 4). The interference of B-glucuronidase-contain-
ing nontarget bacteria was further confirmed with water sam-
ples (n = 14) that contained no E. coli but did yield positive
responses, both at time zero (S/N ratio = 3.7 £ 2.9) and after
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5 h of preincubation (S/N ratio = 3.3 £ 2.9). The presence in
water of B-glucuronidase-containing Shigella spp. (3), Fla-
vobacterium spp. (14), K. pneumoniae, C. freundii, and Aero-
monas hydrophila (6) has been reported. In this study, most
B-glucuronidase-containing isolates belonged to the genus Ba-
cillus.

Sensitivity. The chemiluminometric test for TC suffered not
only from low specificity but also from poor sensitivity (81.9%).
Reported sensitivities of defined substrate P/A tests range
from 35% (15) to 94% (10). An important difference between
the approach in this study and the defined substrate technology
(11) lies in the extremely short incubation time of the former.
A propagation phase of only 6 h obviously must fail to recover
many stressed or injured target organisms from water.

Overall, false-negative responses were found mostly with
samples containing fewer than 10 TC/100 ml. However, given
the above-mentioned nonspecificity of the test, the sensitivity
figures may even have been overestimated, because no distinc-
tion could be made between the responses from target and
nontarget bacteria. Furthermore, the addition of cefsulodin as
an extra inhibitor to improve the specificity increased the un-
detected-target error rate from 7.2 to 18.1%, possibly because
of the higher susceptibility of injured TC to this antibiotic.

Conclusion. At first, the negative outcome of a field study of
a new prototype enzymatic P/A test for TC may not appear to
be a finding of great interest and may not even seem worth
reporting. However, the consequences of our observations for
the feasibility of “very rapid” enzymatic P/A tests in general do
appear to be far-reaching. Based on the interpretation of the
high false-negative and false-positive errors of the prototype
TC method, we claim that the sensitivity and particularly the
specificity problems encountered are probably inherent in any
enzymatic P/A test that has the potential of detecting one
target organism in less than 8 h. The paradox is that the
extreme sensitivity-boosting measures, particularly chemilumi-
nometric endpoint detection and sample concentration, are
absolutely essential to the accomplishment of the objective, but
they enhance the detectability of B-galactosidase- or B-glucu-
ronidase-containing nontarget bacteria so much that they start
to interfere in the constitutive enzyme assay. Thus, a funda-
mental conflict arises between the requirements of assay sen-
sitivity (and speed) on the one hand and target specificity on
the other. A preincubation period of 5 to 6 h is too short to
create a predominance of low numbers of TC or E. coli, either
injured or not, over an excess of other bacteria that also con-
tain the marker enzyme. This highly unfavorable ratio between
target and nontarget bacteria would be even more pronounced
in a 3-h P/A test. Such a procedure would hardly involve
bacterial propagation and, consequently, would lose all speci-
ficity for the target organism. Furthermore, it would no longer
have the potential of detecting 1 CFU of TC or E. coli per 100
ml. It is concluded that, unless specificity can be improved, e.g.,
by isolation of the target bacteria, “very rapid” enzymatic P/A
tests will not be applicable in the field because the detection
sensitivity and target specificity requirements cannot be recon-
ciled.
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