WRIEHlCE TR - - BR AT

Review and Development of Marine Water Quality Objectives (WQOSs) -
First Stage Public Engagement

Féﬁ%}‘
uestionnaire

()

Q(M):

i (2) :

Q@)

I (3) -

QE):

W (4) -

Q(4):

far tfrﬁﬁﬁﬁiﬁfuim TR - - WRESREEY T, (O ”E"ﬁ # )
12y 4 Ay = [Jﬁ%ﬁqu £l [ﬁ’%h;l ?

What are your views on the key |ssues set out in Section 4 of the “First Stage Public Engagement
Document for the Review and Development of Marine Water Quality Objectives (WQOs)”
(hereafter refers to as the “Engagement Document”) ?
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What are your views on the beneficial uses and sensitive receivers set out in Section 2 of the
Engagement Document ? Are you aware of any other beneficial uses of waters that should be
considered in this review ?
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What are your views on the priority and level of protection for various beneficial uses, sensitive
receivers and sensitive organisms that should be protected through the WQOs ?
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In respect of Appendix A of the Engagement Document, what other types of WQOs or parameters
should be considered in the next stage ?
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What are your views on the review approaches as set out in Section 5 of the Engagement Document ?
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Escherlchla coli has been used as the principal pollution indicator worldwide since a
century ago. It was generally assumed that the bacterium had survival characteristics in the
environment that were similar to many fecal pathogens. However, many recent studies have shown
that E. coli can survive in the environment for much longer time than it was assumed. Some survivors
can even establish genetically distinct populations (so-called “naturalized”) that persist without further
pollution input. Disturbances such as heavy rainfall and strong waves can cause naturalized E. coli to
emerge from its environmental reservoirs and lead to a surge of E. coli counts not related to any
pollution.

Given the high prevalence of naturalized E. coli in tropical and subtropical environments, the
effectiveness of using E. coli as a pollution indicator for HK should be re-visited and the use of
additional/alternative indicator(s) should be explored.

An ideal indicator bacterium should be (Ishii and Sadowsky 2008):

1) present in the intestine of warm-blooded animals in high abundance

2) non pathogenic

3) present in the water when fecal pathogens are there, and absent in uncontaminated water
4) present in far greater number than fecal pathogens in contaminated water

5) able to survive similarly to fecal pathogens when discharged to the natural environment
6) unable to multiply in the environment, same to fecal pathogens

7) detected and quantified by easy, rapid and inexpensive methods

Although it is almost for certain that ideal indicators do not exist, these criteria should form the
guideline for the evaluation of E. coli to remain the (sole) indicator for HK. The same criteria should
be used when adopting additional / alternative indicators.

Reference:
Ishii and Sadowsky (2008) Eshcerichia coli in the environment: implications for qater
quality and human health. Microbes Environ 23:101-108
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What broad water quality management principles and WQO approaches should g)e considered in the
next stage ?
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After the questionnaire is completed, please save or print out this document, and send the document to us on or
before 31 December 2009 by e-mail, facsimile or mail.
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Escherichia coli in the Environment: Implications for Water Quality and
Human Health
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Escherichia coli is naturally present in the intestinal tracts of warm-blooded animals. Since E. coli is released into
the environment through deposition of fecal material, this bacterium is widely used as an indicator of fecal contamina-
tion of waterways. Recently, research efforts have been directed towards the identification of potential sources of fecal
contamination impacting waterways and beaches. This is often referred to as microbial source tracking. However,
recent studies have reported that F. coli can become “naturalized” to soil, sand, sediments, and algae in tropical, sub-
tropical, and temperate environments. This phenomenon raises issues concerning the continued use of this bacterium as
an indicator of fecal contamination. In this review, we discuss the relationship between E. coli and fecal pollution and
the use of this bacterium as an indicator of fecal contamination in freshwater systems. We also discuss recent studies
showing that E. coli can become an active member of natural microbial communities in the environment, and how this
bacterium is being used for microbial source tracking. We also discuss the impact of environmentally-“naturalized” E.

coli populations on water quality.
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Introduction

Contamination of water and food with fecal bacteria is,
and remains, a common and persistent problem, impacting
public health and local and national economies®”. Water-
related diseases are the major cause of morbidity and mortal-
ity worldwide. Among these, diarrheal diseases are estimated
to cause 1.8 million deaths each year, mostly in developing
countries''™. Improved water supplies and proper sanitation
can reduce the occurrence of gastrointestinal diseases. How-
ever, outbreaks of water- and food-borne diseases still often
occur, even in developed countries. In the United States, 76
million cases of foodborne illness occur every year, resulting
in 325,000 hospitalizations and 5,000 deaths?®). Pathogenic
agents causing these diseases include the enteric bacteria
(diarrheagenic E. coli, Shigella, Salmonella, and Campylo-
bacter), viruses (norovirus, hepatitis A), and protozoan
(Cryptosporidium and Giardia)’™. Recently, an outbreak of
E. coli O157:H7 was reported in the U.S. and Canada during
August and September 2006. The source of E. coli O157:H7
in this outbreak was spinach, which was most likely contam-
inated by irrigation water in California?¥. By October 6,
2006, this incident led to 1[99 infections, 31 cases of
hemolytic-uremic syndrome (HUS), and three deaths?. In
Japan, a large outbreak of E. coli O157:H7 was recorded in
1996 in elementary schools in Sakai City, Osaka, causing
7,900 hospitalizations, 101 HUS cases, and three deaths’.

* Corresponding author. E-mail: sadowsky@umn.edu; Tel: +1-612—
624-2706.

' Present address: Graduate School of Agricultural and Life Sciences,
The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-
8657, Japan

The source of E. coli O157:H7 for this outbreak was identi-
fied as school lunch provided on one particular day.

The occurrence of water- and food-borne illnesses has
economic and social impacts (medical costs, productivity
losses from sick leave, decreasing tourism, etc). The Eco-
nomic Research Service of the United States Department of
Agriculture (USDA-ERS) estimated that in 2001, diseases
caused by five major bacterial pathogens in the U.S. resulted
in a loss of about $6.9 billion'™. Consequently, monitoring
levels of fecal contamination and the prevention of disease
outbreaks is important from both public health and economic
perspectives.

Indicators of fecal contamination

Drinking water, ground water, and recreational water are
mandated to be monitored for levels of fecal indicator bacte-
ria. These bacteria are used to indicate the potential presence
of pathogens in the environment, since detection and enu-
meration of many types of pathogenic organisms is often dif-
ficult due to their low numbers and specific growth
requirements®. While several bacteria are currently used as
indicator organisms for fecal contamination, the ideal indica-
tor bacterium should be: 1) present in intestinal tracts of
warm-blooded animals; 2) present when pathogens are there,
and absent in uncontaminated samples; 3) present in greater
numbers than the pathogen, 4) able to survive similarly to
pathogens in the environment; 5) be unable to multiply in the
environment; 6) detected and quantified by easy, rapid, and
inexpensive methods; and 7) non pathogenic'”.

Historically, total coliforms, fecal coliforms, enterococcl,
and E coli have all been used as fecal indicator
organisms® 51910 Coliforms are defined as the lactose-fer-
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menting, gram-negative, Enterobactericeae, including E.
coli. Enterobacter, Klebsiella, and Citrobactor™. Ther-
motrophic coliforms (also called “fecal coliforms™), which
can grow at an elevated temperature (44.5°C), were initially
recommended as a more “fecal-specific” indicator'". How-
ever, some members of thermotrophic coliforms, such as
Klebsiella, can originate from non-fecal sources as wel]'™,

In order to determine the best indicator of fecal pollution,
the United States Environmental Protection Agency
(USEPA) correlated bacterial presence to swimming-associ-
ated gastroenteric diseases at beaches on the east coast of the
U.S."™_ They reported that enterococci and E. coli had the
highest correlation to disease incidence at marine and fresh-
water beaches, respectively. Therefore, enumeration of £
coli was recommended as a means to assess fecal loading in
freshwater systems and potential health impacts'®. E. coli is
also used as an indicator of fecal contamination in the other
countries®. Based on the U.S. EPA Ambient Water Quality
Criteria for Bacteria'™, freshwater beaches should be closed
when: (1) £. coli counts of a single sample exceed 235 colo-
nies per 100 ml water, or (ii) the geometric mean of £. coli
counts of at least 5 samples, equally spread over a 30-day
period, exceeds 126 colonies per 100 ml water. Some fresh-
water beaches often exceed these limits, and are closed for
many days during summer months*®. Similar criteria are also
used in Japan and other countries for water quality monitor-
ing.

Escherichia coli in the environment

E. coli is a rod-shape, gram-negative, gammaproteobacte-
rium in the family Enterobactericeae, and is a member of the
fecal coliform group of bacteria. The primary habitat of E.
coli is thought to be the lower intestine of warm-blooded ani-
mals, including humans®. Greater than one million (10%) £
coli cells are generally present in | g of colon material, and
are often released into the environment (their secondary hab-
itat) through fecal deposition®® (Fig. 1). Until relatively
recently, however, E. coli was believed to survive poorly
in the environment, and not to grow in secondary habitats,
such as water, sediment, and soil''®. E. coli faces many
stresses in the environment, including low and high tempera-
tures ™5 470931% - limited moisture®!?:192030.76.93115) - yariation
in soil texture’*3%7  low organic matter content®!'s) high
salinity®”, solar radiation''”, and predation!'>!#1925:9%),

Recent studies, however, have shown that E. coli can
survive for long periods of time in the environment, and
potentially replicate, in water, on algae, and in soils in
tropical'6:1920.223738 - qubtropical®™®?, and temperate environ-
ments® i 7204849.61.99.109 - Relatively high concentrations of
nutrients and warm temperatures in tropical and subtropical
environments are likely factors enabling £. coli to survive
and grow outside of the host??:!'®. The addition of nutrients,
such as manure, greatly increased the concentration of £ coli
in Ontario soil”, suggesting that E. coli can grow and main-
tain their population in temperate environments if favorable
conditions exist (Fig. 1).

Byappanahalli es al*” reported that E. coli strains were
repeatedly isolated from exclosure-protected temperate for-
est soils in Indiana, and their genetic structure was different
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Fig. 1. Schematic diagram of the lifecycle of £. coli. Once E. coli is
released from their primary host (warm-blooded animals) through fecal
droppings, the majority of the released bacteria dic due to low nutrients
and other environmental factors. Some of them, however. become
attached to soil, sand, sediment, or algae surfaces, and survive longer.
In some conditions. these E. coli strains can grow and maintain their
populations long enough to become adapted or “naturalized” to the
environment. The adapted or naturalized £. coli survive and replicated
in the environment, and can be reiniroduced to animal hosts through
contact with water and food.
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Fig. 2. A) Multivariate analysis of variance (MANOVA) of HFERP
DNA fingerprints from E. coli strains obtained from soils (), deer
(), and birds [geese (1), terns (@), and gulls (O)]. The first two dis-
criminants are represented by the distances along the x and y axes
(adapted from Byappanahalli e al.”” B) Conceptual representation of £.
coli distribution among humans, animal hosts, and environmental reser-
voirs. Some level of host specificity can be detected in among E. coli,
but some strains can be found in multiple hosts. Environmentally-
adapted “naturalized” E. coli strains are unique and different from those
found in humans and other animal hosts. Pathogenic E. coli strains can
cause human diseases, and can be found in other animal hosts and in the
environments.

from these bacteria isolated from animals (Fig. 2A). Simi-
larly, Ishii et al** reported that genotypically-identical E.
coli strains were repeatedly isolated from a temperate soil
near Duluth, Minnesota. The soil-borne E. coli strains had
DNA fingerprint patterns distinct from animal-borne iso-
lates, suggesting that they were not recently deposited by
animals. The presence of E. coli attached to the macroalga
Cladophora in Lake Michigan'*?"'" and to periphyton in
Lake Superior®”, and in beach sand and sediments®**'%® has
also been reported. Na et al.™ showed that E. coli can enter a
viable-but-nonculturable (VBNC) state in natural water held
at 4°C. Taken together, these results suggest that E. coli can
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survive, grow, and become “naturalized” members of soil
and algal communities.

The ability of E. coli to survive and grow in the environ-
ment is likely due to its versatility in energy acquisition. E.
coli 1s a heterotrophic bacterium, requiring only simple car-
bon and nitrogen sources, plus phosphorus, sulfur, and other
trace elements for their growth. This bacterium can also
degrade various types of aromatic compounds such as pheny-
lacetic acid and benzoic acid, to acquire energy*". In addi-
tion, E. coli can grow both under aerobic and anaerobic con-
ditions, which they may face in a variety of fluctuating
environments. Furthermore, E. coli can grow over a broad
range of temperatures (7.5-49°C), with has a growth opti-
mum of 37°C*59. The long-term survival of E. coli under
freezing temperature has also been reported*33%. The ability
of E. coli to grow and survive under various conditions likely
allows them to become an integrated member of microbial
communities in a variety of environments.

Pathogenic E. coli

Although most E. coli are harmless commensal bacteria,
some strains can cause human diseases. Shiga toxin-produc-
ing E. coli (STEC), including enterohemorrhagic E. coli
(EHEC), can cause bloody diarrhea as well as potentially
fatal human diseases, such as hemolytic uremic syndrome
(HUS) and hemorrhagic colitis (HC)™. E. coli O157:H7 is
among the most recognized serotypes of EHEC, and has
caused many large outbreaks of food- and water-borne ill-
ness. In addition to STEC and EHEC, at least five additional
pathogroups of E. coli have been identified. Enteropatho-
genic E. coli (EPEC) are one of the major causes of watery
diarrhea in infants, especially in developing countries.
Enterotoxigenic £. coli (ETEC) are the main cause of trav-
eler’s diarrhea and enteroaggregative E. coli (EAEC) can
cause persistent diarrhea, lasting for more than two weeks.
Enteroinvasive E. coli (EIEC) are genetically, biochemically,
and pathogenically closely related to Shigella™%". Several,
researchers consider Shigella as being a subgroup of E.
coli*®, While extraintestinal pathogenic E. coli (ExPEC),
including uropathogenic and avian pathogenic strains, are
thought to be harmless while they are in the intestinal tracts,
they can cause neonatal meningitis/sepsis and urinary tract
infections if acquired by others'??.

Extensive reviews are available on the pathogenesis, diag-
nosis, and sources of pathogenic £ colif**75%" However,
the distribution of pathogenic E. coli in the environment has
not been examined in detail. Several studies have shown that
EPEC strains can be more frequently detected in the environ-
ment than the STEC*4, Ishii e a/*® and Lauber et al®
reported the occurrence of potential EPEC strains, but no
STEC, at Great Lake beaches. Similarly, Higgins er al*®
reported that the intimin receptor gene tir, an EPEC viru-
lence factor, was more frequently detected than stx genes
(STEC virulence factor) in water samples from urban
streams. While cattle and other ruminant animals (sheep,
goats, and deer) may serve as major reservoirs of
STEC*™*0  EPEC strains might be evenly distributed
among diverse human and animal hosts*®. The broad distri-
bution of potential EPEC in a large number of animal hosts
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may, in part, explain the frequent detection of this pathogen
in the environment.

Diversity of E. coli

E. coli 1s genotypically and phenotypically diverse. Tradi-
tional classification of E. coli is made based on reaction of
antibodies with three types of antigens: the somatic (O), cap-
sular (K), and flagellar (H) antigens™. Currently, E. coli has
been shown to possess 173 O, 103 K, and 56 H antigens, and
the number of newly discovered antigens is increasing (The
E. coli Index [http://ecoli.bham.ac.uk/]). Diverse E. coli sero-
types, which are defined by the combination of O and H anti-
gens, have been identified. For example, E. coli O157:H7 is
the most well-known serotype that can cause human
disease*®.

E. coli strains also vary in other phenotypic characteristics,
such as carbon utilization patterns, antibiotic resistance pro-
files, flagellar motility, ability to form biofilms, and the abil-
ity to cause diseases™** %719 This is probably due to gene
mutations and acquisition of new genes via plasmid- or
phage-mediated horizontal gene transfer. Genome sequenc-
ing has revealed that horizontal gene transfer plays a signifi-
cant and important role in gene acquisition in E. co/i'". In
addition, mutation can also contribute to the phenotypic
diversity of E. coli. For example, diversity in carbon utiliza-
tion ability may be caused by mutations and resulting func-
tional failure of the affected genes. Cooper and Lenski®"
observed that the several lines of E. co/i that were adapted to
glucose medium over thousands of generations lost their
ability to utilize several other carbon sources. Similarly, aux-
otrophic mutants (i.e. mutants that cannot synthesize neces-
sary amino acids for growth) were often obtained from bio-
film communities®”. These studies indicate that some
phenotypic variation may be attributed to ecological special-
ization: thus, E. coli adapted to one environment may lose
fitness in another.

Diversity of E. coli is observed at the genotype level as
well. While more than 650 genotypes were observed among
1,535 unique E. coli strains based on repetitive element pal-
indromic (rep)-PCR DNA fingerprinting, rarefaction analy-
sis revealed that the diversity observed was not saturated®?.
Similar findings were also reported in other studies®@6%119,
DNA fingerprint patterns are variable even within the same
serotype. For example, pulsed-field gel electrophoresis
(PFGE) DNA fingerprint patterns of 1,798 E. coli strains
belonging to the O157 serogroup were only 10% similar’.
Whole genome PCR scanning analysis revealed that the posi-
tion and structure of prophages (i.e. viral phage integrated
into the bacterial chromosome) were different among 9 rep-
resentative O157H7 strains’?, Comparative genomic analysis
done by using microarrays also showed that prophage or
prophage-related elements contributed greatly (>85%) to the
presence of genes in 12 E. coli O157:H7 and related
strains''¥. These reports indicates that bacteriophage greatly
contribute to genotypic diversity. Other factors, such as
recombination, can also contribute to  genotypic
diversity’!".

Recent progress in genome sequencing revealed differ-
ences in gene content among E. coli strains. The complete
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genomes of eight £. coli strains have been published, includ-
ing nonpathogenic E. coli K12 strains''™, EHEC Q157:H7
strains**"), uropathogenic strains'*2%'""_ and an avian patho-
genic strain®?, Genome sequencing projects of 31 other E.
coli strains are currently in progress (http://www.genome-
sonline.org/). Genome comparisons among E. coli strains,
MGI655 (K12), EDL933 (O157:H7), and CFT073 (uro-
path), revealed that only 40% of the proteins were shared in
common'?, further indicating that E. coli strains acquired
many of their genes by horizontal gene transfer.

While E. coli has diverse genotypic and phenotypic char-
acteristics, some characters are shared among strains
exposed to similar environments. This is thought to be
largely driven by selection pressure. If some of the character-
istics among E. coli strains can be grouped by origin of isola-
tion (i.e. host animals), then it is possible to use these pheno-
types or genotypes as a tool to determine the source of
unknown bacteria. This approach is called microbial source
tracking (MST), and is discussed below in more detail.

Microbial source tracking

Potential sources of fecal contamination in water, soil, and
sediments include human sewage, pets, farm animals, wild-
life, and waterfowl. Although recreational beaches are rou-
tinely monitored for the levels of fecal indicator bacteria,
microbial numbers alone cannot determine the potential
sources of these bacteria. The identification of potential
sources of E. coli and other fecal indicator organisms (such
as enterococci and Bacteroides) in the environment is of
great interest to the public, government regulatory agencies,
beach managers, and operators of sewage treatment facilities.
MST data can be used to establish proper risk assessment and
abatement procedures’.

Several library-dependent and -independent methods have
been developed for MST studies (see reviews by Harwood ',
Sadowsky e¢f al®®, Santo Domingo et al.®”, Scott ef al®”,
Stewart er al.®®, Stoeckel and Harwood’®, USEPA'™), Yan
and Sadowsky''™. A library for MST studies contains a
dataset of characteristics of the target microorganism from
known-source hosts’™. Both phenotypic (e.g. antibiotic resis-
tance profile, carbon utilization patterns) and genotypic char-
acteristics (e.g. DNA fingerprint patterns) can be used for
library-dependent MST methods®™*%%1"% Among these, rep-
PCR DNA fingerprinting, including horizontal fluorophore-
enhanced rep-PCR (HFERP) DNA fingerprinting, has been
frequently used as a library-dependent MST method. The
technique is reproducible, relatively inexpensive to use, and
has relatively high throughput as compared to other molecu-
lar methods''*. Several studies have shown that the HFERP
DNA fingerprint patterns of E. coli strains could be clustered
by animal host groups (e.g. Fig. 2A)¥-3483%9 This indicates
that some level of host specificity exist in £. coli population
(Fig. 2B). However, when E. coli is used as a target organism
for MST studies, a large database is necessary to adequately
represent diverse genetic and phenotypic characteristics in E.
coli populations obtained from multiple hosts*". Moreover,
since E. coli is not evenly distributed among host animal spe-
cies, the distribution of this bacterium in the environment is
patchy**“?. The distribution of E. coli is also subject to geo-
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graphical and temporal variability, thus adequate care must
be taken in obtaining representative samples for the construc-
tion and analysis of libraries, While these issues need to be
taken account in the development of any host-source
library®, library-dependent MST methods appear to be use-
ful tools for analysis of fecal contamination in relatively
small areas with a limited number of potential input sources.
For example, Ishii er al.** successfully applied HFERP DNA
fingerprinting to determine potential sources of E. cali con-
taminating beaches in Lake Superior.

Library-independent MST methods employ host-specific
markers, including PCR primers? 257 39.62.788991.92) and gene
probes* ¥, to determine sources of fecal pollution. Host-spe-
cific markers, targeting 16S rDNA and other genes, have
been identified for £ coli357% methanogens'®') viruses
and coliphage’>?, member of the Bacteriodales?>2™% and
metagenomic DNA fragments®®?. However, before use in
field studies these host-specific markers need to be validated
by estimating the proportion of false-positives and false-neg-
atives in the target population, and for sensitivity in detecting
these bacteria that are present in low numbers in complex
matrices, such as soil and sediment. In some cases the prim-
ers work well when tested with fecal samples, but have sensi-
tivity issues when used with environmental samples,
Although only a relatively few field investigations have been
done using library-independent approaches™2785%%2)  thig
method appears to be promising for future MST studies®®.

While E. coli is often used as an organism for both library-
dependent and -independent MST studies, and as a metric for
fecal contamination, some researchers criticize its use In
MST studies postulating that this bacterium may not be dis-
tinct enough to be separated into host source-specific
groups*®, Gordon and Lee*? used multilocus enzyme elec-
trophoresis to characterize enteric bacteria and found that
only 6% of the genetic diversity in E. coli could be attributed
to host animals in Australia. Other studies have shown that
while the relationship between E coli genotypes and animal
source groups is not perfectly correlated, there is significant
clustering of strains by animal or origin®%). In order to
establish a reliable MST method, Malakoff"™® suggested that
population genetic studies done using more sensitive and dis-
criminative methods are needed to better understand the rela-
tionship between diversity and host specificity in E. coli.

Health risk implications and MST studies

One of the main underlying assumptions of all MST stud-
ies is that fecal contamination originating from human
sources is indicative of greater health risks for humans than
is contamination originating from animals and the environ-
ment. This hypothesis, however, has not been adequately
tested. Most MST methods are, therefore, designed to cor-
rectly and accurately separate fecal indicator organisms from
human and other animal sources. Although some pathogens,
such as Shigella, may be specifically harbored by humans®,
others can be distributed among diverse animals and also be
resident in various environments''?. For example, birds,
including chickens and turkeys, often harbor Salmonelia and
Campylobacter**®, and pathogenic E. coli can also be found
in non-human animals and in several environments (Fig. 2B).
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In addition, ruminants, such as cows, sheep, and goats, have
been reported to be the major reservoir of STEC?67%% Based
on these, and other findings, it is obvious that the distribution
of pathogenic E. coli and other human pathogens among
diverse animal hosts and in the environment is still not well
understood.

Some pathogenic £. coli, however, appear frequently in
specific lineages®. Population genetic studies done by using
multilocus enzyme electrophoresis and strains from the E.
coli reference (ECOR) collection revealed that E. coli can be
divided into four major phylogenetic groups: A, B1, B2, and
D% While most STEC strains are found in phylogenetic
groups A and B1, ExPEC strains are more frequently identi-
fied in phylogenetic group B2 and D?7*%, Gordon*? proposed
to use virulence factor genes as a MST tool. However, the
relationship between phylogenetic groups and host animals is
not well understood. Moreover, linking MST studies and
potential human health hazards is a challenging but impor-
tant topic. The construction of microbial risk models is nec-
essary to assess potential human health hazards®. For accu-
rate modeling, however, future studies are needed to clarify
the distribution of these pathogens in animals and the envi-
ronment, and the evolutionary and ecological forces leading
to their establishment in humans, animals and environmental
niches.

Future directions

It is clear from results of numerous studies that alternate
fecal indicators need to be developed in order to better pre-
dict public health risks. Savichtcheva et al.®” reported that a
genetic marker for Bactervides 16S rRNA had a higher pre-
dictive value for the occurrence of bacterial enteric patho-
gens than those based on total and fecal coliforms. Other
indicators will likely emerge from ongoing and future epide-
miological analyses. Detection and quantification of poten-
tially pathogenic £. coli and other enteric pathogens may be
another approach to assess human health hazards. Ahmed et
al.V and Ishii et al *® surveyed E. coli strains isolated from
water samples by using PCR targeting virulence factor
genes. The use of colony hybridization using virulence gene-
specific probes is a promising alternate method since it is
reliable and can be applied to high-throughput and large-
scale studies®™''". The use of robots to pick and array E. coli
colonies allows for the simultaneous analysis of up to 20,736
strains, with minimal time and human input''?.

Another interesting direction for future research 1s to fur-
ther investigate the ecology of naturalized E. coli strains.
Several questions can be asked about these bacteria, chief of
which is why these naturalized strains survive and grow bet-
ter in the environment than other E. coli. Other questions
also remain, such as: What mechanisms enable these bacteria
to better survive and grow in soils relative to non-naturahzed
strains?, What are the unique genetic characteristics of these
strains?, Where can we find naturalized E. coli besides soil,
sand, and sediments?, and When and how did these strains
evolve from a common E. coli ancestral lineage? Genome
sequencing of the naturalized E. coli strains may provide us
useful information to answer some of these questions. Com-
parative genomics of naturalized and other £ coli strains
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(mostly pathogenic strains) is also of interest for ecological
perspectives, and the sequencing of some of these environ-
mental strains is currently under way.

In situ evolutionary experiments may also provide new
insights into adaptive mechanisms that microorganisms use
to survive in soil and water environments. Previous labora-
tory experiments reported that error-prone DNA polymerase
was induced under starvation conditions, and produced
mutations at a high rate®°%. Since nutrients may limit the
growth of E. coli in soil, it is possible that error-prone DNA
polymerases may be activated and contributes to the genetic
variation observed among soil-naturalized £. coli strains.
This implies that mutation rates in £. coli may be different in
soil compared to artificial media and the intestinal tract.
Other evolutionary mechanisms, such as recombination,
plasmid transfer, and the influence of bacteriophage, also
need to be studied to understand evolution of E. coli in the
environment.
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E. coli 1s highly abundant in fecal matter and is thus utilized by many governments around
the world as a fecal pollution indicator. The general assumption is that E. coli is not able to
survive in the environment and therefore should gradually die off as the impacts of fecal
pollution subside. However, many studies have indicated that some E. coli strains can survive
permanently in the environment as naturalized populations after a pollution event.
Disturbances such as heavy rainfall and strong waves can cause naturalized E. coli to emerge
from its environmental reservoirs and lead to a surge of E. coli counts not related to any
pollution. This phenomenon seriously impairs the detection of actual pollution and thus the
implementation of water resource management strategies.

Persistence of E.coli in secondary habitats. Once released from the animal hosts (primary
habitat) into the external environment (secondary habitat), £. coli face a large number of
biotic and abiotic stresses that are not present in their hosts (reviewed by Rozen and Belkin
2001). It was originally believed that E. coli, which has evolved as a gut flora in warm-
blooded animals, should not be able to live for long under such stressful conditions. This has
been shown in the lab where the relatively simple, controlled and homogenous experimental
conditions provided few survival options to the bacteria (Niven et al. 2008, Sinton et al.
2002). However, the situation is completely the opposite in the natural environment. Many
studies have reported that E. coli persisted in many different kinds of environments, such as
river water (Byappanahalli et al. 2003), sediments (Anderson et al. 2005), soils (Ishii et al.
2006), algal surfaces (Olapade et al. 2006) in different climate zones. “Naturalized E. coli” is
used to describe E. coli populations that persist in the environment (Ishii et al. 2006).

Impacts of naturalized E. coli on pollution monitoring. In standard water monitoring
practices, it is generally assumed that fecal pollution is the only source of E. coli and that the
bacterium would gradually die off as the pollution impacts subside. However, these
assumptions are seriously violated by the widespread occurrence of naturalized E. coli, which
impairs the ability of standard water monitoring to identify actual pollution. For example,
Solo-Gabriele et al. (2000) reported that riverbank soils were the primary source of E. coli in
a Florida river because the alternating wet-dry conditions in the soil under tidal influences
enabled a large population of E. coli to thrive and diffuse into the water. Similar post-storm
and wave effects on E. coli resuspension have been observed for sediment in Lake Michigan
(McLellan et al. 2004) and beach sand in Lake Huron (Kon et al. 2007). In Lake Superior,
high abundance of naturalized E. coli was found in algal mats, which could release up to
1000 CFU ml™" of E. coli into the overlaying water (Ksoll et al. 2007). In New Orleans,
serious concerns have been raised about the long-term impacts of the high levels of E. coli
brought to soils by the fecal-contaminated floodwaters from the hurricanes Katrina and Rita
(Sinigalliano et al. 2007).
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