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The public reasonably expects that their drinking water is safe
and palatable. Drinking water suppliers, in cooperation with
government regulators, strive to ensure high quality potable
water. Current regulations address the public health concern
by setting maximum contaminant levels (MCLs) allowed for po-
tential contaminants in distributed water. There are MCLs for
synthetic organic chemicals, lead and copper levels, disinfection
by-preducts, and microorganisms. The regulatory strategy is to
provide standardized detection and monitoring criteria to the
utilities for use in demonsirating that the water is safe.

Microbiological pollution of potable water is one of the
most prominent issues. According to a public communication
from the American Society for Microbiology, U.S. National
Center for Health Statistics data indicate that as much as
$300 million to $3 billien may be spent annually on hospital
costs associated with diseases caused by waterborne microbes
in the United States (1), The causative agents of waterborne
disease are enieric bacteria, protezoans, and viruses. It has
been estimated that annual disease rates in the United States
attributable to bacterial pathogens (Salmonella, Shigella,
Campylobacter, and Escherichia coli) are 550,000 cases per
year (2), There are also an estimated 260,000 cases per year
of symptomatic giardiasis {due to the parasite Giardia lam-
blia), 420,000 cases of cryptosporidiosis (due to the parasite
Cryptosporidium parvum), and 6.5 million cases of viral
gastrointestinal infections (2). These figures indicate that,
although most systems are performing extensive monitoring,
there are still instances where the current approach fails to
adequately protect public health.

Historically, waterborne disease was associated with fecal
contamination and ‘the presence of enteric bacterial pathogens.
The source of the bacteria was assumed to be either break-
through from the treatment plant due to inadequate treatment
or centamination in the distribution system from open reser-
voirs, cross-connections, breaches in distribution system
integrity, or back-siphoning, To detect these contamination
events, it was necessary to devise a system of monitoring for
quickly detecting the presence of fecal or pathogenic bacteria in
drinking water and for identifying the source of contamination.

The intent of monitering for the presence of microbes in dis-
tribution system water is to assess the water’s potential for
causing adverse health effects, If too many indicator or patho-
genic microorganisms are found in the water, remedial action
can take place before there is an epidemic of waterborne dis-
ease. One conventional remedial action is advising customers
to boil water before consumption until such {ime as the cause
of elevated microbial counts can be discovered and corrected.

In the United States, current regulations, as stipulated by
the Safe Drinking Water Act (SDWA), set standards for the
presence of indicator and pathogenic microorganisms in drink-
ing water. There are separate regulations for each class of in-
fective agents. For example, the virus/protozoan regulations
are included in the Surface Water Treatment Rule (SWTR).
Detection of these etiological agents is very difficult; there-
fore, effective monitoring methods are currently unavailable.
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For this reason, regulatory focus is placed on effective filtra-
tion and other barriers to entry into the distribution system.
Standardized disinfection tables have been developed to show
the required concentration and time of exposure of a specific
disinfectant for Giardia and the viruses, The rules require that
removal and disinfection should reduce the number of these mi-
erobes by 99.9% (conventionally known as a three log reduc-
tion). Monitoring in the distribution system is not required by
the SWTR. .

In contrast, the Total Coliform Rule ({TCR) uses the presence
of indicator organisms, the coliforms, to indicate the potential
presence of enteric bacterial pathogens. The methods for detec-
tion of these organisms, although always subject to improve-
ment, are relatively well established. Monitoring strategies
involve the collection of samples from treatment plant efflu-
ents and various locations in the distribution system.

The absence of etiological agents or their surrogates is only
one component in determining the public health of distributed
water, The essential question is whether the customer popu-
lation is experiencing disease due to waterborne microbes. It
is advisable, therefore, to establish a surveillance program to
watch for an increased incidence of people experiencing symp-
toms suggestive of waterborne infections, A special survey of
physicians or households is probably required to provide reli-
able surveillance data, Morbidity rates based on routine pub-
lic health reporting are not satisfactory for this purpose. Those
rates are not sensitive measures because most waterhorne ill-
ness goes unreported, the disease is often misdiagnosed, and
the symptoms (diarrhea, cramps, nausea, jaundice, headaches,
fatigue) may not appear significant even to some sufferers. In
contrast to morbidity, mortality is mere completely and accu-
rately recorded. The occurrence of morialities attributable to
waterborne disease however, signifies a serious breakdown in
the drinking water treatment, delivery, and monitoring sys-
tems. A good monitoring system should detect contamination
before many people are exposed, not after it is revealed by ex-
cess mortality. Morbidity surveillance is an extremely impor-
tant activity, but it is a topic beyond the scope of this article.

The goals of this article are to provide background infor-
mation and the rationale behind the Total Coliform Rule for
monitoring finished drinking water and to evaluate that rule.
The TCR is an acceptance sampling scheme; it is similar to
sampling protocols commonly used in other industries as a
component of statistical process control. Evaluation of the
TCR comprises a variety of issues that would arise with any
microbial monitering program for drinking water distribution
systems. The issues include the choice of indicator organisms
(total coliforms), sensitivity of methods for measuring concen-
trations of organisms, difficulties in interpreting the results,
and potential conflicts with other regulations. The statistical
characteristics of the rule are also assessed. Finally, in an
attempt to anticipate future monitoring regulations, some
alternative approaches to system monitoring are listed,

CURRENT REGULATIONS

The TCR Compliance Criterion

The United States Environmental Protection Agency (U.S, .

EPA) established the following compliance criterion based on
samples taken from a drinking water disiribution system (3):
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For a system which collects at least 40 samples per month, if no
more than 5.0 percent of the samples collected during a month are
total coliform-positive, the system is in compliance with the MCL for
total coliforms.

There are special compliance levels for small systems
(<.10, 000 population served) that sample fewer than 40 times
per month.

The monitoring regulations state that public water systems
need only determine the presence or absence of total coliforms
in each sample volume of 100 milliliters (mkLs); a determination
of total coliform density is not required. This compliance rule,

first published by the U.S. EPA in 1989 {(4), is in contrast to -

the previous rule based on the density of total coliforms, The
previous compliance rule required that the average density of
coliforms per sample could be no greater than 1 per 100 mL in
a month and that all samples must show a density of no greater
than 4 per 100 mL.

Monitoring costs for the TCR in the U.8, are $139 millions
{February, 1994 U.S. dollars) per year (5). This is about 9% of
the estimated total annual cost of compliance with regulations
under the SDWA and its amendments, which are implemented
and enforced by the EPA and the individual states.

Chetce of Coliform Bacteria as Indicators of Fecal Contamination

Because of the low numbers of potential enteric pathogens and
difficulties in detection, it is necessary to use indicator organ-
isms as surrogates. Total coliforms or fecal coliforms are used
worldwide as indicator organisms. Total eoliforms include most
gpecies of the genera Enterobucter, Klebsiella, Citrobacter, and
Zscherichia and are defined by their ability to produce acid and
gas from lactose on selective culture media within 24 h at 35°C.
Fecal coliforms are a subset of the total coliform group, primar-
ily including E, coli and thermotolerant strains of Klebsiella (6).

The use of these organisms as indicators for fecal confami-
nation is based on several eriteria, Indicator organisms should
be present in higher numbers than the pathogens, be present
whenever pathogens are found, be at least as robust as the
pathogen in the environment, be relatively easily detected, and
be present only when fecal contamination is found. Although
there are circumstances where one or more of these criteria are
not met, the coliforms have yet to be replaced by a more reliable
indicator.,

Coliform Detection Methods

Under previous regulations, the presence of coliforms was re-
ported as the number of organisms per 100 mL as detected us-
ing either a most-probable number fermentation tube (MPN or
FT)dilution technique with lauryl sulfate broth or with a mem-
brane filtration test (MI*) on LES Endo or m-Endo medium.

In the case of the MPN or F'T method, it was conventional
to uge five replicate tubes per dilution. The original positive
tubes (gas production) were considered presumptive, and fur-
ther testing was required to verify the presence of coliforms.
The number of organisms per 100 m¥, original sample was then
determined using standard MPN tables (7).

If the organisms were enumerated using the membrane fil-
aration test, 100 mL was filtered through a 0.456 pm pore-sized
gridded filter. The filter was then placed on an agar surface or
broth-soaked absorbent pad. Confirmed colonies were reported
per 100 mL of original sample.

The current compliance standard, however, is based on the
proportion of 100 mL samples that are positive for coliforms,
not on the density of coliforms. Although the density may be
useful for other purposes, the regulations take into account
only presence/absence (P—A fest) in 100 mL samples. For this
reason, it is sufficient to innocuiate commercially available
P—A broth with the 100 mlL water sample and incubate.
A color change and/or gas production is considered to be a
presumptive positive test. If confirmation is established, the
sample is positive for coliforms. An alternative method is to
use a chromogenic substrate test such as ortho-nitrophenyl-f3-
p—galactopyranoside-4—methylumbelli-feryl-8-D-glucoronide
{ONPG-MUQ®) medium which simultaneously detects the
presence/absence of total coliforms and E, coli,

Coliform Detection Methods May Not Be Sensitive

Whenever a subset of the heterotrophic bacterial population
(here, coliforms) is to be detected and enumerated, a selective
medium is required. These media utilize selective agents that
are inhibitory to most of the organisms present. As a result,
the growth conditions for the target organisms may not be
optimal, which in furn underestimates the number and/or
presence of the indicator bacteria. In the case of waterborne
coliforms, it is known that environmental conditions can lead
to reduced recovery on selective media (8—10). This phenom-
enon has heen termed injury and the bacteria are defined as
injured or stressed.

Methods have been doveloped to increase the ability of the
bacteria to recover from injury and to replicate sufficiently
to give a positive test result. The methods include short-term
preincubation on nonselective media prior to transfer o the re-
quired selective media or use of a less siressful medium (7).
However, the regulations do not require that these approaches
be taken, and utilities probably will not voluntarily use en-
hanced recovery approaches that will increase the chance of
noncompliance.

Errors in Sample Collection and Handling May Bias Data

Although the proper method for sampling is stated in Standard
Methods for the Examination of Water and Wastewater (7),
there are published reports of inappropriate sample collection
and handiing (11,12). Depending on the transgression, the
bacterial counts from these samples may either underestimate
or overestimate actual conditions. On one hand, if a neutraliz-
ing agent is not added to a sample bottle for disinfected water,
there may be a subsequent decline in the bacteria during stor-
age and shipment. On the other hand, errors such as improper
flushing of the sampling port, unsanitary handling of the
sample bottle, keeping faucet screens in place during sample
collection, and sampling from dirty kitchen sinks contami-
nated during food preparation may lead to exaggerated bacte-
rial counts, Excessive holding times between sample collection
and culturing may either increase or decrease the bacterial
numbers depending on available nutrients in the water and
temperature. When such procedural errars occur, the data may
not represent the quality of water in the distribution system
and its compliance with standards.

Biofilm Sloughing May Confound Monitoring Data

A drinking water treatment system can experience microbial
contamination even though that system is properly designed,




constructed, and operated. The phenomenon has been termed
regrowth by the drinking water community. Regrowth is
presumed to be the result of the growth and subsequent
detachment of coliforms and other bacteria from biofilms
on pipe surfaces, sediments, inorganic tubercles on a pipe
surface, suspended particles, or virtually any other surface
immersed in the aquatic environment (13,14). Bicfilms are
defined as microorganisms attached to a surface in an aquatic
environment, with the associated extracellular polymers
and inorganic particulates (156). Coliforms grow in mixed
population biofilms on distribution system surfaces utilizing
biodegradable organic nutrients in the water under ill-defined
environmental conditions, Regrowth events are detected when
the indicator bacteria leave the surface and enter the bulk
water. It has been documented that surface-associated bacte-
ria are much less susceptible to disinfection than suspended
organisms (16—20), In actual distribution systems, there are
many instances where an increase in chlorine concentration
has failed to control biofilms or the presence of indicator bacte-
ria (21--26). Although breakthrough and breaches in integrity
in treatment or distribution may well constitute health threat-
ening episodes, detached or sloughed biofilm microorganisms
may be benign to the vast majority of consumers.

In recognition of these facts, the EPA allows a variance from
the regulations (3):

...for systems that demonstrate to the State that the violation of the
total coliform MCL is due to a persistent growth of total coliforms in
the distribution system rather than fecal or pathogenic contamina-
tion, a treatment lapse or deficiency, or o problem in the operation
or maintenance of the distribution gystem....

It is not obvious how to demonstrate that the apparent vi-
olation is due to biofilms, Because coliform bacteria occur at
specific, discrete locations within the system, a random sam-
pling of pipe surfaces may not detect these sites (18). Monitor-
ing for coliforms on surfaces in actual distribution systems is
currently difficult, if not impossible,

There is always the possibility that coliforms from a
regrowth event may occur simultaneously with fecal contami-
nation. No definitive process currently exists to differentiate
between coliforms associated with biofilms and the penetration
of coliforms due to breakthrough or eross-contamination (6).

A system that seeks a variance musf submit a biofilm con-
trol program plan to the particular State within 12 months of
granting the first request for a variance. Although there are
no guidelines for a biofilm control program, it appears that one
of the most effective strategies may be to remove organic nu-
trients from water, In the absence of such nutrients, coliforms
are not as likely to grow. Some treatment plants in Europe
and Canada have been able to control organic substrate concen-
trations by adding a biclogical filtration step at the treatment
plant. Biological filtration has the added advantage of redue-
ing organic carbon that may react with disinfectants and form
potentially carcinogenic disinfection by-products (27-29).

TCR May Conflict with Other Drinking Water Regulations

Because the biofilm bacteria are less susceptible to disinfection
than suspended cells, it is not generally feasible to attack those
bacteria by increasing the chiorine residual in the system.
There are reported instances where the free chlorine residual
has heen increased to levels in excess of 12 mg/L, without
subsequent elimination of coliforms in the distribution system
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(30,31). If the source water is high in natural organic matter,
elevating the free chlorine concentration may cause the system
to exceed the allowable levels of disinfection by-products. Utili-
ties may choose to use ozone as a primary disinfectant to meet
requirements for Giardia and Cryptosporidium removal or for
oxidation of taste/odor/color problems. In some systems, it is
known that the lower molecular weight organic constituents
ereated by ozenation support the growth of biofilm organisms
(28), If biological filtration does not follow ozonation, the po-
tential exists for stimulating heterotrophic bacterial regrowth
in the distribution system. Mechanical means of removing
biofilm and corrosion may well increase the particulate counts
and metal concentrations in the water to levels exceeding regu-
lations. It is a severe challenge to eliminate existing biofilm
coliforms from the system without exceeding the allowable
concentration of some other regulated constituent.

TCR, Statistical Process Control, and Acceptance Sampling Plans

Since the early 1900s, public health officers in the United
States have set upper limits on bacterial counts in drink-
ing water, They originaily attempted to choose compliance
levels that were attainable and judged to pose no risk to
public health as determined by a historical review of data
from New York state relating waterborne disease outbreaks
and bacterial counts. Drinking water standards have been
extensively revised since then. The chain of reasoning that
led to the present TCR is obviously very complicated, Never-
theless, after reading the EPA-sponsored studies that led to
the TCR, the TCR was visualized by its creators to be an ac-
ceptance sampling plan, such as is used in the manufacturing
industries.

Acceptance sampling was originally devised to provide qual-
ity control to a manufacturing process, It relies on taking a
sample of produced units from each lot leaving the assembly
line, then inspecting each unit and classifying it as acceptable
cr unacceptable, If the preportion of unacceptable units is suf-
ficiently small, the lot is accepted. In the modern manufactur-
ing world, less reliance is placed on acceptance sampling and
more reliance on upstream Statistical Process Control (32,33}
There are some conditions, however, where acceptance sam-
pling is necessary; specifically, when there is a need to pro-
tect against gross system failures, safety is of foremost eoncern,
the process fluctuates so the product is of variable quality, the
cause of an unacceptable product is not always knowable, and
the specified sampling error rates {discussed later) are not too
small, Because all of these conditions apply to drinking water,
it is reasonable to require an acceptance sampling plan for pro-
duced drinking water.

The TCR is based on the following conceptualization. For
a specific time interval {eg, a calendar month), suppose that
all of the water passing through the system can be partitioned
into distinet 100-mL units of water. In each unit, coliform bac-
teria are either absent (acceptable) or present (unacceptable).
Each 100-mL unit is viewed as a finished product; the total-
ity of units for a month is in essence a lot, although the word
“lot" is not used in the regulations. If a large proportion of the
units are coliform-free, then the lot is acceptable. This artifi-
cial discretization of drinking water into 100-mL units allowed
the EPA’s analysts to calculate statistical properties of the TCR
using the same formulas as used in acceptance sampling,
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Sampling Sites and Frequency of Sampling

In aceeptance sampling, the units are usually drawn following
stratified random sampling rules or systematic sampling
rules. To sample from drinking water distribution systems,
one might stratify according to several different criteria. One
potential criterion is the importance of a lecation to public
health, Perhaps a greater sampling intensity should be used
for sites that are judged to be critical; that is, serving many
people, serving sensitive {eg, immunosuppressed) people,
schools, hospitals, important industrial sites, etc.

Another criterion might be distance from the source.
makes sense to sample so that breakthrough is detected as
soon as possible. This does not necessarily imply that one
should sample water as it leaves the treatment plant because,
as was discussed earlier, breakthrough organisms may be
injured and not detectable by standard assays. Thus sampling
may be done near the treatment plant or at first customer
locations using the most sensitive detection methods possible,
If cross-contamination occwrs in the system, then that con-
tamination may be evident in samples at locations reached
by the longest flow path or locations receiving water that has
the longest residence time in the distribution system. The
sampling plan should therefore include samples from some

- remote locations.

It is important to have some sampling locations at
intermediate points in the distribution system because
cross-contamination can potentially occur anywhere, Such
contamination could pollute nearby water taps, but because
residual chlorine may eventually kill the contaminating coli-
forms, the bacteria may not be defected in samples further
down the system.

It is possible that contamination events are due to cyclical
or transient factors such as flow reversals on a diurnal basis
resulting in back-siphoning or the emptying of a contaminated
tank due to unusual water demand. In such circumstances,
the system will be affected by pulses of bacteria that may be
missed if samples are not taken often enough. To detect such
events, it is prudent to sample at regularly spaced times dur-
ing the month,

Clearly, the method by which sample locations and times
are chosen is more problematic for drinking water systems
than for manufactured product applications. Every distribu-
tion system is unique, so some flexibility in site selection is
essential. The EPA guidelines acknowledge these issues, and
do not require any specific sampling scheme (3):

Public water systems must collect total coliform samples af sites
which are representative of water throughout the distribution sys-
tem according to a written sample siting plan, These plans are sub-
Ject to State review and revision.... The public waler system must
collect samples at regular time intervals throughout the month,....

Statistical Properties of the TCR: Notation and Number of
Samples

Some notation is necessary to discuss the statistical reason-
ing that underlies the EPA compliance rules. Let 6 denote the
(unknown) proportion of coliform-contaminated units among
all 100-mL units in the system. The parameter ¢ is the frac-
tion of water contaminated, It is the focus of the compliance
rule. Let n denote the number of units sampled during a cal-
endar month and let the random variable X denote the con-
taminated units among the n. The statistical properties of the

USEPA compliance rule shall be analyzed using the same rea-
soning as in EPA documents, reasoning identical to acceptance
sampling methodologies. The calculations require a probability
model for X. Following convention in analyses of the TCR, the
binomial probability model will be uspd (34,35). Specifically,
assume that the random variable X follows a binomial proba-
bility distribution with mean n « 4.

Let the sample statistic p = X /n denote the fractmn of con-
taminated units ameng the n; the statistic p is an estimator of
g. If the observed value of p is small, one may conclude that &
is smail. That conclusion is reasonable if p is a reliable estima-
tor of 8. Statistical calculations can show how large n must be
{o attain a specified reliability.

Based on statistical calculations and the premise that
greater reliability is required for systems that serve more peo-
ple, the EPA has published a table showing how the minimum
required n increases with the size of the population served (3).
For example, a utility serving 35,000 people must sample at
least n = 40 units per' month, and a utility serving 1,000,000
must sample at least n = 300 units per month. The required
n is actually a minimum sample size. The regulations state
that, when coliforms are found in a sample, repeat samples
are required, The specific details of repeat sampling are not be
discussed here; see the Code of Federal Regulations (3).

In acceptance sampling, a manufactured lot is accepted if
the observed fraction of defective units is sufficiently small.
For drinking water, the threshold of acceptability is called the
Maximum Contaminant Tevel (MCL). Except for small sys-
tems where n = 39, the EPA has set the MCL at 0.05; that is,
the system is compliant according to current EPA regulations
ifand only if p = 0.05.

Statistical Properties of the TCR: Goal of TCR Compliance Rule

The geal of the compliance rule is not stated in any official
regulatory publications, but it can be established by inference.
One can reasonably infer that the compliance rule specifies
0.05 as the maximum fraction of water contaminated (35). Jus-
tification for this inference is that, if one actually sampled all
100-mL units in the system and 5% or fewer contained col-
iforms, then the system would be in compliance.

The geal may be interpreted as more stringent because
the EPA proclaimed a Maximum Contaminant Level Goal
{(MCLG) of zero: ie, no coliforms in the system, The MCLG is
the “maximum level of a contaminant in drinking water at
which no known or anticipated adverse effect on the health of
persons would occur, and which allows an adequate margin of
safety ... a nonenforceable health goal” (8). The justification
for MCLG 0 is that, “conceptually, coliforms should not
be present in drinking water, because they may indicate the
presence of pathogenic organisms in the water” (4). Although
the target ¢ = 0, may be appropriate as an ideal, it is not a
practical target for compliance because a system would be
compliant with such a stringent target only if e/l sampled
units were coliform-free (p = 0).

Let 8, denote the largest value of 8 consistent with compli-
ance. Then the EPA compliance rule implies a de facte accep-
tance value of #9 = 0.05. Suppose that a drinking water system
had a fraction of water contaminated that is slightly greater
than 0.05; eg, suppose 8 = 0,05001, Is that system sufficiently
above the target to be called unacceptable? The conventional
answer is probably not, but there is some value greater than




0.05 which is of practical importance. Let §; denote that value.
The EPA, after seeking the advise of experts, determined that
&1 = 0.1: “The expert panel recommended this level, at which
at least 90 percent of the water is coliform-free, be accepted as
a Protection Reliability Standard™ (36).

To summarize our understanding of EPA targets,

¢ If the fraction of water contaminated is 0.05 or less (8 =
0.05), then the water is definitely acceptable.

¢ If the fraction of water contaminated is 0,10 or more (¢ =
0.10), the water is definitely unacceptable,

s A system for which the fraction of wafer contaminated
is between 0.05 and 0.10 (0.05 < ¢ < 0,10) is not suffi-
ciently above the target to be of practical concern even
though it is not strictly acceptable.

It has been calculated that the current acceptance target of
8¢ = 0.05 is equivalent to an average total coliform density of
0.1 per 100 ml,, perhaps depending less on the assumptions en-
tering the calculations {37). The protection reliability standard
of 8; = 0.1 is equivalent to an average total coliform density of
0.4 per 100 ml. The target level of contamination for the new
rule is more stringent than for the previous rule that required
an average density less than 1 per 160 mL,

Statistical Properties of the TCR: Error Rates for the Compliance
Rule

Because of chance events in the sampling process, it is possible
that coliforms could be absent from many of the n sampled
units, even when 6 is not small {eg, n = 0.10). It is also possible
that coliforms could be present in many of the sampled units,
even: when 4 is small (eg, n = 0.05). Although misleading sam-
ples are improbable, they prevent the compliance rule from
being perfect. It is of interest to calculate (1) the chance that
p > 0.05 although ¢ = 0.05, which is the chance that the sam-
ple data incorrectly indicate a nonecompliant water, and (2) the
chance that p = 0.05 although ¢ = 0.10, which is the chance
that the sample data incorrectly indicate a compliant water.
Calculation (I) ylelds the false fail rate at 8, for # = 0.05,
denoted by R(@); caleulation (2) yields the false pass rate at 8,
for ¢ = 0.10, denoted by Ry(#). If the false pass rate is large,
then the compliance rule often fails o discover coliform con-
tamination. If the false fail rate is large, then the compliance
rule is expensive to implement because producers may expend
time and resources mistakenly doing repeat monitoring of
water that actually is already in compliance, or mistakenly
alarming and inconveniencing the public by issuing warnings
to boil the water before consumption. Obviously, Ry and Ry, are
important quantities to regulators, producers, and consumers.
The choice of threshold for compliance requires counterbal-
ancing the two rates; decreasing one inereases the other. For
example, if the regulatory agency imposed a more stringent
compliance criterion {eg, by requiring p = 0.01), the effect
would be to reduce Ry, but increase Ry

For the EPA compliance rule, Ry and Ry, have been
calculated (35,37). These calculations have been briefly sum-
marized. For given n, let square brackets denote the largest
integer function; that is, [0.05n) denotes “the largest integer
=0.06n." Because X follows a binomial distribution and the
observations show compliance if and only if X =< 0.05n, the
error rates are given by equations 1 and 2. These equations
are the foundation upon which the present compliance levels
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were constructed.

Rey(0) E}:gﬁnl (';)0‘(1 - ifor010 =g <1 (1)

A .

Ry(9) = [ (’.1)6"(1 ~ 9 ford < 6 =005 (2)
i=[0.06n)+1 \ I .

Figure 1 is based on equations 1 and 2. It shows the ervor
rates associated with the EPA compliance rule as ¢ varies from
0.01 0 0.2, When ¢ = 0.05 = 8, the error is a false fail; when
9 = 0.10, the error is a false pass. The error rates generally be-
come smaller as n increases, The only exception is that, when n
is large, Rr(0.05) = 0.5, so the curve for large n climbs steeply
from near zero to 0.5 as @ approaches 0.05. The samples per
menth shown in the plot, n = 40, 100, and 400, are the sample
numbers required for water systems that serve populations of
40,000, 100,000, and 2,000,000 people, respectively.

The compliance rule was intended to achieve Rg,(0.1) =
0.05 when n = 60; but, because there were some inaccuracies
in the original EPA calculations, Ry, is larger than intended.
In fact, at n = 60, Ryp(0.1) = 0,14 (37). In other words, if the
fraction of water contaminated in the system is 0.1 (= 4,) and
n = 60 samples are taken from the system during this month,
then there is a 14% chance that the water will incorrectly
pass the compliance criterion. Figure 1 shows that approx-
imately n = 100 samples per month are required to achieve
R (0.1) = 0.05. It also shows for a given n how small 8 would
have to be in order for Re{(@) to be less than 0,05,

Statistical Properties of the TCR: Evaluating Assumptions that
Underdie Statistical Calculations

The binomial distribution for X and the associated statistieal
error rate calculations using equations 1 and 2 are appropriate
only if the system conforms to the following assumptions:

* 1, the number of samples per month is fixed prior to the
commencement of sampling,

0.5

Error rate
o o
[41] £
T T

e
M
|

o
=
T

0.0H
0.0

0.05
¢t Fraction of water contaminated

Figure 1. Error rates associated with the EPA compliance
rule; specifically, the false pass rate Ry(#), 0.10 < ¢ = 0.2,
according to equation 1 and the false fail rate Rn(8),
0.01 = ¢ = 0.05, according to equation 2 for »n = 40, 100,
or 400, The dashed horizontal line is at an error rate of 0.05.
The dashed vertical lines are at ¢ = 0.05 and ¢ = 0.10 from
left to right,
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» each sample is correctly classified as either contaminated
{coliforms present) or not contaminated {coliforms ab-
sent),

# each of the 100 mL samples has the same probability & of
being positive for coliforms, and

e the samples are statistically independent.

None of these assumptions hold exactly; therefore, the sta-
tistical error rate calculations of the previous section must be
treated as approximations. The appropriateness of each as-
sumption in the context of drinking water monitoring is now
evaluated with the goal of deciding whether equations 1 and 2
are good approximations.

Number of Samples Per Month is Fixed. Formulas 1 and 2 are
for specific values of n. Because the EPA regulations require re-
peat sampling when coliforms are found, the number of sam-
ples in a month may end up being larger than the initial 7.
In fact, two people independently monitoring the same system
during the same month might end up with different n values
even though both followed the regulations exactly. This would
happen, for example, if all of person A’s samples were uncon-
taminated, but person B drew one or more contaminated sam-
ples and had to do some resampling. Computer simulation was
used to account for variable n when error rates were calculated
(35). These results do net significantly differ from those found
assuming fixed n. Equations 1 and 2 could be reasonable ap-
proximations to the true error rates even though the fixed n as-
sumption is not strictly true for monitoring data.

Each Sample is Correctly Classified as Either Contaminated (Co-
tiforms Present) or Not Contaminated (Coliforms Absent). This
assumption is problematic because there is no accepted “gold
standard” method for detecting coliform contamination. The
EPA regulations allow any of four analytical methods for decid-
ing whether coliforms are present in a 100 mL sample: (I} the
ET technique, (2) the MF technique, {32) the PA coliform test,
and () the minimal media ONPG-MUG test (Colilert system).
These methods do not give the same answers when testing the
same water. For example, 500 mL samples were taken from a
drinking water system on 1483 different occasions (38). Each
gample was analyzed by each of FT, MF, and PA using 100 mL
portions; 336 (23%) confirmed positive samples by one, two, or
all three of the techniques were found. Only 185 (12.5%) were
positive by all three techniques.

All of the assay technigues depend on the ability of the co-
liform cells to divide and create detectable numbers of cells.
As indicated earlier, viable, but injured coliform bacteria may
not be discovered by conventional methods. There are various
other uncertainties associated with assaying water samples,
including variations in sample gathering techniques, trans-
port, and storage prior to analysis. Little is known about the
between-lab variabilities of the methods, but significant vari-
ability is expected. For these reasons, the error rates produced
by equations 1 and 2 are probably smaller than the actual error
rates. It is not obvious how the equations should be adjusted to
provide more accurate error rates.

Each of the n 100 mt Samples has the Same Probability & of Be-
ing Positive for Coliforms, Because the samples are taken at dif-
ferent locations and at different times during the month, this
assumption is never strictly true. The density of coliforms in
the system differ from time to time due to variation among and

within source waters, especially seasonal and diurnal varia-
tion of surface water, variation in treatment plant operations,
variation in consumer usage patterns, including seasonal vari-
ation (more flow during gardening or irrigation season), and
diurnal variation (more flow in morning and evening for resi-
dential areas, more flow during business hours in commercial
areas), variation in the chemical and physical profile of the wa-
ter (eg, temperature, different residual chlorine concentrations
depending on source, residence time in pipeline, etc), variation
in proportion of coliforms that are injured but not killed, and
variation among and within storage locations (reservoirs and
tanks). The water at a certain sampling site may well be a mix-
ture of different waters because of interconnections hetween
various sources, treatment plants, and storage locations. The
components of that mixture vary in time, especially at sites
where the direction of flow is occasionally reversed. The den-
sity of detectable coliforms may vary from site to site because
of many of the same reasons that cause variation in time. In
systems where there is a significant biofilm, the coliform den-
sity at a sampling site can be inf luenced by the pipe properties
along routes from sources to the site, Relevant properties of the
pipes are materials, age, diameter, and corrosien products on
the pipe wall,

Although ¢, the fraction of water contaminated, can fluctu-
ate in time and location, it is possible that when no contami-
nation event has occurred, # stays within an interval of small
values, well below 8. For this situation, if would be reasonable
to compute Ry(#) with equation 2, where ¢ is at the upper end
of the interval. If, however, @ varies from sample to sample over
an interval around fg, then error rates computed by equation 2
are suspect.

When a contamination event occurs, the elevated fraction
of water contaminated varies among sampling sites, possibly
exceeding 0 at only a few sites. In this case the error rate
computed by equation 1 should not be trusted.

The Samples are Statistically Independent. This would be a
more plausible assumption if sampling locations were chosen
at random from all locations where water exits the system. In-
stead, sampling locations are chosen systematically to cover
the system, Moreover, the sampling sites are usually restricted
to convenient, public sites where the cost is minimal and there
is no potential invasion of privacy.

The statistical independence assumption implies that sam-
ples adjacent in time or space are not correlated, Samples will
always be temporally and spatially correlated. The influence of
such correlations may be negligible when there are no contami-
nation events and there is a low fraction of water contaminated
throughout the system. In this case, cne could reasonably com-
pute Rq(@) with equation 2. When contamination events occur,
however, the temporal and spatial correlations are significant,
making the conventional error rate calculations based on equa-
tion 1 meaningless.

FUTURE MONITORING AND REGULATIONS

Due to increased concern about public health and more strin-
gent water quality regulations, the drinking water industry
has been interested in finding quicker, less expensive, and
more reliable monitoring techniques. In many cases, the
existing techniques are known to be inadequate, but no better




alternatives exist, As in the past, the development of new
monitoring techniques will be driven by the regulations.
There is an obvious need to couple occurrence and numbers of
indicaters with numbers of pathogens and with subsequent
risk of waterborne disease, Some possibilities are listed below,

Modeling

Because water distribution systems have complicated flow pat-
terns, sporadic cross-contamination may go undetected or pro-
duce a confusing set of monitoring data. The flow patterns
should be taken into account when choosing sampling sites or
when investigating a noncompliant system. For these reasons,
avalid computer model of the flow in a water distribution net-
work could be very useful. In the future, more extensive use of
computer models in the design of monitoring systems and the
interpretation of monitoring data can be expected.

Computer models are presently expensive to develop ini-
tially; each network requires a unigue model. The model must
be revised and reevaluated when the system is significantly
altered or expanded, Tools have been created to make the
construction of such models easier. To cite one effort, the EPA
has created a software package called EPANET to perform
simulation of hydraulic and water quality conditions within
pressurized pipe networks (39). EPANET was designed to run
on a modern desktop computer. It ig currently being used to
study such water quality problems as chlorine decay dynamics,
source blending, effects of altered tank operation on water age,
and control of total dissolved solids in reclaimed water. The
model can be calibrated and evaluated for a network using
tracers (eg, fluoride).

Biofilm Regrowth

Researchers are attempting to determine methods for reducing
biofilms in drinking water distribution systems. Preliminary
results indicate that biofilm growth is impeded if biodegrad-
able organic matter levels are controlled and that pipe mate-
rials may be an important consideration (40,41). As progress
is made in understanding factors leading to biofilm accumula-
tion, it is more likely that regrowth can be identified and po-
tentially controlled.

New Monitoring Techniques and Devices

New methods, based on biotechnology, for direct detection of
waterborne contaminants are becoming available. Ideally, the
method should preclude the isolation and growth of the bacte-
ria on culture media. Although the new methods are currently
impractical due to cost, problems in interpretation, or ease of
application, they show the potential for rapid, automated, and
accurate procedures,

For example, the biomass of complex microbial consortia can
be determined by measuring the concentrations of components
of cell membranes. The detailed analysis of universal compo-
nents, such as the lipids found in all cell membranes, yields
detailed patterns that have been established as biomarker
“signatures” for specific groups of microbes. Fatty acid methyi
esters (FAME) can be extracted, measured, and the profiles
compared with those of known organisms to identify bacteria
in the environment (42,43); the detection method has been
standardized and is marketed by Microbial ID, Inc. (MIDI).
Phospholipide can algo be extracted and used as an identifica-
" tion tool. The signature lipid biomarker technology hag been

MICROBIAL QUALITY OF DRINKING WATER 2795
applied to monitoring biofilms in drinking water distribution
systems. One limitation of this approach at this time is that
a sufficiently large amount of membrane lipids must be ex-
tractable from the sample to allow detection. Consequently,
culturing of the waterborne bacteria is often necessary prior
to identification, Nevertheless, this appreach may eventually
be able to discriminate between biofilm coliforms and fecal or
pathogenic coliforms in a timely fashion (see BIOMARKERS).

It may be feasible to monitor using the small ribosomal sub-
unit RNA molecule, a ceil component with specificity for each
species of importance in drinking water. Associations between
ribosamal RNA “fingerprints” and microbial species are be-
ing collected by the Ribosomal Database Project at the Univer-
sity of Illinois (Urbana, Ilinois). There are a variety of other
RNA and DNA fingerprinting techniques heing used or under
development, any one of which may prove useful for monitor-
ing drinking water. Again, the method requires a sufficiently
large sample so that detection of a few cells in water is not yet
feasible.

‘Phe NASA Mid-Continent Technology Transfer Center (Col-
lege Station, Texas) has deseribed a novel variation on current
oligodeoxynucteotide tests, using chemiluminescence to iden-
tify the target microorganisms, It detects and quantifies the
microorganism by measuring the total amount of light emit-
ted. Oligodeoxynucleotide probes have been developed for E.
coli, coliform bacteria, Vibrio cholerae, Burkholderia cepacia,
Staphylococcus aureus, Staphylococcus epidermidis, and Sal-
monella spp. The probe system can be designed to detect al-
most any group, genus, and in many cases, species of microor-
ganism. If the light intensity is great enough, preculturing of
the bacteria may not be necessary.

Another method is the use of specific fluorescent antibod-
ies to target indicator bacteria, A water sample is collected, the
bacteria concentrated on a membrane filter, and an appropri-
ate antibody applied. A method has been described wherein
a monoclonal antibody specific for an enferchacteria common
antigen was used to detect coliforms in a variety of drinking
water samples (44). Fluorescently tagged cells are then counted
via a microseope. An automated approach may be possible if
flow cytometry is used for detection (45,46). An advantage of
the antibody method is that no culturing is required, but con-
versely, no information can be attained about the viability of
the cells.

A recent development has been the application of direct
impedance methods (47,48). Water samples are filtered, im-
mersed in a medium containing trimethylamine oxide (TMAQ),
and the impedance measured over time. Escherichic coli pro-
duces a TMAO reductase; the resulting product causes a
measurable change in impedance. Although culturing is re-
quired, detection times are reduced from nearly 24 hours (with
plate counts) to a few hours.

Another method that has received increased attention is
the amplification of specific regions of the target cells’ genetic
information using the polymerase chain reaction (PCR). The
method has been applied to water samples for the detection
of coliforms, E. coli, and Shigella spp. (49,560). PCR does not
require that the ceils be precultured, although there is some
question about the sensitivity of the method when cell counts
are extremely low. There is also the possibility that nonviable
cells can be detected (51).

These are just a few representative technologies among
many being investigated. Although they are presently expen-
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sive and too difficult to implement on a routine basis, these
sophisticated techniques will eventually be simplified to a
point where they can replace conventional culture techniques
for identification of waterborne pathogens.

Viruses and protozoan parasites are also important to the
health of consumers. New indicators for viruses and protozoa
will be developed and used for monitoring. E, coli may remain
a useful indicator of pollution by fecal bacteria. New biotech-
nology may allow for rapid, inexpensive detection of E. coli
and other fecal bacteria. In the future public health authorities
may place less reliance on total coliforms for detecting breaches
in integrity, although total coliforms will remain useful as sur-
rogate indicators of treatment failure or breakthreugh,

It is also possible that the density of heterotrophic plate
count bacteria determined using optimal recovery techniques
may be an early warning of potential regrowth events or fail-
ure in system integrity. There is also the potential for the use of
Clostridium spores to serve as surrogates for pathogenic proto-
zoans, although more evidence for similar behavior is required.

Risk Assessment

No scientific, risk-based approach has been used to prioritize
microbial contaminants, nor has a formal risk analysis been
done for a single microbial contaminant among the hundreds
that can be found in drinking water. Risk assessment (qv) for
pathogens in drinking water is expensive and time-consuming
and only a few initial steps have been taken so far. A serious
effort has been launched to do risk assessments, however. The
results of that effort will provide the basis for future regula-
tions concerning waterborne pathogens,

The risk of disease depends on factors pertaining to the in-
fectious agent, the human host, and the drinking water system
environment, Relevant characteristics of the agent include in-
fectivity, virulence, and pathogenicity. Important characteris-
tics of the potential host population include age distribution,
susceptible subpopulations and water consumption patterns.
Characteristics of the drinking water environment include the
density of viable pathogens in the source water, the quality of
water treatment, and the age and design of the drinking water
distribution network. Coordinated epidemiological studies and
laboratory experiments will be required to elucidate the rela-
tionships between these characteristics and disease rates.

CONCLUSIONS

Total coliforms are important because they are easily detected
indicators of fecal contamination, The current U.S. Total Col-
iform Rule ia based on the proportion of 100 mL samples from
the drinking water distribution system that are positive for co-
liforms during a calendar month. The goal of the monitoring
rule is to differentiate systems for which the fraction of water
contaminated is 0.05 or less from systems for which the frac-
tion of water contaminated is 0.10 or more, Drinking water
monitoring regulations commonly used in the United States
and other countries are in essence an acceptance sampling plan
such as commonly used in manufacturing plants. Conventional
aceeptance sampling statistical methods were used by EPA an-
alysts to caleulate the false fail error rate and the false pass
error rate for the compliance rule, but the data characteristics
required to assure the accuracy of these calculations may well
be incorrect for drinking water data. To calculate the false pass

error rate accurately, it is probably necessary to analyze each
system separately using a valid model for the flow characteris-
tics of that system. '

Because of the inherent variability in the collection, han-
dling, and analysis of samples and in the assay method, the
presence/absence result for each sample is not perfectly accu-
rate; for example, a sample may incorrectly be classified as
negative for total coliferms because the coliform bacteria are
injured and therefore difficult to detect with standard assays.
Biofilm sloughing can cause a violation of the compliance
standard even though contamination. of the system has not
occurred.

Future rules for monitoring to detect fecal contamination of
drinking water will take advantage of advances in biotechnol-
ogy, biofilm control, mathematical modeling, and risk assess-
ment, Even with modern technology, however, there may be a
relatively high likelihood that significant contamination is not
discovered quickly by the microbial monitoring system. Com-
munities should censider exploring the feasibility of an epi-
demiological morbidity monitoring system designed to detect
incident cases of waterborne disease before many are exposed.
Such epidemiclogical monitoring would also provide important
risk assessment data.

The principles applied in evaluating the Total Coliform Rule
can be also be applied when evaluating other regulations for
detecting harmful microbes in drinking water.
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