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Abstract: Screening for fecal contamination via microbial water quality monitoring is a critical
component of safe drinking water provision and public health protection. Achieving adequate levels
of microbial water quality testing, however, is a challenge in resource-limited settings. One strategy for
addressing this challenge is to improve the efficiency of monitoring programs. In African countries,
quantitative microbial testing methods are commonly used to monitor chlorinated piped water
systems. However, presence/absence (P/A) tests may provide an appropriate alternative for water
supplies that generally show negative fecal contamination results. This study compares 1048 water
quality test results for samples collected from five African urban water systems. The operators of
the systems conducted parallel tests on the 1048 samples using their standard quantitative methods
(e.g., most probable number or membrane filtration) and the Colitag™ method in P/A format.
Combined data demonstrates agreement rates of 97.9% (1024 /1046) for detecting total coliforms and
97.8% (1025/1048) for detecting E. coli. We conclude that the P/ A test offers advantages as a simpler
and similarly sensitive measure of potential fecal contamination for large, urban chlorinated water
systems. P/A tests may also offer a cost-effective alternative to quantitative methods, as they are
quicker to perform and require less laboratory equipment.

Keywords: water quality; water testing; monitoring; presence-absence; Colitag™; urban water;
sub-Saharan Africa

1. Introduction

The ingestion of fecal pathogens transmitted by contaminated water, food, and hands are the
primary bases of diarrhea, a leading cause of sickness and death among children under the age of
five [1-4]. Increasing evidence suggests that exposure to fecal pathogens also contributes to malnutrition
and childhood stunting, even in the absence of diarrhea [5-7]. Water quality improvements can reduce
diarrheal disease levels [3,4,8], and microbial water quality testing is a critical component of water
safety management [9].
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In low-income countries, institutional responsibilities for regulated water quality monitoring are
generally well-defined in national laws and regulations [10,11]. Urban water suppliers usually have
legal responsibilities and established parameters for operational monitoring. However, capacity for
operational monitoring varies greatly. Large utilities typically maintain fully equipped microbiological
laboratories, while smaller water suppliers and surveillance agencies more commonly rely on testing
kits, or in low-resource areas, completely lack testing equipment for water quality monitoring [11].

The diversity of fecally transmitted pathogens, which include viruses, bacteria, protozoa,
and helminths, makes it impractical to monitor water safety by testing samples for the presence
of specific pathogens. Instead, water suppliers and public health agencies rely on indicator
species to assess microbial drinking water quality: process indicators monitor the efficacy of water
treatment and the integrity of distribution networks; fecal indicators identify the presence of fecal
contamination [12]. Most national regulations, which are often based on World Health Organization
(WHO) guidelines, specify the broad group of coliform bacterial species (total coliforms) as process
indicators. Fecal indicators generally include thermotolerant coliforms, a subset of the total coliform
group, and Escherichia coli (E. coli) species, which are a subset of thermotolerant coliforms [12].

Sampling frequency requirements for water suppliers are generally established based on
population served. For example, the United States Environmental Protection Agency (EPA) requires a
minimum of 1200 samples per year for a water supplier serving a population of 100,000, while WHO
guidelines recommend 12 samples per year for the same population [9,13]. In Sub-Saharan Africa (SSA),
most institutions do not achieve testing levels specified by country standards or WHO’s Guidelines for
Drinking Water Quality (GDWQ) [14]. Sampling programs could be improved by increasing sampling
rates and specifying how to increase sampling after contamination has been detected [15].

Common methods for quantifying fecal indicator species in water samples include direct
quantification of colony forming units (CFUs) via Membrane Filtration (MF) techniques and estimates
of the Most Probable Number (MPN) of bacteria via broth-culture assays [16]. MF and MPN procedures,
however, are laborious to both perform and analyze. Studies have also shown that simpler P/A
methods, which utilize similar growth and detection media as the quantitative techniques, are equally
sensitive in detecting fecal indicator species in water samples from drinking supply systems in the
United States [17-21].

Consequently, the United States Environmental Protection Agency (U.S. EPA) issued the Total
Coliform Rule (TCR) in 1989 [22], which specifies the use of P/ A assays for total coliform contamination
to evaluate microbial drinking water safety. The TCR was revised in 2013, with minor corrections
in 2014. The Revised TCR (RTCR) established regulatory requirements based on the number of
samples that test positive for the presence of total coliforms, i.e., the frequency-of-occurrence [13,23].
For example, a public piped water system must undergo a full assessment if it exceeds a specified
frequency of total coliform-positive samples per month, based on population served. If a sample tests
positive for total coliforms, operators must collect a set of repeat samples within 24 h and also test for
the presence of E. coli. A positive E. coli sample that is preceded or followed by a total coliform positive
sample as part of repeat sampling requires rapid state and public notification as well as an assessment
and corrective action [13].

The World Health Organization’s (WHO'’s) Guidelines for Drinking Water Quality (4th edition)
also state that P/ A methods are appropriate for monitoring chlorinated water supply systems when
the majority of tests for fecal indicator organisms provide negative results [9]. Among these systems,
more frequent testing using simple methods is preferable to less frequent quantitative testing due to
the increased likelihood of detecting contamination events [9]. For example, a study in India found
that the P/ A method is an effective screening method to detect coliform contamination in less polluted
water sources, such as groundwater or piped supplies [24].

Water suppliers operating chlorinated distribution systems in large African cities, however,
continue to rely on MF and MPN methods for monitoring microbial water quality [14], though
their data indicate that microbial contamination is rarely detected: our previous compilation of over
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27,000 test results from piped water systems across Africa showed that fecal indicator bacteria were
only detected in 4% of samples from water piped to plots and 2% of samples from water piped to
public taps and standpipes [25].

Based on these findings, we hypothesized that P/A methods are appropriate alternatives to
quantitative microbial water quality assays for chlorinated piped water supplies in Africa. To test
this hypothesis, we compared P/A and quantitative test results for water samples collected in five
African cities: Ouagadougou, Burkina Faso; Abidjan, Cote d'Ivoire; Nairobi, Kenya; Bamako, Mali;
and Dakar, Senegal.

2. Materials and Methods

This study was implemented through a collaboration between The Aquaya Institute and urban
water suppliers in five African countries: L'Office National de 1'Eau et de 1’ Assainissement (ONEA) in
Burkina Faso; Société de Distribution d’Eau de le Cote d’Ivoire (SODECI) in Céte d’Ivoire; Nairobi
City Water and Sewerage Company (NCWSC) in Kenya; Société Malienne de Gestion de I’'Eau Potable
(SOMAGEP) in Mali; and Sénégalaise des Eaux (SDE) in Senegal. These water suppliers operate
and monitor large, chlorinated piped distribution networks in varied geographic settings and were
interested in evaluating P/ A microbial testing for their operational monitoring needs. The water
suppliers conducted parallel tests for total coliforms and E. coli on a total of 1048 water samples using
their established quantitative methods and a P/ A method. We have listed these suppliers as sites 1-5
in the results in order to ensure their confidentiality.

2.1. Sample Collection

Between June 2015 and August 2016, the five water suppliers participating in this study
collected approximately 200 water samples from their distribution networks according to the locations,
frequencies, and quality control procedures outlined in their routine water sampling plans. The samples
were collected as volumes of at least 200 mL in sterile vessels to provide sufficient quantities for
two parallel tests (quantitative and P/A) on 100 mL from the following sources: piped networks
(700 samples), treatment plants (100 samples), treated water reservoirs (79 samples), untreated
groundwater (27 samples), and untreated surface water (82 samples). The water suppliers also assayed
33 negative control and 28 positive (spiked) control samples, which are further described in Section 2.3.
Along with the water sample source, sampling staff recorded information into a standardized data
collection sheet that included characteristics on water conditions at the time of sample collection
(i.e., turbidity and free chlorine residual), the sampling location, and the date of sample collection
(see Supplementary Material).

2.2. Microbial Testing Methods

The Membrane Filtration (MF) technique is widely used for the enumeration of coliforms and
fecal coliforms in drinking water. The method consists of filtering a measured water sample through
a cellulose acetate membrane with 0.45-pm diameter pores. Bacteria are retained on the surface of
the membrane, which is incubated on a growth medium that selectively promotes multiplication and
colony formation by coliform species. Incubation at 37 °C allows for the growth of all coliforms and
incubation at 44.5 °C selects for thermotolerant species. Some media also differentiate between total
coliforms and E. coli colonies according to the colors that each group produces after metabolizing
specific compounds in the growth medium. Four of the five water suppliers that collaborated in this
study used MF as their quantitative testing method (Table 1).

The multiple test tube method is a commonly employed Most Probable Number (MPN) assay for
coliform indicator species in drinking water [26]. The method consists of inoculating a series of tubes
containing selective growth medium with different dilutions of the water sample, screening for gas
production resulting from lactose fermentation (a characteristic of coliform species) and conducting
confirmatory tests that also check for E. coli in the samples. Results of the multiple test tube method
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are reported as a MPN: the statistical estimate of the mean number of coliforms present in the sample,
which is based on the number of tubes (and corresponding dilution levels) that were confirmed for
coliform growth [26]. In this study, only Site 1 used the MPN method (Table 1).

Colitag™ served as the P/A method and is approved by the U.S. EPA for the simultaneous
detection of total coliforms and E. coli in drinking water for both P/A and MPN formats [27].
If coliforms are present in the sample, the enzyme [3-galactosidase will hydrolyze the chromogenic
indicator ortho-nitrophenyl-f3-D-galactopyranoside (ONPG) to release a yellow-colored compound.
If E. coli are present in the sample, the enzyme (3-glucuronidase will hydrolyze the fluorogenic indicator
4- methylumbelliferyl-3-D-glucuronide (MUG) to release a compound that fluoresces when exposed
to longwave ultraviolet light. Fluorescence differentiates E. coli from other coliforms.

Table 1. Quantitative methods for microbial water testing employed by the five African water suppliers
that participated in this study. The total number of tests includes analysis of positive and negative
control samples.

Site Numbef of Quantitative Method Media Incubation QAQC dofal Num}) er
Connections Samples of Tests
1 361,475 [28] Membrane filtration Chromocult Agar 24 h at 35-37 °C 16 214
473,347 [29] Membrane filtration Chromocult Agar 21 +3hat36 +2°C 51 198
48 hat 35+ 0.5 °C for
Most Probable coliform detection and
3 582,502 [30] Number MacConkey Broth 24 h at 44 + 0.25 °C for 50 205
E. coli
Bi?e%h:czj?iisjzifiﬁiar;r 24hat37°C for
4 210,730 [31] Membrane filtration 8L oliform detection and 33 220
Lactose TTC Agar with o .
. 24 h at 44 °C for E. coli
Tergitol 7
Bi(ljeOEl\s/[CIl)ﬁislfzcif:leAiar;r 24 hat 37 °C for
5 666,547 [32] Membrane filtration 82 coliform detection and 20 2111
Lactose TTC Agar with o .
. 24 h at 44 °C for E. coli
Tergitol 7
TOTAL 170 1048

QAQC = Quality Assurance and Quality Control (positive or negative controls). TTC = Thermotolerant Coliforms. 1
For Total Coliforms, the total number of tests = 1046; the total number for site 5 = 209.

2.3. Quality Control

Sterile deionized or distilled water samples were used as negative controls (blanks) in each round
of water quality testing. Positive control samples were generated by spiking sterile water samples with
verified cultures of E. coli. In some cases, study partners did not have access to E. coli control strains
and utilized likely contaminated sources to confirm media reactions (e.g., untreated groundwater or
untreated raw water).

2.4. Data Analysis

To calculate rates of agreement between the quantitative and P/A methods, we created 2 x 2
contingency tables for total coliforms and E. coli [33]. We also compared testing methods by examining
the numbers (fractions) of positive and negative results using logistic regression and chi-square (X?)
tests [20]. We also performed the analysis on data disaggregated by institution (see Appendix A).

3. Results and Discussion

We conducted parallel tests on a total of 1048 water samples from the five urban water supply
systems (Table 2). Comparisons of the proportions of samples that tested positive or negative for
total coliforms and E. coli showed that the results of the two diagnostic methods were similar. Sixteen
percent of the samples (168/1046) tested positive for total coliforms according to the P/ A method and
14% (150/1046) tested positive for total coliforms according to quantitative methods. Twelve percent
of the samples (123/1048) tested positive for E. coli according to the P/ A method and 10% (106/1048)
tested positive for E. coli using quantitative methods (Figure 1). There was no significant difference
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between testing methods (P/A vs. quantitative) when comparing fractions of positive samples for total
coliforms (16% vs. 14%, p = 0.29) or E. coli (12% vs. 10%, p = 0.23) (Tables 3 and 4). Combined results
from these tests demonstrated that the agreement rates between the quantitative and P/A methods
were 97.9% (1024 /1046) for total coliforms and 97.8% (1025/1048) for E. coli (Table 2). For the five
samples with a negative P/A and positive quantitative result (two samples for total coliforms and
three for E. coli), all had <5 CFUs for the quantitative method.

We also disaggregated samples by institution (Tables 3 and 4). For total coliforms, there was no
significant difference among testing methods when comparing the fractions of positive samples at
the institution level (all p > 0.05) (Table 3). However, at one institution (Site 2) there was a significant
difference between the two methods in E. coli detection—11% of samples tested positive for E. coli
according to quantitative assays and 18% of samples tested positive according to the P/A method
(p = 0.03) (Table 4).

The higher fraction of positive results for E. coli that were generated by the P/ A method at Site 2
merits further discussion. While it is possible that some of these are false positives, the P/ A method
demonstrated a low false positive rate of only 1% for E. coli and 5.3% for total coliforms at 24 h in the
U.S. EPA Alternative Test Procedure (ATP) approval study [34]. Among Site 2 samples that tested
positive for E. coli using the P/A method and negative using the quantitative method, 5/18 were
either positive control strains or raw water, which were likely to be true positives. The remaining
samples were piped water samples, which likely contained chlorine-injured organisms. The P/A
method was specifically designed to improve the detection of fecal contamination by resuscitating
chlorine-damaged bacteria, which may have contributed to the higher rate of E. coli detection by the
P/A method at Site 2 [35]. Site 1 samples, which used the same quantitative method as Site 2, however,
did not reveal a significant difference in E. coli or total coliform recovery. These data suggest that the
P/A method may be more accurate at detecting E. coli contamination for certain water sample types
than the quantitative method, particularly when injured organisms are present. One study found
that recovery performance of some methods may be affected by sample matrix differences, such as
heterotrophic background growth, alkalinity, and pH, though Colitag™ produced high recovery rates
regardless of sample type [36].

Furthermore, water testing results from the distribution network samples indicate low levels
of contamination in the piped systems. According to the quantitative results, 96.3% (674/700) of
distribution network samples tested negative for total coliforms and 99.1% (694/700) tested negative for
E. coli. These low levels of contamination are comparable to our previous analysis of over 27,000 piped
water samples in Africa, which found that 97% were free from fecal contamination [25]. Low levels of
contamination are suitable for P/ A tests when screening for fecal indicator bacteria.

Table 2. (a) The 2 x 2 contingency table for total coliform with frequencies of positive and negative
results provided by the partners’ established quantitative methods and the presence/absence (P/A)
method; (b) the 2 x 2 contingency table for E. coli with frequencies of positive and negative results
provided by the partners’ established quantitative methods and the P/A method.

Quantitative Method Quantitative Method
+ - Total + — Total
P/A + 148 20 168 P/A + 103 20 123
Method - 2 876 878 Method - 3 922 925
Total 150 896 1046 Total 106 942 1048
(a) Total Coliforms (b) E. coli
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Figure 1. (a) Percentage of positive and negative samples for total coliforms according to P/A and

quantitative diagnostic methods; (b) percentage of positive and negative samples for E. coli according

to P/A and quantitative diagnostic methods. Due to the infrequent presence of fecal indicators in the

distribution waters collected, naturally contaminated water sources were used to spike some of the

samples; therefore, the percentage of positive results should not be used to draw conclusions about

system water quality.

Table 3. Comparison of total coliform detection between quantitative and P/A methods.

Number of Samples % Positive
Site — X2  p-Value
Both Quantitative P/A Both e e
Total Negative Positive Positive Positive Quantit-ative  P/A
1 214 184 27 29 26 12.6% 13.5% 0.08 0.77
2 198 159 31 39 31 15.7% 19.8% 1.11 0.29
3 205 163 42 42 42 20.5% 20.5% 0.00 1.00
4 220 196 24 23 23 10.9% 10.5% 0.02 0.88
5 209 174 26 35 26 12.4% 16.8% 1.55 0.21
TOTAL 1046 876 150 168 148 14.3% 161% 120 027
Table 4. Comparison of E. coli detection between quantitative and P/A methods.
Number of Samples % Positive
Site e re X2  p-Value
Both Quantitative P/A Both ce e
Total Negative Positive Positive Positive Quantit-ative  P/A
1 214 198 16 16 16 7.4% 7.4% 0.00 1.00
2 198 159 21 36 18 10.7% 18.3% 4.61 0.03
3 205 171 34 34 34 16.6% 16.6% 0.00 1.00
4 220 204 16 16 16 7.3% 7.3% 0.00 1.00
5 211 190 19 21 19 9.0% 10.0% 0.11 0.74
TOTAL 1048 922 106 123 103 10.1% 11.7% 1.42 0.23

The strong correlations between the results of the P/ A and quantitative assays for microbial water
quality indicators and the low levels of contamination in the piped distribution networks indicate that
simple P/ A tests, whose performance has been approved by an independent agency, such as the U.S.
EPA, are appropriate alternatives to laborious quantitative diagnostics for monitoring well-managed

chlorinated piped distribution networks in Africa. As most water quality monitoring institutions in
sub-Saharan Africa do not achieve testing levels specified in standards or guidelines, the simpler P/A
test may, therefore, provide a solution to increasing sampling rates. African water sector authorities
should consider these results in their designs of water quality monitoring strategies and regulations.
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However, even with regulatory acceptance of P/ A methods, their application by African water
suppliers and surveillance agencies will likely depend on the costs of procuring validated P/ A tests
that are imported from Europe or the United States (however, it is worth noting that most quantitative
supplies are also imported from North America and the U.S.). The U.S. EPA considered reduced
costs for P/A testing in comparison to quantitative methods when it adopted the Total Coliform
Rule in 1989 [22]. Our previous analysis of reported testing costs in sub-Saharan Africa (including
equipment, consumables, and labor) found that the per-test cost of H,S presence/absence tests
(8.3 USD) was lower than the average per-test cost for membrane filtration (12.5 & 8.1 USD) and
MPN (14.0 £ 12.4 USD) [37]. However, this was not the case when only examining consumable costs:
H,S presence/absence consumable costs (5.5 USD) were higher than average consumable costs for
membrane filtration (3.1 £ 1.8 USD) or MPN methods (4.3 £ 3.9 USD) [37] (it is important to note
that H,S cost data was only from one institution and no data was available on E. coli P/ A methods).
Similarly, a study by Bain et al. [16] that obtained costs from websites, catalogues, and quotations from
manufacturers and suppliers found that the cost per test for P/ A testing was approximately equal to
quantitative methods (ranging from 0.6-5.0 USD and 0.5-7.5 USD, respectively, though these did not
include import, delivery, or distributer mark-up prices in Africa). However, both studies found that
equipment costs were generally lower for P/A compared to quantitative methods [16,37]. Furthermore,
there is a possibility for additional cost savings from reduced staff time required for P/ A methods
(<5 min for sample handling) compared to quantitative methods (up to 30 min) [16].

A limitation of our study is that we did not generate all of our positive control samples using
known control strains. Instead, in cases when water suppliers did not have access to control strains,
they drew samples from likely contaminated sources, such as untreated groundwater or untreated raw
water. Additionally, we were unable to conduct confirmatory tests of the positive results because of
the capacity of the site laboratories.

The economic perspective outlined above suggests that despite the performance of the P/A test
in monitoring chlorinated, piped distribution networks in African cities, the low consumable costs of
quantitative methods will continue to favor their use over internationally validated, ready-to-use P/A
tests that have higher per-unit costs, particularly among monitoring agencies that have already invested
in the equipment and staff needed to perform quantitative methods. Nevertheless, validated P/A tests
may still prove cost-effective in settings with chlorinated water supplies that are not supported by
established laboratories.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4441/11/3/491/s1.
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Appendix A

Table Al. (a) 2 x 2 contingency table for total coliform with frequencies of positive and negative results
provided by Site 1’s established quantitative methods and the P/ A method; (b) 2 x 2 contingency table
for E. coli with frequencies of positive and negative results provided by Site 1's established quantitative
methods and the P/ A method.

Quantitative Method Quantitative Method
+ - Total + - Total
P/A + 26 3 29 P/A + 16 0 16
Method — 1 184 185 Method - 0 198 198
Total 27 187 214 Total 16 198 214
(a) Total Coliforms (b) E. coli

Table A2. (a) 2 x 2 contingency table for total coliform with frequencies of positive and negative results
provided by Site 2’s established quantitative methods and the P/ A method; (b) 2 x 2 contingency table
for E. coli with frequencies of positive and negative results provided by Site 2’s established quantitative
methods and the P/A method.

Quantitative Method Quantitative Method
+ - Total + - Total
P/A + 31 8 39 P/A + 18 18 36
Method - 0 159 159 Method - 3 159 162
Total 31 167 198 Total 21 177 198
(a) Total Coliforms (b) E. coli

Table A3. (a) 2 x 2 contingency table for total coliform with frequencies of positive and negative results
provided by Site 3's established quantitative method and the P/A method; (b) 2 x 2 contingency table
for E. coli with frequencies of positive and negative results provided by Site 3’s established quantitative
method and the P/A method.

Quantitative Method Quantitative Method
+ — Total + — Total
P/A + 42 0 42 P/A + 34 0 34
Method - 0 163 163 Method — 0 171 171
Total 42 163 205 Total 34 171 205
(a) Total Coliforms (b) E. coli

Table A4. (a) 2 x 2 contingency table for total coliform with frequencies of positive and negative results
provided by Site 4's established quantitative methods and the P/A method; (b) 2 x 2 contingency table
for E. coli with frequencies of positive and negative results provided by Site 4’s established quantitative
methods and the P/ A method.

Quantitative Method Quantitative Method
+ — Total + — Total
P/A + 23 0 23 P/A + 16 0 16
Method - 1 196 197 Method - 0 204 204
Total 24 196 220 Total 16 204 220

(a) Total Coliforms (b) E. coli
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Table A5. (a) 2 x 2 contingency table for total coliform with frequencies of positive and negative results
provided by Site 5's established quantitative methods and the P/A method; (b) 2 x 2 contingency table
for E. coli with frequencies of positive and negative results provided by Site 5's established quantitative
methods and the P/A method.

Quantitative Method Quantitative Method
+ — Total + — Total
P/A + 26 9 35 P/A + 19 2 21
Method - 0 174 174 Method - 0 190 190
Total 26 183 209 Total 19 192 211
(a) Total Coliforms (b) E. coli
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