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ABSTRACT

Regulatory responsibility in Aotearoa for drinking water has shifted from the
Ministry of Health to Taumata Arowai whose expanded remit will encompass an
estimated 75,000 drinking water supplies. Traditionally the only tool used by
water suppliers for monitoring microbial contamination was testing for the
indicator bacteria E. coli. Taumata Arowai is developing new drinking water
quality standards and rules, with increased testing requirements in the source
water, at the treatment plant and within the reticulation network. This includes
adding another indicator bacteria - Total Coliforms. The key issue is that while
detection of E. coli and Total Coliforms suggests there is a problem, it provides
little guidance as to the source of that problem, or what to do about it. This has
led to inaction by some water suppliers, and default boil water notices by others.
Taumati Arowai is emphasising a “Find & Fix” approach, which while increased
testing of more supplies will certainly find more issues, fixing those requires new
science and new understanding.

Technological advances in DNA sequencing have now reached the point of
maturity that they can be applied to better understanding and management of
drinking water. Whole genome sequencing of isolates, and microbial community
analysis using metagenomic approaches provide new tools for evaluating
drinking water. There are two key applications:

1) Understanding source water (rivers, lakes and ground water aquifers) and
contamination pathways. Metagenomic approaches provide opportunities to
understand the sources affecting water supplies and the microbial community
present including non-faecal pathogens such as Legionella.

2) Investigating the causes of detections of Total Coliforms and E. coli within
a drinking water supply. Is the detection due to contamination events affecting
the source water, treatment failure, network contamination (breaks in pipes or
backflows, storage tank issues), network biofilm sloughing, or in fact sampler or
laboratory errors?



This paper will explore these revolutionary technologies with examples of their
actual or theoretical application to the 2016 Havelock North campylobacteriosis
outbreak ill.
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INTRODUCTION

Regulatory responsibility in Aotearoa for drinking water has shifted from the
Ministry of Health to Taumata Arowai whose expanded remit will encompass an
estimated 75,000 drinking water supplies. Traditionally the only tool used by
water suppliers for monitoring microbial contamination was testing for the
indicator bacteria E. coli with the 486 registered drinking water supplies
undertaking about 90,000 tests annually. Taumata Arowai is developing new
drinking water quality standards and rules, with increased testing requirements
in the source water, at the treatment plant and within the reticulation network.
This includes adding another indicator bacteria - Total Coliforms. The key issue is
that while detection of E. coli and Total Coliforms suggests there is a problem, it
provides little guidance as to the source of that problem, or what to do about it.

This has led to inaction by some water suppliers, and default boil water notices
by others. Taumati Arowai is emphasising a “Find & Fix” approach, which while
increased testing of more supplies will certainly find more issues, fixing those
requires new science and new understanding.

Next generation sequencing, massively parallel sequencing, and second
generation sequencing are all largely interchangeable terms that describe
technologies able to sequence millions, if not billions of DNA sequences at the
same time (van Dijk et al., 2018, Zhang et al., 2021). These have
revolutionised many facets of biology, notably in sequencing of the human
genome, sequencing of genomes of all other types of organisms, and in
sequencing whole communities of eurkaryotes and prokaryotes in specific
ecological niches. Third generation sequencing technologies take this further by
increasing the length of sequences determined.

This paper will explore the application of two types of next generation
sequencing.

1. The whole genome sequencing (WGS) of individual bacteria isolated from
a water sample.

2. Metagenomic analysis or profiling of the community of organisms in a
sample.



For drinking water these tools these tools have a number of applications
including:

1) Whole genome sequencing can be use to:

a. Evaluate whether E. coli found in a water sample is from a
laboratory source

b. Where pathogens such as Campylobacter are found in a water
sample, evaluation of the potential source of those pathogens, and
where a source is found confirmation that the sources are linked.

2) Metagenomic analysis can be used to:

a. Better understand source waters (rivers, lakes and ground water
aquifers) and contamination pathways. Metagenomic approaches
provide opportunities to understand the sources affecting water
supplies and the microbial community present including non-faecal
pathogens such as Legionella.

b. Investigating the causes of detections of Total Coliforms and E. coli
within a drinking water supply. Is the detection due to
contamination events affecting the source water, treatment failure,
network contamination (breaks in pipes or backflows, storage tank
issues), or network biofilm sloughing.

This paper will explore these revolutionary technologies with examples of their
actual or theoretical application to the 2016 Havelock North campylobacteriosis
outbreak.

DISCUSSION

WHOLE GENOME SEQUENCING
HAVELOCK NORTH 2016

In August 2016, an outbreak of campylobacteriosis occurred in Havelock North
with more than 8,300 people estimated to have become ill (Gilpin et al., 2022).
Campylobacter jejuni isolates were recovered from water samples collected from
the Havelock North water supply on Friday 12™ August 2016. Clearly the
presence of pathogenic bacteria in drinking water is not acceptable. But having
isolated these bacteria a number of questions were raised which whole genome
sequencing was able to assist with.

Question 1: Are these bacteria in the water were the same as those
isolated from infected and sick people?

Question 2: Where did these bacteria had come from? Initial potential
sources including chicken manure, cattle, sheep and human sewage.

Whole genome sequencing was able to assist with both of these questions. The
Campylobacter jejuni isolates were purified, and DNA extracted from each
isolate. These were sequenced using an Illumina MiSeq and the 1.6 million base



pair genomes assembled. Core genome multi-locus sequence typing was
undertaken to compare the isolates (Figure 1).

This was complex outbreak with more than a dozen different strains of C. jejuni
found among the clinical isolates. But amongst these over 80% were either
sequence types ST42 or ST3610.

Amongst the drinking water isolates there were eight distinct strains or types of
C. jejuni, with four of these also found in clinical samples. including the largest
cluster of isolates. Therefore, for question 1, we could confirm that isolates in
the water were indistinguishable from clinical isolates, and therefore a likely
cause. Not all the water isolates were found in clinical cases, and not all clinical
isolates were found in water samples. There are several explanations for this.
First, only a small proportion (<5%) of likely clinical cases were genome
sequenced, so more sequencing would likely have identified more genotypes of
C. jejuni. Conversely the earliest water samples obtained were only collected on
the 12 August 2016. It is likely the water was contaminated for up to six days
before this, so sampling on days prior to the 12 August, would very likely have
recovered additional isolates from the water of different genotypes, which may
have matched more of the clinical isolates.

Figure 1: Core genome (cgMLST) minimum spanning tree (up to 1,394 loci)
of Campylobacter jejuni isolates. Numbers on the branches are the number of
CcgMLST differences. Size of circles reflects the number of isolates with that same
CcgMLST profile (0-3 cgMLST differences).
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It should also be noted that some of the clinical cases will have been unrelated
to the water source. Campylobacteriosis is a common illness, usually from
foodborne sources. Therefore a few of the cases in Havelock North during the
outbreak period are likely to be from the “normal” sources such as poultry. The
clinical isolate labelled ST45 is a possible example of this.

There is one other possibility for bore water samples ST8398. This is a new
genotype of C. jejuni, which is most closely related to isolates previously
recovered from wildfowl such as pukeko. There were pukeko in the paddocks
around the bores. These raise the intriguing possibility that these strains of C.
jejuni may lack the ability to cause illness in people, even if consumed in
drinking water.

The second question regarding the source of the isolates could be guided by
several observations.

e First analysis of the drinking water samples using faecal source tracking
gPCR methodology (Devane et al. 2020) identified ruminant DNA markers
in all of the drinking water samples.

e The major campylobacter MLST genotypes were also those typically
associated with ruminants such as cows and sheep.

e Even more conclusive was the isolation of campylobacter from likely
animals in the vicinity of the bores. While there were only a few isolates
from bovine sources, these were not the same as any of the water or
clinical isolates. In contrast sheep faecal material sampled had five
genotypes of campylobacter indistinguishable from the clinical isolates
with one of the sheep isolates indistinguishable from the water isolates.
Again, only limited sampling of sheep was possible so overlap in only
some of the genotypes is understandable. It does reinforce the diversity of
genotypes present and the need in any outbreak investigation to isolate
and genotype as many isolates as possible.

WHOLE GENOME SEQUENCING
ESCHERCHIA COLI

WGS of pathogens is very powerful, but it is not often that samples are obtained
and tested for pathogens. In contrast the indicator organism Escherchia coli, is
the basis of microbial water guidelines. In New Zealand each year tens of
thousands of samples are tested for E. coli, and detections do occur. WGS can
be applied to provide some insight. When these detections are unexpected, they
are sometimes attributed to laboratory error or cross contamination. Laboratory
controls minimise the possibility of these, but WGS does allow elimination of
contamination from a laboratory positive control. From a plate or colilert
sample, E. coli can be isolated and sequenced. Many laboratories use as an E.
coli media quality control strain, ATCC 25922 which was imported to New
Zealand in 1974. This strain was originally isolated from a clinical sample in
Seattle, Washington, USA in 1946. It therefore should be very different to any



environmental strains in New Zealand. Figure 2 illustrates scenarios of matches
with laboratory strain and also where multiple different genotypes of E. coli
would support a more environmental source.

Figure 2: Whole genome (wgMLST) minimum spanning tree (up to 5,000 loci)
of Escherichia coli isolates. Numbers on the branches are the number of cgMLST
differences. Size of circles reflects the number of isolates with that same cgMLST
profile. The lab strain (red) is indistinguishable from the green isolates indicating
laboratory contamination of a sample. In contrast the yellow and purple E. coli
isolates are thousands of alleles different suggesting environmental source.
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METAGENOMICS

Assuming that E. coli detected in a water sample is not from a laboratory
positive control then when E. coli or total coliforms are detected, there will also
be many more other microorganisms present, and potentially DNA from
mammals or others sources of interest. This is the power and the promise of
metagenomics to allow insight to be gained from assessment of the community
of organisms whose cells and/or DNA is present.

COLILERT TRAYS

From a water sample a colilert tray is often used to enumerate levels of Total
coliforms and E. coli (Figure 3). We undertook metagenomic analysis of the
individual wells from colilert trays with positive, negative and sterility controls
and with river water samples. DNA was extracted from the liquid from individual
wells and analysed using 16s metagenomics.

Figure 3: Colilert tray with yellow wells indicating Total Coliforms and clear
wells no total coliforms. The yellow wells when exposed to UV light then
fluoresce if E. coli are present.




The first experiments were to review the metagenomic profile of the colilert
trays inoculated with positive control E. coli, negative control Pseudomonas, and
with sterile water only (Figure 4). Less than 5,500 reads were obtained from the
sterility control compared with over 35,000 from the positive or negative control
samples. The reads in the sterility controls will be from the sterile water or from
some of the analysis reagents. While there were a small number of non-target
reads in the positive and negative control samples, each was dominated by the
E. coli or Pseudomonas reads. A colilert sample contaminated with the lab strain
would be expected to look similar to this inoculated control.

Figure 4 The range of genera of bacteria detected in colilert wells for positive,
negative and sterility controls.
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In contrast river water samples (Figure 5) containing between 50 and 110 E.
coli/100 mL, had in E. coli positive wells not just Escherchia, but also other
bacteria. The other wells with only total coliforms or negative for total coliforms
had a range of genera present that differed between each river sample. While
this demonstrates that metagenomics can be applied to colilert wells, and
evaluation of the genera present may provide some guidance, the enrichment
process in testing does bias and restrict the diversity of reads obtained.

In contrast the right hand panel of Figure 5 is the same river samples, but with
metagenomics directly on extracted water samples. While there are less reads,
there is more diversity without the enrichment of the colilert growth media.



Escherchia are still detected, but with a range of other bacterial genera. If this
was drinking water then further analysis could provide insight to sources of
contamination and potential health risks.

Metagenomic analysis also allows detection of hon-microbial DNA. As illustrated
in Figure 6, DNA from animals, birds, fish and other animal groups can be
detected. This detection can drill down to identify species of fish or animals
whose DNA is present.



Figure 5. The range of genera of bacteria detected from three different river samples from either colilert wells (left hand
side) and filtered water samples without enrichment (right hand side).
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Figure 6: Metagenomic profiles from eight different drinking water samples are
shown in the barchart and the piechart represents a total composite of eDNA
from all sites.
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CONCLUSIONS

The tools and approaches outlined in this paper could have, if available and if
applied, been used to confirm the contamination risk in the Havelock North water
BEFORE the August 2016 outbreak. Whole genome sequencing of any E. coli could
have confirmed they were not laboratory contaminants.

Metagenomic analysis of the bore water, provided sampling was done at the right
times, could have confirmed that the water was not as old as thought. Micro-
organisms consistent with surface water inputs and faecal contamination are likely
to have been detectable. In the case of the Brookvale Road bores in Havelock
North sheep were only occasionally present. If sampling was done during periods
when they were present, and when rainfall was occurring then it is likely sheep
DNA or bacteria indicative of sheep would have been detected. Pukeko and other
birds were present year-round, so it is possible that markers indicative of pukeko
could have been detected. These would have challenged the notion that this was
a secure bore.

Of even greater promise is the application of these tools to understanding and
managing drinking water supplies. More thorough source water characterization,
particularly assessment of the sources of contamination, will assist with decisions
around the level of water treatment required, and with actions that could be taken
to reduce the contamination risks.

Application of metagenomics to reticulated water offers the opportunity to also
explore questions around what changes are occurring in the water. Whether
biofilms are impacting on the water. When total coliforms are detected, what the
health risk might be, and what the source might be. The growth in the number
and scope of publications exploring drinking water and metagenomics highlights
that this will be in increasingly important component of drinking water safety (see
reference list).
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