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uncontrolled variables are present.”

* The study states that Defined Substrate Technology® tests “are not subject to the
numerous interferences that are associated with membrane filtration and, thus, are
more reproducible.”
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Evaluation of Colilert and Enterolert
Defined Substrate Methodology for
Wastewater Applications

Gary P. Yekuo, David A, Castric, Kathleen L. S

ABSTRACT: This study evaluated the utility of defined subsmae
methodology (DSM) for the enumeration of indicator bacteria in
wastewater applications. Two  commercial  products, Cofifert  and
Enterolert systemns  {(Idexx  Laboratories, Westhrook, Maine), were
evaluated for variation, false-positive resulbrs, and method correlation in
soth sorface waters and treated wastewater effiuent. The DEM tests
serformed as well or beter than the taditionsl methodology. The
Colilert total coliform test: was alsp evalugted for its ntility in estimating
fecal collforms by incubation ar 44,3 = 6.2 °C. The modified DEM toal
coliform test correlated well w membrane filiration (Pearson correlation
coelficient 0.8) for two different sumple groups, demonsirating its utifity
as a sereening tool (o estimate fecal coliform densities. Water Environ,
Res., 74, 131 {2002).
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Introduction

Enumeration of water quality indicator bucteria has always been
a critical part of any water quality evaluation. Traditional enumer-
ation methodologies for members of the coliform group (including
fecal coliforms), such as membrane Altration (APHA et al,, 1992)
and multiple tube fermentation {(APHA st al., [992), are labor
intensive, time consuming, require specialized training, and are
guickly overwhelmed by large numbers of sampies.

Idexx Laboratories (Westbrook, Maine) hus developed two
products for the assay of water zamples: the Colilert system for the
simultaneous enumeration of wotal coliforms and Escherichia coli,
and the Enterolert system for the enumeration of members of the
gnterococcus group. Both of these systems use defined substrate
methodology (DSM) to detect the presence of appropriate organ-
isms. This methodelogy s based on an organism’s ability to
metabolize & chromogenic or fluorogenic substrate into a detect-
able end product. Members of the total coliform group use the
enzyme, B-D-galactosidase, to convert o-nitrophenol-f-D-galacto-
pyranocside into the vellow end product, 0~mtrophen01. Escherichia
cofi use the enzyme, B-D-glucuronidase, © convert d-methylum-
belliferyi-B-D-glucuronide (MUG) into the end product, 4-meth-

viumbelliferone, t}*at fluoresces under long wavelength (365 nm)
uv light (Park et al., 1995). Members of the enterococcus group
(Streptococcus faem{is‘, 8. faecium, S, gallinarum, and 5. avium)
also produce the enzyme, B-glucosidase, that catalyzes the pro-
duction of 4-methylumbelliferone at 41 °C. These products gready
reduce the time, labor, and skill level needed w0 perform bacterial
evaiuaiions, allowing a laboratory to process more samples at a
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fower cost per sample (AWWARF, 1993). The U.8. Environmen-
tal Protection Agency (U.5. EPA) has appr:we-u use of the Colilert
method for source waters and fnished drinking waters (1LS. EPA,
[999a).
While many researchers have gxamined the Colilert and Ente-
olert DEM systems for marine and [resh surface waters (Budnick
et al., 1996; Cowburn gt al,, 1994; and Fricker, 1997), the purpose
of this study was to examine the performance of these systems for
applications In wastewater, most notably for the eaumeration of
indic'lt@r bacteria in treated wastewater cs“ﬁumt«: Toward this end,
b the variance associated with the Colilert, Enterolert, and mem-
brane filtration methodelogies in three matrices {Juboratory deion-
iwed water, surface water, and treated wastewater effluent) was
examined; (2} the two Huorogenic methods {(Colilert £ cofi and
Enteroderty for the oceurrence of false-positive resulis were exam-
ineds (33 a protocol to apply the Colilert total coliform test 1w
estimule fecal coliform levels by incubation ar 443 = 02 °C
{referred to as “DSM thermotolerant coliforms” for the purpose of
this studyy was developed and evaluated; (4) the variance of the
D5M thermotolerant coliform test in the three dforementioned
matrices was examined; and (5) the correlation between the DSM
thermotoierant ecliform test and traditional fecal coliform mem-
brane filtzation using two distinet protocols was examined, Addi-
tionally, the levels of water guality bacteria in 11 different water
types were examined to determing if any conclusions could be
drawn between water type and indicator ratio.

Methods and Materials

Indicator Testing. All £ coli enumerations were performed
with the Cplilert system, counting fluorescent wells under 365-nm
UV Hight after incubation at 35 = 0.5 °C for 24 = 2 hours. The
enumerations for DEM thermotelerant coliforms were performed
using the Colilert system by counting vellow-colored wells after
incabation at 44.5 ® 0.2 °C for 24 * 2 houwrs. Group D strepto-
coccus bacteria (enterococcus group pius 5. bovis and S. eguines)
were enwmerated using the Bnterolert system, counting fluorescent
wells under 365-nm UV light after incubation at 41 = 0.5 °C for
24 = 2 hours. Protocols for both the Colilert and Emero]art tests
are similar in that & packet of the appropriste nutrient or indicator
powder is added to [00 mL of sample. After the reagent is
dissolved (typically 3 to § minutes), the semple is poursd inio a
sterile quantitation tray that is mechanically heat sealed into a
series of large and small wells. The tray is then placed into the
appropriate Incubator. All enuwmerations were performed using
Quanti-way/2000 {Idexx Laboratories) trays, which use a most
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probable number-based protocol with a quantitation range from
less than i colony forming unit (cfuy/100 mi to 2419 cfu/100 mL
without sample dilution, All lots of Celilert, Enterolert reagents
(Idexx Laboratories) and Quanti-tray/Z000 trays were tested to
confirm sterility and product performance with the appropriate
positive and negative controls prior to uvse. All fecal coliform
analyses used for the varlance and correlation siudies were per-
formed according w0 Standard Methods (APHA et al, 1892).
Treated effluent samples were portioned into 20-, 10, and 1-mL
aliquots, fltered using sterile techaigues, and grown on swerile
m-FC media (Millipore Corp., Bedford, Massachusetis). Surface
water samples were portioned into 20-, I-, and 0.1-mL aliquots,
filtered using sterile techniques, and growrn on laboratory-preparsd
m-FC media {(Becton-Dickinson Laboratories, Cockeysville,
Marvland), Positive and negative controls were used to monifor
sterility ‘and product performance.

Variation Analysis. Each of the four methods of ennmeration
was subjected 1o two trials of 10 replicate analyses for each trial.
Two trials for each method were performed in laboratory deion-
ized water, a reépresentative surface water, and treated wastewater
effluent to examine the matrix contribution to variation. The data
for each mial set were analyzed for mean recovery, standard
deviation, 95%% confidence interval, minimum and maximom
value, and coefficient of variation (relative standard deviation).
The average coefficient of variation for both trials in each matrix
was calculated for each method and used as 2 measure of variation
for each method in a given sample matrix,

False-Positive Analyses. Both of the fluorogenic methods were
subjected to confirmation methodology to establish false-positive
rates. These analyses were performed on wastewaler samples, and
all positive wells were selected for confirmation. For £ coli,
positive confirmation was by gas production in BC medium (Difco
Laboratories, Sparks, Maryland) after incubation at 44.5 * 0.2 °C
for 24 & 2 hours. Because the E. colf positive wells bad already
produced a positive reaction w the Colilert MUG-based media,
further growtlt with gas production in EC medium at 44.5 £ 0.2 °C
was considered sufficient evidence of specificity for E. coli for the
purposaz of this evaluation. For group D strepiococcus bacteria,
initial positive confirmation was the growth of brownish black
colonies with brown halos on bile esculin azide agar (Difco Lab-
oratories) at 35 = 0.5 °C for 24 = 2 hours (APHA et al, 1992),
verified by subjecting approximately 20% of the positive agar
plates to the enzyme latex agglutination test (APHA et al,, 1992).
These tests were performed nsing the Baltimore Biological Labo-
ratories Streoptocard enzyme latex test (Becton-Dickinson Labo-
ratories). For each method, in both surfacé water and treated
wastewater effiuent, a minimum of 100 large wells and 100 small
weils were tested. False-positive rates were calculated for sach
method as a function of well size and sample matrix.

Correlation Analyses. Two separate correlation studies were
performed to compare the DSM thermotolerant coliform protocol
to the traditional fecal coliform membrane flration protocol. The
specifics of each study are shown in Table 1.

Indicator Ratios in Different Water Types. Eleven different
waler types were monitored on a random basis for DSM thermo-
tolerant celiforms, £. coli; and group D streptococcus bacteria
levels in an attemp! to determine if any conclusions could be
drawn regarding indicater performance as a fanction of water type
and use. The 11 water types included in this study were: primary
and secondary effluents from a large, urban, activated-siudge
wastewater reatment plant (WWTP) (approximate fow of 3 % 10°

Tahle 1—Comparison of two separate correlation
studies.

Correlation A Correlation B

Nurmber of samoles [7) 41 251
Sample matrix Treated effluent Mixed matrices®
Analyst Same Diffarent
Laboratory facility Same Different
Range (CFUM00 miy G265 517 000

Sampling protocol Split sample Pairad samples®

# Matrices include various surface waters ang wastswalar-oon-
taminated walers.

P One sarrple collegted, spiit into twa for ﬂr"tvses.

® Two samples collectad, analyzaed individually

m*/d}; an urban stream flowing through mostly residential-indus-
trial iand use areas; an urban river with mostly heavy industrial
use; a multi-uge river with mostly recreztional use; 2 small surface
water retention pond located at & major commercial landfill; a
small surface water strearmn under the influence of acid mine
drainage {approximately 4 mg/L aluminum, 200 mg/L calcium, 5
mg/L iron, 90 mg/l magnesium, and 4 g/l manganese); primary
influent and secondary effiuent from a small, residential, activated-
slndge WWTP (approximate flow of 4000 m™/d): a stream flowing
through mostly agrieultural-livestock use areas: and alarge, rural
lake with mostly recreational use. Each location was analvzed
using the methodologies presented in this report, and the data were
compared for average indicator ratios,

Resulls and Discussion

I 1986, U.8. EPA released a study evalusting the effectiveness
of fecal coliforms, £, coli, and enterococcus bacteria as indicators
of water quality (ULS. EPA, 1986). In that report, U.S. EPA
characterized facal coliforms as poor indicarors of water guality.
While recogmizing the change in status of the fecal colifprm
analysis, the anthors believe that this analysis will remain impor-
tant (o the wastewater commmunity because of the large volume of
historical data that has been accurnulated using this technigue.

wo-thirds’ of all states still use fecal coliformas to monitor the
quality of both freshwater and muasine water (U.3, EPA, 1559b).

Defined subsirate methodology has been examined for its utility
in drinking water (Edberg ot al., 1989, and Olson et al,, 1951},
fresh surface waters (Olson et al., 1991, and Clark et ak, 1991},
brackish subiropical surface waters [Solo-Gsbriel et al, 20003,
marine enviropments (Palmer et al,, 1993, recreational bathing
waters (Eckner, 1998), food (Venkateswaran er al., 1996), and
correlation in treated wastewater effluents (Fricker et al., 1995
The primary objective of the study was to examine the utility of the
Colilert and Enterolert systems for wastewater applications,

The authors” initial hypothesis, with respect 1o method variation,
was two-Told: {1} that the variation would be greater for membrane
filiration because of physical interference at the membrane surface,
the somewhat subjecrive nature of visual colony enumeration, and
the combised interfersnce from confluent and competing growth;
and {2} that the variation within sach test method would increase
&5 the sample matrix biodiversity and physical complexite in-
creased. Table 2 summarizes. the results for sach method in each
mafrix. These results support the hypothesis that membrane flira-
tion will exhibit greater variability than the corresponding DEM
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‘Table 2—Average percent coefficlent of variance by
method and matrix.®®

Laboratory

Treated Surface deionized
Method affluent water water
Fgeal colform® 311 27.4 288
Thermotolerant coliform® 23.6 18.4 12.9
& ooolf ® 227 16.8 16,8
Group ¢ Streptococcus’ 225 28,7 29.9

# Average of two trials, ten replicates sach tial

“ All rizls have mean recoveries greater than 20 CFUMCD ml.
¢ Standard Methods 32220 (Membrane filtration).

9 Colllert total coliferm test incubated at 44.5 = 0.2 °C.

¢ Colilert E. coll test incubatec at 35 = 0.5 °C.

' Enterciert test incubated at 47 = 0.5 °C.

test. When comparing the coefficient of variance fo the fecal
coliform membrane filtration and the DSM tests for E. cofi and
DSM thermotolerant coliforms, the DSEM test varisnce averaged
8% lower in treated wastewater effiuent, 10% lower in surface
*water, and 14% lower in laboratory deionized water. This suggests
that there is a good deal of variance in colony growth conditions
and colony enumeration for the membrane filter method that is not
seen using the DSM quanttray method. Evidently, the DSM tests
are not sublect (o the namerous interferences that are associated
with membrane filiration and, thus, are morg reproducible.

The second part -of this study In terms of meéthod performance
was an evaluation of the false-positive results in the Huorogenic
methods, o primary concern because of the regulatory environment
in which these analyses are routinaly conducted, For treated waste-
water efffuents, the results are used 1o assses bacterial water quality
under & permitted system in which a high false-positive rate could
result in unnecessary waste of disinfectant, an increase in the
release of disinfection byproducts into the environment, or 2 vio-
lation of a discharge permit. Activated sludge treated wastewater
effluent matrices have a greater biodiversity than typical surface
waters, and, therefore, are believed to have a greater potential for
false~positive results with the fuorcgenic methods. This may be
especially true for £ coll because incubation at 35 °C in a nutrient
media may encournge competing growth from other species in the
matrix. Other studies have demounstrated that some plant, algae,
and bacteria are also capable of B-D-glucuronidase activity that
has been shown to induce a false-positive result with the DSM
technigues (Berger, 1994; Davies et al., 1994; and Landre et al,,
1998), The elevated wemperature used to incubate DEM thermo-
rolerant coliferms, along with & lack of specificity with regard to
the species present, precluded any investigation of false-positive
rates for the DSM thermotolerant coliform analyses. Based on
lzboratory experience, it is the authors’ assumption that elevated
temperature would suppress mest competing noncoliforms or other
OrgAniSms.

Table 3 summarizes results of false-positive anatyses for sach
DSM method as a function of well gize and matrix, For the
enterococcus DSM test, false-positive rates of approximately 5%
wers found that were consistent with the published literature
(Budnick et al., 1996, and Chen et al., 1995 This supports the
assumption that incubation at elevated temperature (in this case, 41
°C) precludes most competition. The E. coli DSM test showed
similar false-positive rates for the surface water matrix, but ele-
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vated false-positive rates for the treated wastewater efffuent ma-
trix. These data suppert the hypothesis thar incubation at a mod-
erate temperature (in this case, 35 °C) and in a sampls matrix of
rich biodiversity could produce elevated false-positive rates in the
Colilert DSM E. coli test. Tt should be noted that further invest-
gation still needs to be done with regard to false-positive testing
for the Colilert DSM E. coli test.

To provide a more thorough investigation of the DSM E. coli
test, a more comprehensive examination of the ability of the
Colilert test to enumerate £, coll in wastewater is planned. Addi-
donally, other studies have indicated difficulties with traditional
gas production confirmation methodologies, most notably the find-
ing that E. ¢oli, in some cases, do not produce gas because of the
lack or loss of the enzyme, formate-hydrogen lyase (Angles
D’ Aurise et al., 20000, Thus, the false-positive resulis obtained for
E. coli should be recognized as a starting point for a mors in-depth
investigation of both the organism and the robusiness of current
confirmation methodologies. It should be noted that the rafe of
false-negative ocourrence was not considered in this evaluation
because other researchers have demonstrated it to be inconsequen-
tial for the DSM analvses (Budnick et al., 1996, and Cowbum et
al., 1994), .

The third part of this study involved assessing the utility of the
current DSM tests to approximate conventional fecal coliforms.
The hypothesis reached was that, by incubating the Colilert towal
coliform test at 44 5 = 0.2 °C, the result should correlate with the
traditional membrane Altration method for fecal coliforms. A
somewhat more sensitive test was also expected because of the
elimination of some of the interferences commonly encountered in
the filtration method. For this evaluation, two different correlation
studies were performed.

Correlation study A was a true split sample comparison of the
two methods performed in treated wastewater effluent, This design
permitted direct comparison of the alternate methods with a min-
imal amount of variation (Table 1). The results were log-trans-
formed and subjected to paired t-fest and Pearson linear regression
analyses using Svstat (V.5.2) statistical software (SPSS Inc., Evans-
tan, 1llineis), Paired s-test results indicated no statistically signif-
icant difference between the two methods (r-statistic = —1.324:
corresponding probability p = 0.2 exceeds the confidence level of
0.03) as they were performed in study A. The Pearson linear
correlation coefficient was 0.8, showing a strong linear correlation

betwesn the two methods.

Table 3—Percent false positive rate by method, matrix,
and well size®

Treated
effluent Surface water
Large Small Large Small
Method wells wells wells wells
E. oo™ 132 175 30 10.7
Group D streptocoocus? 1.8 58 10 3.9

? Percentage of wells that fafed confirmation analyses; minimum
of 100 weils tested for each category.

= Colilert £ coff test incubated at 35 = 0.5 °C.

' Confirmation by growih or gas in EC medium st 445 + 0.2 °C
sfter ytilization of MUG media.

% Enterclart test incubated at 41 = 0.5 °C.
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Table 4-—indicator popma‘don ratio by water type,

Average ratio of
thermotolerant
coliform: £, coli:

Group D

Water type m gtreptococcus

arge wastewalsr primary sffluent 7 132001
Large wastewater secondary efflusnt 7 10181
Urban/findustrial stream 3 751
Urbanfindustrial river 4 19:9:1
Recraational river & 20:8:1
Surfece water retention pondfandiill 4 10:9:1
Small surface water stream/acid mine 8 7821
Small wastewater primary influent 5 S12:
Small wastewater seconcary effiuent 5 48711
Agriculiural stream & 5201
Large recreational lake 3 T

& Mumber of random samples collected
® Indicator results always very low, typically less than 5 CFU/00
mL.

Correlation study B was conducted in 4 less controlled manner
to approximate real-world sampling conditions. The two methods
were performed by several different analysts at two different
faboratory facilities on duplicate samples collected at the same
time from the individual sources. This data set contains field

samples from a variety of matrices {various surface waters and
wastewater-contaminated surface water), The data were log-trans-
formed and the Pearson correlation coefficient for this data set was
0.85. again showing that m&im £xisis between
these two methods. These results suggest that the DSM thermo-
tolerant coliform method is an excellent substitute for the enumer-
ation of fecal coliform bacteria from treated wastewater effluents,
and that the method is robust enough to be used in broad-scale
comparison studies in which a number of uncontrolled variables
are present.

The final part of this siudy determined indicator bacterial pop-
ulation ratios in various water types. Table 4 presents the average
ratios of indicator bacterial populations as a function of water type
and use. Two apparent trends can be noted from these data. First,
in some of the waters that were impacted by human activity {such
as the wastewater treatment, the acid mine stream, and the surface
waler retention pend at the landfill), £ coli levels were observed
to be higher than the DSM thermotolerant coliform levels in some
or all of the individual samples. Because the E. coli levels are
expected 10 be equal or lower by definition, there must be some-
thing, such as false positives, test variation, or other factors,
affecting the test results.

Second, group D sireptococeus levels were much closer to the £
coii levels in the rural and agriculiural waters. This finding may
support the view that group I streptococcus bacteria sre more
commion in the feces of animals than in humans. Purther studies
should be conducted o determine if this ratio could be a useful
index for estimating the relative sources of fecal pollution. It
should be emphasized that these trends are based on z limited
number of observations, which also demonstrates the need for
additional investigations inte these areazs.

Conclusions

Examination of the DEM Colilert and Enterolert tests demon-
strated that they performed equal o or betier thap membrane
filtration with respect 1o test variation in a variety of mattices, This
study was also able to- demonstrate aczeptable rates of false-
positive results for the fluorogenic methods, with the possible
exception of the Colilert E. colf test in the treated wastewater
effluent matrix, As a resull, a more in-depth examination of the
Colilert £. coli test is planned 1o further evaluate its usefulpess in
wastewater applications. The study was also able to demonstrate
the robustness of the DSM thermotolerant coliform method thar

was deveioped as an improved technique for estimating fecal
coliform bacteria. Additionally, the study authors found that, for
the most part, the DSM techniques provided a faster and less
expensive {unpublished observations) alternative lo traditional
methods of bacterial enumeration.
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