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Abstract

Assessment methods for determining the presence and nomber of fecal bactetia and Escherichia coli (E. coll)y in waters, foodstuffs, sowage
effluent, and soils have evolved from multiple tbe fermentations (MTE's) to membrane filtrations (MF's) to, most recently, defined substrate
technologies (D8T7s), Moumting evidence indicates Colilert DST (IDEXX, Westbrook, ME) 1o be a versatile assessment technigque for detecting
and enumerating £, coli over a range of applications. This stedy compured the performance of Colilert DST with a confirmed standard MF
technique using m-FC broth (Millipore, Bedford, MA)1r
vear period from the upper Appomattox River, VA, For the doration of the study, £ coli counts measured by Colilert DST were positively
correlated {Pearson’s correlation coefficient=0.956; slope = 0.97%; p < 0.0001) with £, coli counts measured by confirmed MF procedures. The
results of a two-factor ANOVA revealed that Colilert DST counts compared equally to confinmed MF counts by year (p=0.974), by stream
sampled {p==1.0), and by season (p=0.696). E. coli counts were significantly lower during cold season months (Dec/Jan/Feb) than dunng warm
season months (Jun/Jul/Ang) for sach year contributing to marked vartation in sample quahoy, Counts obtained by Colilert DST compared equally
o those obtained by MF across all samples and dates for the three vears. Colilert DST presents a laboratory protoco] that is simpler to manage,

sessing E. coli in ten different environmental water samples obtained monthly over a 3-

guicker 1o process, and easier to quantify resolts than MF. These factors, plus the enhanced precision and versatility of Colilert DST over the span

of this three-year study attests to its suitability for testing ambient surface waters.

© 2006 Elsevier Lid. All rights reserved.
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1. Introduction

Correlations between enteric diseases and contaminated
water supplies in the 1850s {Smow. 1855) and the subsequent
discovery of microbial disease agents in the 1880s led 1o the
expioration of procedures 1o test for bacterial presence in
water, Theodore Escherich (1885} suggested the use of
Bacillus coli (later Escherichio coli) as a suitable indicator
for fecal contamination since it was found in high densities in
feces and was associated with the typhoid bacillus. In the early
20th Century, microbiologists (Eljkman, 1904; Leiter, 1929)
learned to detect E. coli by observing gas production in glucose
broths incubated at elevated temperatures. This test, called

* Corresponding author. Tel +1 434 395 2586, Tax: +1 434 395 2652,
E-mail address: buckalewdw @longwood edu (1D.W. Buckalew),
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multiple tube fermentation (MTF) used serially diluted test
samples in lactose broth. MTF became known as the Standard
Test for Water Analysis and was a universally applied test for
fecal pollution of water.

Goetz and Tsuneishi (1951) proposed and developed a
membrane filtration (MF) procedare that was found to be more
accurate than MTF and offered a considerable savings in time,
labor, and cost. A variety of defined media were formulated
and tested for use with MF (Clark et al,, 1951; McCarthy et af.,
1961; Geldreich et al., 1965; Rose et al., 1975; Levin et al.,
1975; Presswood and Strong, 1978; Dufour et al., 1981; Messer
and Dutfour, 1998 USEPA, 2000) to isolate, enumerate, and
identify indicator bacteria for water quality assessment. MF
continues to be useful in monitoring drinking, natural, and
wastewater samples and is standard practice in many public
health laboratories in the United States (APHA, 1998).

Bacterial pollution indicators chosen for fresh walers are
predominantly comprised of the coliform bacteria—a group of
small,  facultative, Gram-negative bacilli  (Family
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Enterobacteriaceae), which produce acid and gas from lactose
within 48 h of incubation at 35°C. In time, the use of
‘coliforms’ narrowed to “fecal coliforms” and then to the more
restrictive E. coli (and enterococed) norm currently approved
for fresh water analysis by the U5, Environmental Protection
Agency (198a).

In the late 1980s another water assessment tool, defined
substrate technology (DST), became available (Edberg et al.,
1988). DST simultaneously detects total coliform bacteria and
£, coli by enzymatic hydrolysis of specific substrates, The
method screens for bacteria using selective inhibitors and
elevated incubation temperatures 10 assess enzymatic activity.

One DST medium, Colilert™ {Idexx Laboratories, West-
brook, ME}, atilizes two substrates: o-nitrophenyl-B-p-galac-
topyranoside (ONPG), which screens for B-n-galactosidase, an
enzyme found in laciose-fermenting bacteria and n some
coliform bacteria, and 4-methylumbelliferyl-B-D-glucuronide
(MUG), which screens for B-p-glucuromidase, an enzyme
found in several bacterial species, but predominantly in £ coli
(Tryland and Fiksdal, 1998). Colilert has recently bheen
certified by the USEPA as a viable method for bacterial
assessment of surface waters (USEPA, 2003,

Mounting evidence favors the use of Celilert over other
assessment methods for testing freshwater (Edberg et al., 1991,
Shadix and Rice, 1991; Cowburn et al., 1994, Fiksdal et al.,
1994 Fricker and Fricker, 1996; Eckner, 1998; Grasso et al.,
2000; Pisciotta et al., 2002; Yakub et al, 2002; Niemela et al.,
2003), drinking waler {(Edberg et al., 1988; McFeters et al,
1992; Cowburn et al., 1994 Fricker et al., 1997: Niemela et al.,
20033, wastewarer efffuent (Elmund et al.,, 1999 Kramer and
Lin, 2002: Eccles et al., 2004y, contaminated soils (Muirhead et
al., 2004), and foodstufls (Venkateswaran et al., 1996; Hara-
Kudo et al., 2001) for these bacteria. MF and Colilert methods
are commonly compared and discussed in water guality
literature, bul more comparisons are needed (Francy and
Darner, 2000 o confirm the validity of Colilert.

This study compares the Colilert DST method with a
standard MF method (using m-FC broth) used for testing
Virginia surface waters for quantifying fecal coliforms and £
coli in natural freshwater samples over a 36-month period. This
paper reports one of the first long-term comparison studies
between Colilert and MF methods for ambient waters. The data
were obtained from monthly bacterial assays of water samples
from 10 locations, exhibiting a wide range of bactenial counts,
along the upper Appomattox River and its tributaries in central
Virginia. The results provide critical mformation confirming
the accuracy of the Colilert method, its comparability to a
standard assay, and its applicability for use.

2. Materials and methods
2.1, Sampling locarions

On the third Tuesday of each month over a 36-month period
{Jan 2001-Dec 2003), waler samples were collected from 10

different locations (n=73960) n the upper Appomattox River
watershed 1n central Virginia, within Buckingham,

Table 1
Water sampling sites within the upper Appomattox River watershed, Virginia

Site Luocation {(lat./leng.) VA county

37355/~ T8.555W
BT 3BENS - T8.619W

Cumberland
Prince Edward/

Angola Creek 17 (ANGIT
Appomatiox River 1 (APP1

Appomatiox River 2 (APP2) 307N/ T8 38EW
Cumberiand
Prince Edward
Cumberland
Prince Edward
Prince Edward
Prince Edward
Nottowuy

Buffalo Cresk 15 (BUF13)

185 Creek 16 (GRELS)
Little Saylors Creek 5 (SAYS)
Little Savlors Creek 6 (SAYH)
Big Saylors Creek 7 (SAYT)
Big Saylors Creek 8 (SAYS)
Yaughans Creek 14 (VAL

T26EN/— TR A82W
SN/ —T8.305W
LN/ —TR263W

Prince BEdward

Sampling locations are located near agricultural pastures to varying degrees
within the predmont region of southcentral Virginia

Cumberland, Nottoway, and Prince Edward counties. All sites
are Jocated within a 25-mile radius of the town of Farmville,
Virginia. Sample locations with GPS coordinates are presented
in Table 1. For all sampling locations, the predorminant land use
of the sub-watersheds is agricultaral (beel, dairy, poulfry, row
craps, and hay fields) interspersed with mixed hardwood forest
and low housing density. Seven sampling sites were chosen
from a list of stream sites revealing a history of non-compliance
with Virginia slate standards for fecal coliforms for contact
waters (VA DEQ, [998). Three additional sites, all in the
Savler’s Creek watershed, were chosen for general interest.

2.2, Sampling protocol

Water samples were collected according to standard
guidelines {APHA, 1998}, with at least one held duplicate
sample obtained each month al a randomly chosen site. All
samples were taken on the designated sampling dates, collected
in sterite 18 oz, Whirk-Pak®™ bags (Nasco, Fort Atlinson, WI),
and stored on ice for fransport to the laboratory. All samples

ere processed by MF and Colilert DST within 6h of
collection with separate aliquots aseptically transferred from
the same sample container for comparison (n=792). Addition-
ally, one sample duplicate was randomly selected each month
within each test category.

2.3. Membrane filiration

Fecal coliforms were assayed using a 1% sample dilotion
{1 ml test sample: 99 ml sterile phosphate buffered dilution
water) processed according to APHA (1998). Membrane hilters
{(0.45 um pore size) Millipore, Bedford, MA) were translerred
1o 50 mm petri plates containing 2 ml of m-FC broth (Millipore)
and incubated for 24 +2 hat 44 5+ 0.2 CLAPHA, 1998). Two
sample blanks were processed during the MF (o insure quality of
ditution water each month. Each blue fecal coliform colony was
confirmed for fermentation of lactose (EC broth, BDL, Sparks,
MDY, IMVIC response (brothfagar media - DIFCO Labs,
Detroit, MI) and lack of oxidase (BBL Dryslide, BDL., Sparks,
MD) activity. Confirmation of E. celi from other fecal coliform
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bacteria 15 enhanced by IMVIC testing accompanied hy the
elevated (44.5 “C) incubation temperature (Leclerc et al., 2001),
otherwise referred 1o as the “IMVeC test (Mossel, 1982). Those
isolates not confirming as k. coli were not further identified and
were not nsed in the tabulation of the bacterial count. MF results
were recorded as number of fecal coliform colony-forming units
(CFUs) per 100ml test sample for all comparisons. The
selectivity of the elevated incubation temperature reduced
terference effects due to background bacterial presence on the
m-FC medium. After the 44.5° C incubation, few {<10)
backeround {non-fecal coliform) colonies developed on any MFE
plate. Since many streams in this study contained high numbers
of fecal coliform hacteria, the appropriate sample dilution for
MF processing was 1%, which himited the sensitivity threshold
of the test for sample counts to < 100 CFU/T00 ml for plates
with no colony. All fecal coliform counts of *<100" were
ascribed values of 50 CFU/OO ml for data analyses.

2.4. Colilert DST

Total coliforms and E. coli were assayed using the Colilert
Quanti-tray 2000 technigue using a 25% sample dilution
{25 ml test sample: 75 ml sterile phosphate buffered dilution
water), processed according to manufacturer’s instructions, and
incubated in the same chamber and conditions as the MF
plates. Two sample blanks were processed during each
monthly DST o insure quality of diludon water. Afler
incubaling, wells showing chromogenicity (vellow) and
fluorescing under UV (365 nmy illumination were counted
positive for £ coli. All enumerations were performed using a
most probable number (MPN)-based system with a guantifi-
cation range hetween <1 and 9 676 CFU per 100 mi when
using a 25 ml sample diludon. Aliquots of 100 randomly
selecied wells showing both chromogenic and Huorogenic
responses were aseptically transferred asing sterile, disposable
3 co medical syringes for confirmation of E. coli as described
for presumptive fecal coliforms in the MF procedure. Since all
initial confirmations were positive for E coli, additional
confirmations were reduced to guarterly intervals. Reports
indicate 1dentity confirmation is not required when using
Colilert on freshwater samples (Fricker et al,, 1997, Niemela et
al., 2003). Each 1ot of Colilert media was tested with Quanti-
Cult™ (Chrisope Technologies, Lake Charles, LLA) cultures 1o
check media response. Colilert test results were recorded as
number of total coliform bacteria (not used in this comparison)
and as number of E. coli (CFUs/100 mi) for all comparisons.

2.5, Swistical aralyses

E. coli counts as measured vsing the Colilest method and the
MF method were compared using an independent-samples
t-test (acvoss all years and all streams sampled). A Pearson’s
product moment correlation analysis was used 1o examine the
relationship between £. coli counts measured with the Colilert
method and £ coli counts measured using the MF method. E,
coli counts were also compared using three 2-{actor analysis of
variance (ANGVA) tests. The first ANOVA compared type of

test (Colilert vs, MF) and year of data collecuon (2001, 2002,
and 2003y as dependent variables. A second ANOVA
compared type of test and stream sampled as independent
variables (10 streams total, see Table 1}); the third ANOVA
used type of test and season as independent variables,

Seasonal analyses were conducted due to lemperature
variations during warm and cold seasons in the region where
samples were obtained. The pledmont region of Virginia has a
spasonal climate {average temp for Dec/Jan/Feb is
10.4°79.4°711.1° C, respectively; for Juw/Jul/Aug it is
29 8°/31.5°30.7° ) with an average difference of 21° C
between cold and warm months (Southeast Regional Chimate
Center, 2004; Van der Leeden, 1998). Therefore, bacterial
counts obtained by MF and Colilert DST for ‘cold months’
(Dec,, Jan., and Feb.) and “warm months” (June, July, and
Aug.y were used to examine the performance of both
techniques with respect to seasonal temperatore differences.
All statistical analyses were performed using SPSS 12.0 for
Windows (SPSS, Chicago, L)

3. Results
3.1 Bacterial confirmations

Most (98.7%: 3 074/3 114) of the fecal coliform colonies
isolated on m-FC broth from ME revealed positive confir-
mations for F. coli. The identities of the unconfirmed isolates
were not obtained. Previous studies have found other enterics
(.e. Klebsiella, Enterobacier, Cltrobacter, and others) in
confirmatory tests of MF results (Chao er al, 2003; Eccles
etal., 2004). All 100 of the Colilert Quanti-Tray wellschosen for
bacterial confirmation {revealing positive chromogenic and
fluorogenic reactions) tested positive for the presence of E. coli.

3.2 Independent samples -test and Pearson’s correlation
analvsis

Results of an independent-samples t-test indicated no
significant difference (p=0401) between number of E. coli
measured wsing Colilert (mean = SE: 522.99-77.86) and MF
method (635.82479.82) over the course of the study,
Furthermore, Pearson’s correlation analysis demonstrated a
significant positive relationship (correlation coefficient =
(1.956; p<0.0001) between E. coli counts obtained from
Colilert and MF tests (Fig. 1) over the range of bacterial counts.

3.3, Two-factor analysis of variance

Results of a two-factor ANOVA on E. coli counts by type of
test (Colilert and MF) and vear of data collection (2001, 2002,
and 2003} indicated no significant main effect for type of test

and year of data collection (p==0.974; Fig. 2}. There was a
significant main effect for sampling year (p<0.001) and post-
hoc analysis (Tukey multiple comparisons) indicated a
significant decrease in average . coli counts from 2001 to
2002 (with no significant difference between counts for 2002
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Fig. 1. Signihcant positive relationship (Pearson’s correlation coefiicient =
0.956; p<0.0001) between £, coli counts as measured using the Colilert
(-uxis) and MF (y-axis) methods.

and 2003; see Fig. 2} Similarly, results of a two-factor
ANOVA on £ coli counts by type of test and siream sampled
also demonstrated no significant main elffect (p=0.301) for

type of test and stream sampled (Fig. 3). A significant main
effect for stream (p<0.001) indicated that mean E. coli counts
were different across streams (see Fig. 33 £ coli counts
obtained by MF and Colilert methods for ‘cold months” (Dec.,
Jan., and Feb.) and “warm months” (June, July, and Aug.) were
also compared using a two-factor ANOVA. Again, there was
no significant main effect for type of test (p==0.696) and no
significant interaction {(p=0.741), suggesting that E. coli
counts obtained using Colilert and MF methods were not
different within warm and cold seasons (see Fig. 4}

1300.00

B Calilert
EINMF

)
2
8

1100.00 -

100,00
900.00
800.00-
700.00
BOO.00
500.00
400.00 4
300,004
200.00-
100.00-

Mean E£. coli Counts (+/- SE

0.0G -+

2001 2002 2003
Year

Fig. 2. Mean £, coli counts (- SE) per year of data collection with separate bars
for Colilert and MF counts. No significant matn offect for type of test and ne
interaction between type of test and year of data coliection as indicated by twao-
factor ANOVA (p>(L05) suggest that the two methods were not different
regardless of sampling vear. A significant main effect for year followed by
Tukey muliiple comparisons indicated that E. coli counts were signifi
higher for the first sampling year compared to 2002 and 2003 counts.

A significant main effect for season (p={.048) indicated that
E. coll counts were significantly lower during colder months
than during warmer months (see Fig. 4).

4. Discussion

Virginia's 50,527 free-flowing stream miles have approxi-
mately 11,384 miles (22.5%) that are assessed by VA DEQ for
at least one designated use parameter {2004}, Of those 6938
miles were determined impaired, and 442 out of 494
watersheds contained at least one mmpaired waterway (VA
BEQ, 2004). The leading cause of impairment for designated
uses in Virginia rivers and streams is violation of bacterial
standards (VA DEQ, 2004). As freshwater outlets bring high
amounts of fecal bacteria (fecal coliforms and enterococct) to
coastal areas (Noble et al., 20005, the ilmpact becomes
magnified.

Feeal contamination of surface waters is considered by
many to be a serious health threat in the state of Virginia, and
many laboratories are involved in efforts to monitor the
problem. Labs certified for fecal coliform testing in Virginia
use a standardized MFE technigue for presumptive analysis (VA
DEQ personal communication). While most labs certified for
waler quality assessinent in Virginia are committed to using the
MEF test protocol, interest is growing in the Colilert method and
comparison studies under a wide range of conditions are being
conducted (VA DEQ, personal communication).

This study indicates that the ability 10 measure . codl using
Colilert compares favorably to the Virginia-state standard MF
for measuring fecal coliforms in natural waters, as fong as all
parameters of collection, preservation, and testing are constant.
Over the 36 months of this study, Colilert DST produced
comparable results to MF for measures of bacteria within
sampling years, during cold or warm seasons, and within
streams exhibiting high (e.g. ANG 17, APP 2, 5AY 5, and 83AY
63 or low (e.g. SAY 7 and SAY 8) bacterial numbers. Al each
sampling location, bacterial counts obtained by DST compared
favorably with MF with no significant differences found
between testing methods.

The sensitivity of the Colilert method to low bacterial
numbers is well documented (McFeters et al,, 1992; Niemela
et al,, 2003}, and the test is noted for its ability {o recover
stressed cells in a variety of testing applications (Covert el al.,
1992; Eckner, 1998; Hang et al., 2002; Eccies et al., 2004).
Colilert shows a precision to { 1 cell/100 mi due 1o the high
sensitivity of MUG substrate to the presence of £ coli using
the MPN estimate. Reports indicate B-p-glucuronidase is found
in greater than 95% of E coli strains (Berger, 1994}, is
expressed globally among these strains (Venkateswaran et al,,
1996), and remains stable at 44.5 °C (Tryland and Fiksdal,
1998}, Simularly, Colilert sensitivity was also noted in tesis of
potable water {(Cowburn et al., 1994; Fricker et al, 1997;
Nismela et al, 2003). In this study, the Colilert method
correlated well with the MF method with samples exhibiting
Tow (<300 bacteria/ 100 ml) £, coli counts (Figs. 1 and 3).

In freshwater samples with chromcally high E. celi counts
(=300 bacteria/100 ml), a 1% MF sample dilution alfects
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Fig. 3. Mean E. coli counts {4 SE} per strean with counts from Colilert and MF methods shown separately. No sigrificant muin effect for tvpe of test and no

significant interaction

streams sampled. A

{as demonstrated by two-factor ANOV AL p»>0.05) indicated that £, coll connts were not different usi
cant main effect (p <003} for stream suggested differences in £ coli counts between streams 57

g the two methods for any of the 10

mpled. Letters above error bars show

significant differences among streams as indicated by Tukey multiple comparnsons post-hoc analysis.

the degree of sensitivity of the final count to | CFU {reported as
0 cells/100 ml). In high-count samples, Colilert produced
comparable results to MEP with outstanding frequency as
illustrated by the Pearson correfation (Fig. 1) and the ANOVA
comparisons per individual stream {(Fig. 3). Significantly
higher E. coli counts were obtained during the warm months
of the year (Fig. 4) and, during these months, the Colilert DST
method compared equally to the MF method.

High-count samples may contain a mix of biologics in
addition to fecal bacteria. Attempts o use DST substrates (i.e.
ONPG and MUG) for rapid, nearly instantaneous assessments
of coliform bacteria and E. coli have been compromised by
non-coliform heterotrophs (Tryland and Fiksdal, 1998) and by
plant and algal enzymes (Davies et al, 1994). Addisonally,
tests of tropical water sources using standard Colilert DST
methods reveal interference reactions from non-coliform
bacteria (Pisciotta et al., 2002; Chao et al,, 2003). However,
the majority of these reports include suggestions to ameliorate
such interferences either by modifying the test protocol or by
adding confirmatory tests for £. coli. Although the capacity of
Colilert to accuralely measure total coliforms and £ coli in
tropical waters remains onclear, recent reports indicate that the
Colilert DST method is useful in measaring £. coli in sewage
effluent, sludge, and soils containing a high diversity of
organisms and enzymes { Kramer and Liu, 2002; Yakub et al,,
2002; Eccles et al., 2004; Muirhead et al,, 2004) as well as in
environmental freshwaters from temperate regions.

Owverall, measures of stream quality improved between the
first and subsequent years of the smdy. Possible reasons for this
improvement will not be discussed but could pertain o
differences in precipitation, fiming of sampling relative to

1200

1000

800

600

400

Mean E. coli Count (+/- SE)

200 1

Dec/Jan/Feb

Jun/dul/Aug
Season

Fig. 4. Mean E. coll counts (£ SEY per cold season (Dec., Jan., and Feb) and
warm season (June, Tuly, Aag.) with counts from Colilert and MF methods
shown separately. No significant main effect for type of test and no signmficant
interaction {as demonstrated by two-factor ANOV AL p > 0,05} indicated that £
coli counts were not different for Colilert and MF methods in cold or warm
seasons. A significant maun effect for season (p < 0.05) indicated greater E. coli

counts during warm months.
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precipitation events, reduction of agricultural activity,
implementation of best management practices or combinations
of these reasons. Preliminary data ebtained prior to 2001 from
these sampling locations compared with the higher counts
obtamned during that year.

5. Conclusions

Colilert DST proves to be a reliable testing method for the
determination of E. coli when compured with a standard MF
method for assessing surface waters of the upper Appomattox
River watershed, Virginia. Throughout this long-term study,
the Colilert DST method performed well over a range of
conditions that included high and low bacterial counts and
different sampling seasons. The documented sensitivity of the
Colilert method under various stream quality conditions
suggests that it is not only comparable to a standard MF
method, but that it also exhibits a greater versatility than the
MF method due to its ability to precisely quantify high and low
bacterial counts.

MF technigues are wsed for a wide variety of bacterial
assessments and have wide applications in bacterial testing
protocols, For fecal coliform analyses, Colilert DST screens
specifically for £, coli so no further confirmatory tests are
needed resulting in fewer false positive outcomes. MF Lests are
labor and materials intensive and require a high degree of
techoical skill 1o obtain, interpret, and confirm resulis. In
contrast, the Colilert system is pre- puckaged, which removes
set-up time and decreases the likelihood of a mistake during
prepwork. Additionally, the Colilert system can be used by
persans with mimimal training and still provide reliable results.
Therefore, compared to the MF method, the Colilert DST
method overcomes many of the procedural difficulties of MF,
allows labs to process samples more quickly, and resuits in a
lower cost per sample.

Colilert DST proved 1o be a reliable assessment method
throughout the entire period of this study. Its performance
durmg warm and cold seasons and its rermarkable precision
over the range of stream qualities sampled offer a major benefit
to the testing laboratory. Given the faster setup and processing
time. reduced requirement for glassware and equipment, and
lack of need for additional incubations and time for
confirmatory testing, Colilert DST is an improved methed for
assessing £ coli contamination Tor fresh water stream samples,
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