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Abstract This chapter contains a review of the most important emerging problems related
to infectious diseases that have or may have some relationship to wastewater. It includes path-
ogenic viruses, bacteria and protozoa, as well as prions, and genes such as those implicated
in resistance to antibiotics or virulence factors (which are transferred between different bac-
teria, and can influence the emergence of more noxious infectious microorganisms).After a
short revision of the causes found in the emergence and re-emergence of infectious diseases,
there is a detailed review of the main emergent infectious agents transmitted by the water
route, and whose presence in sewage might have public health implications.

Keywords Wastewater · Emerging · Bacteria · Viruses · Protozoa · Pathogens

1
Introduction

The early history of infectious diseases was characterised by sudden, unpre-
dictable outbreaks, frequently of epidemic proportion. Scientific advances in
the late 19th and early 20th century resulted in the prevention and control of
many infectious diseases, particularly in the industrialised nations. In devel-
oping countries infectious disease is still the first cause of mortality, because
poverty does not allow implementation of the measures applied in the indus-
trialised countries. Despite a century of progress, infectious diseases still cause
enormous human suffering, deplete scarce resources, impede social and eco-
nomic development and contribute to global instability. The potential for even
greater dissemination looms as a continuous threat for humanity [1].

Recent worldwide outbreaks indicate the potential for the sudden appear-
ance of infections in currently unaffected populations. Cryptosporidiosis both
in industrialised and developing countries [2] and cholera in the Americas [3]
are good examples.Additionally, new infectious diseases, often with unknown
long-term public health impact (Ebola virus, Legionella, Hantaan virus, Cam-
plylobacter, E. coli O157:H7, human immunodeficiency virus (HIV), hepatitis
C, West Nile virus or severe acute respiratory syndrome (SARS) to mention
some [4–9]) or with known public health impact but not considered as infec-
tious (e.g. Helicobacter pylori [10])) continue to be identified. New agents are
regularly added to the list, particularly with the availability of nucleic acid am-
plification and recognition techniques for detecting and identifying otherwise
non-cultivable microorganisms.

All these observations have lead to an increasing interest in emerging
microbial threats to health and multiple initiatives have been taken for an
effective surveillance and control of these emerging infectious diseases. As
always, when a new terminological concept or term appears, multiple defini-
tions appear in parallel. Following two of them in our opinion covers all pos-
sible meanings of the term.

Thus in 1992, the US Institute of Medicine (IOM) [11] defined an emerging
infection as any new, re-emerging or drug-resistant infection whose incidence
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in humans has increased within the past two decades or whose incidence
threatens to increase in the near future.

In one of the first articles published in the Journal of Emerging Infectious
Diseases, which is published by the National Center for Infectious Diseases
(USA Center for Disease Control and Prevention), it was written that emerging
infectious diseases can be defined as infections that have newly appeared in 
a population or have existed but are rapidly increasing in incidence or geo-
graphic range [12].

However, it is difficult to decide whether there is a true increase in the inci-
dence of a given infection, or whether our ability to detect the pathogen more
frequently now than previously is being perceived as an emergence. Indeed 
in the past 20 years the ability of microbiologists to detect, enumerate and
characterise microorganisms has increased enormously. Firstly, the number of
microorganisms cultivable by the traditional microbiological procedures has
increased. Secondly, molecular techniques, mainly those based on nucleic acid
amplification, have increased the range of detectable microorganisms. The
most important of these techniques being the polymerase chain reaction
(PCR), nucleic acid sequence based amplification (NASBA) for amplifying DNA
and reverse transcriptase-polymerase chain reaction (RT-PCR), nucleic acid
recognition (hybridisation in its multiple methodological varieties) and char-
acterisation (restriction patterns and sequencing) . The paramount examples
of an improvement in our abilities to detect them are, among many others,
Helicobacter pylori and Cryptosporidium parvum, and examples of truly emerg-
ing pathogens are enterotoxigenic Escherichia coli O157:H7 and Vibrio cholerae
O139.

In the present chapter we will review the emerging diseases considered in
the broader sense.

2
Factors in Infectious Disease Emergence

The reasons underlying the emergence of water-borne diseases can, at least,
only be discussed in terms of possibilities. In many aspects they differ sub-
stantially from the causes found in the emergence of chemical contaminants.
However, factors causing infectious disease emergence can be identified in vir-
tually all cases. Among them we find those described below.

Ecological changes, including those due to economic development and land
use, are found in the origin of the expansion of some infectious diseases. Thus
the construction of dams that introduces changes in water ecosystems, defor-
estation/reforestation; floods and flood/drought cycles, the effects of extensive
cattle rising in wildlife are all factors found in the origin of the expansion of
some infections diseases. Argentine, Bolivian and Korean hemorrhagic fever,
hantaviruses infections, Lassa fever and lyme disease are due to ecological
changes that favour human contact with alternative hosts, mainly rodents, and
vectors.
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Climatic change produces adjustments in the geographical distribution of
some vectors that transmit the infectious agents, thus increasing the geo-
graphical areas endemic for some infections. Expansion of Dengue in some
areas of Central-South America seems to be due to the global warming that
allows the vectors to reach new geographic areas.Also, areas where there are the
conditions for emerging pathogenic biotypes of Vibrio cholerae seem to be in-
creasing as a consequence of global warming.

Human demographic factors such as population growth, changes in age dis-
tribution and migration from rural areas to the cities and from some geogra-
phical areas to others are certainly important in the emergence and re-emergence
of some infectious diseases. Examples of this group are acquired immunodefi-
ciency syndrome (AIDS) and a re-emergence of malaria in certain areas.

Human behaviour is also responsible for a number of emerging infectious
problems. Thus sexual behaviour, intravenous drug abuse or use of high den-
sity facilities contributes to the spread of a number of infections of different
characteristics. Hepatitis B and C, AIDS, and the fast spreading of some respi-
ratory diseases are among this group of emerging infections.

International travel and commerce as well as the rapid movement of goods
and people favour the rapid dissemination of emerging pathogens. Ebola,
Marburg,West Nile encephalitis and monkey pox in the United States, malaria
and the fast spreading of newly re-assorted influenza virus or of new biotypes
of cholera are examples of this group.

Technology and industry are also found in the origin of some problems.
Globalisation of food supplies, changes in food processing and packaging,
rendering processes, organ or tissue transplantation, drugs causing immuno-
suppression, air conditioning and widespread use of antibiotics are, among
other causes, at the root of some problems. Examples of this group are
legionellosis, haemolytic uremic syndrome (Escherichia coli O157:H7),
hepatitis B and C, AIDS and bovine spongiform encephalopathy in cattle.

Mutation and genetic interchange produces many changes in the micro-
organisms, rendering them able to infect new hosts, to be more virulent (path-
ogenic) or to be resistant to one or more antibiotics. This aspect has probably
always occurred, but becomes more important as a consequence of several of
the previous factors. Influenza virus, Rift Valley viruses, cholera and haemolytic
uremic syndrome (Escherichia coli O157:H7) are all infectious diseases in
which genetic changes or new genetic re-assortments are identified as factors
involved in their emergence or re-emergence.

Last but not least, there is a substantial breakdown in public health measures
in many areas of the world that influences the emergence or re-emergence of
some infectious diseases. Limitation or reduction in prevention programs,
inadequate sanitation, and absent or inadequate vector control measures have
indeed increased the propagation of old and new pathogens. Examples are the
resurgence of tuberculosis in the United States and some countries of Western
Europe, cholera in refugee camps in Africa and diphtheria in the former Soviet
Union.
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3
Emerging Pathogens in Sewage

Many pathogens are expected to be found in sewage under certain circum-
stances, since many of them are found either in faeces or in urine, although
their numbers will vary according to the epidemiological status of the popula-
tion. As an example, nucleic acids homologous to human immunodeficiency
virus (HIV), the causal agent of AIDS, has been reported in wastewater [13],
though these results are controversial and though the role of the faecal-oral
route in HIV transmission is null. Also, the coronavirus causing severe acute
respiratory syndrome (SARS) is expected to be found in sewage in areas with
infected individuals since it causes diarrhoea in about 25% of infected indi-
viduals [14] and has been found in faeces of some of the infected macaques
[15], though the role of the faecal-oral route in transmission of the SARS coro-
navirus is not yet known. But, we only have to worry about those pathogens 
in sewage that are transmitted through water, mostly those transmitted by the
faecal-oral route, and consequently we will limit this article to this group.

Table 1 summarises the emerging water-borne pathogens. These are the
pathogens that we will comment on below. Additionally, we will comment on
some other emerging problems such as prions, bacterial genes encoding for 
resistance to antibiotics and genes encoding for virulence factors.

The presence of most of them in sewage is important because their trans-
mission is by the faecal-oral route. Consequently, contamination of drinking
water, recreational waters and food with sewage containing these pathogens
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Table 1 Major emerging infectious diseases transmitted through water

Agent Category Main disease

Cryptosporidium parvum Protozoa Acute enterocolitis

Legionella pneumophila Bacteria Legionellosis

Campylobacter jejunii Bacteria Gastroenteritis

Escherichia coli O157:H7 Bacteria Haemorrhagic colitis and 
haemolytic uremic syndrome

Helicobacter pylori Bacteria Gastric ulcers

Vibrio cholerae O139 Bacteria Cholera

Hepatitis E virus Virus Hepatitis

Cyclospora Protozoa Acute enterocolitis

Toxoplasma gondii Protozoa Toxoplasmosis

Mycobacterium (atypical) Bacteria –

Norovirus and Sapovirus Virus Acute gastroenteritis

Yersinia enterocolitica Bacteria Acute diarrhoea



means a significant health hazard. The presence in sewage of bacteria such as
Legionella or Mycobacterium is not considered to be an additional health haz-
ard since they are constituents of the normal microbiota of fresh waters; they
grow in the biofilms of the pipelines of drinking water supply networks, and the
contribution of sewage in their transmission is considered to be negligible.

4
Pathogens and Indicators in Sewage

In sewage contaminated by faecal material, either human or animal, a great
number and variety of microorganisms are found.Although some of the micro-
organisms excreted by humans and animals are pathogens, the great majority
are not. Neither the pathogens nor the non-pathogens that originate in the gut
replicate once outside the gastrointestinal tract, although it cannot be excluded
that some of them replicate under some exceptional circumstances. However,
they can survive quite successfully outside the gastrointestinal tract. Some sur-
vive much more successfully than others. Generally speaking, virus and some
forms of protozoa (oocysts) persist more than bacteria, and among bacteria,
those that make spores survive better than those that do not. Many of the mi-
croorganisms excreted through faeces are found in similar numbers in sewage
of both human and animal origin and in sewage from different geographical ar-
eas. The microorganisms contributed by humans or animals are similar, though
studies are being made in order to be able to track the sources of faecal cont-
amination for a better management of water resources. Some of these mi-
croorganisms in all sorts of faecal samples are used as surrogate indicators for
the assessment of water quality. Among these surrogate indicators there are
groups of species like total coliforms, faecal coliforms, faecal streptococci; sul-
fite reducing clostridia, coliphages, etc., on which definitions are based in a
given detection and enumeration method or methods. They have been used for
many years. At present they are being progressively substituted by species or
genera (Escherichia coli, Enterococcus and Clostridium perfringens) when tech-
niques are available.

In contrast, the presence of pathogens in sewage depends on the epidemio-
logical status of the population, and accordingly their densities may vary from
zero to millions per millilitre. Consequently, there are important differences in
their densities between different periods of time in the same geographical
location and between geographical areas or countries. Usually the densities and
diversity of pathogens in sewage of developing countries is significantly higher
than in industrialised countries, although this may not be applicable for emerg-
ing pathogens. For example, the numbers of antibiotic-resistant microorgan-
isms are higher in industrialised countries than in the developing ones. When
available, data on occurrence and densities of emerging pathogens in sewage
belong to industrialised countries, and consequently it is difficult to compare
between the occurrence of emerging pathogens in industrialised and develop-
ing countries.
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5
Pathogens Detection in Sewage

Detection of pathogens in water samples and consequently in sewage present
serious difficulties, which arise from the difficulty itself of cultivating some
pathogens and their small densities as compared to those of the background
flora. Problems in detecting and counting pathogens differ for viruses, bacteria
and protozoa. Traditional methods for viruses and bacteria rely on the capa-
bility to reproduce them, whereas those for protozoa rely on direct observation.

5.1
Traditional Methods

Viruses only replicate when susceptible cells are available. In this case, they can
be counted either by direct enumeration of plaques of lysis (each plaque is
associated to an infectious unit and receives the name of plaque-forming units,
PFU) on a monolayer of cells covered by a layer of semisolid culture media, or
by quantal methods based on the determination of the presence/absence of
viruses in a given volume of sample assayed on a monolayer of susceptible cells
covered by liquid culture media.A combination of a significant number of sub-
samples, tested at different volumes, allows statistical estimations (most prob-
able number, MPN, or 50% tissue culture infectious dose, TCID50) of the num-
ber of infectious viruses. But, a significant proportion of the emerging viruses
do not grow in any of the available cell lines. This is the case of the emerging
viruses, hepatitis E viruses, noroviruses and sapovirus, whose transmission is
associated with water.

Bacteria are usually grown on mixtures of suitable nutrients, which can be
extremely variable depending on the bacteria. Also, bacteria have different
requirements regarding oxygen concentration in the culture media. Providing
that suitable media are available, bacteria, as in the case of viruses, can be
counted either by direct enumeration of colonies (each colony is associated to
a cultivable bacterium and receives the name of colony forming units, CFU) on
a layer of solid culture media, or by quantal methods based on the determina-
tion of the presence/absence of bacteria in a given volume of sample assayed
on liquid culture media.A combination of a significant number of sub-samples
tested at different volumes allows a statistical estimation (MPN) of the number
of cultivable bacteria. Currently used culture methods for pathogenic bacteria
are time-consuming and laborious, requiring prolonged incubation, selective
enrichment to reduce the growth of the background flora, and biochemical
identification. Additionally, bacterial pathogens may also enter a viable but
non-cultivable state due to starvation and physical stress and selective media
do not efficiently recover stressed microorganisms, and indeed most pathogens
are stressed in sewage.

Traditional methods for parasitic protozoa are based on microscopic ob-
servation, which is time-consuming, extremely tedious and requires trained
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personnel. Direct observation can be improved by immunostaining with
specific antibodies. Techniques such as flow cytometry or laser scanning im-
munostained protozoa are useful tools for detecting and enumerating parasitic
protozoa. These techniques still have some drawbacks such as the presence of
interfering autofluorescent particles (e.g. unicellular green algae that do not
distinguish between live and dead oocysts). A number of chemical stains
(DAPI, PI, SYTO, etc.) have been used in order to determine the viability of the
protozoa observed by microscopy, though no one seems to provide compara-
ble results to the ones provided by infection of susceptible cells or hosts.

5.2
Molecular Methods

Over the last decade molecular techniques, mostly PCR-based systems includ-
ing RT-PCR, PCR, quantitative PCR or detection of amplified DNA by hybridi-
sation in DNA microarrays, have been applied to develop improved detection
methods for pathogens. Due to its high sensitivity, specificity and rapid results,
PCR is presented as an alternative to conventional methods. However, envi-
ronmental application of PCR presents several problems.

Firstly, environmental samples may contain inhibitory substances with a sig-
nificant effect on the activity of enzymes (reverse transcriptase and Taq poly-
merase) used in amplifying nucleic acids. In this case purification steps may be
necessary. Secondly, the low proportion of pathogens compared to the back-
ground flora causes amplification problems. A pre-enrichment step can over-
come this problem. However, this pre-enrichment approach again causes prob-
lems in quantification. Thirdly, these techniques do not allow distinction of
whether the amplified nucleic acids correspond to microorganisms that con-
serve their infectious potential, or belong to microorganisms that have not yet
lost their integrity and in which nucleic acids have not yet been degraded, but
which have lost their infectious potential. This third aspect can be overcome in
bacteria and protozoa by amplifying the messenger-RNA of those genes that
are the first ones to be stimulated when replication is stimulated by external
signals.

As a consequence of all these methodological constraints, data on pathogens
in sewage are scarce and incomplete. In many cases only presence/absence data
are available, and when quantitative data are available, very likely they repre-
sent an underestimation of the actual values.
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6
Pathogenic Viruses

6.1
Hepatitis E Virus

Among the various viruses causing hepatitis (A, B, C, delta and E), only he-
patitis A virus (HAV) and hepatitis E viruses (HEV) are transmitted by the
faecal-oral route, and only HEV is considered as emerging. Hepatitis E virus is
a major cause of acute hepatitis in many areas of Africa, Asia and America
(Mexico), where HEV is considered endemic [16]. In some of these areas it is
associated with more than 50% of sporadic cases of acute hepatitis. It was re-
sponsible for one of the broadest water-borne hepatitis outbreaks to have
occurred in the last 50 years, which affected more than 500,000 individuals in
India. It affects mainly young adults and the disease is generally self-limited.
However, sometimes hepatitis E has severe complications and a high case
fatality rate, particularly in pregnant women [17]. Industrialised countries have
traditionally been considered as non-endemic for HEV; most cases in these
countries have been considered imported either by travellers or immigrants.
Nevertheless, nucleic acid characterisation of some HEV strains isolated from
humans in North America and Europe show genetic divergence with strains
from HEV-endemic countries [18]. Evidence that some animals, mostly swine,
can be reservoirs of HEV are accumulating; swine and human strains isolated
in a given geographical area show an important degree of genetic similarity
[19]. Transmission of HEV infection during outbreaks primarily occurs
through contaminated water [20].

By using a seminested RT-PCR amplification of the viral fraction purified
from sewage, genomes of HEV viruses have been detected in raw sewage in
industrialised countries like France, Spain and the USA [21, 22]. One of these
sewage samples containing genomes of HEV produced infections after being
injected to monkeys [21]. This indicates that the viruses occurring in sewage
were infectious. Quantitative data about their occurrence in sewage are not yet
available, but hepatitis E viruses has been detected by RT-PCR in sewage vol-
umes as small as 1 mL [21]. Certainly, densities of hepatitis E viruses in sewage
from endemic areas will be much higher than the densities in sewage from in-
dustrialised countries.

6.2
Norovirus and Sapovirus

Though this viral infection may not be considered as truly emerging, since it
was first reported in 1972 [23] the availability of molecular detection methods
has allowed us to recognise these viruses as the most commonly identified
cause of infectious gastrointestinal disease in Western European communities
[24] and the USA [25]. They have been included in the list for this reason. These
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groups contain many viruses. Norwalk, Snow Mountain and Sapporo viruses
are the best known and most frequently reported as causal agents of outbreaks.
Collectively they were previously known as Norwalk-like virus, or small round
structured viruses [26] and were included in the genus calicivirus. Now they are
classified as Norovirus (Norwalk and Snow Mountain among others) and
Sapovirus (Sapporo virus among others).Acute gastroenteritis, with vomiting
and diarrhoea, caused by the noroviruses is mild and self-limiting in the
absence of other factors. It presents a short incubation (24–48 h) and duration
of the disease, but the patient excretes huge amounts of viruses, up to 1011 g–1

faeces, for a couple of days. A large human reservoir of infection, a very low
infectious dose and the ability to be transmitted by a variety of oral-faecal
routes [24, 25] contribute to the prevalence of infection by noroviruses.
Numerous water-borne outbreaks are well documented [27, 28]. Noroviruses
also affect animals, and recent data suggest that calves and pigs may be reser-
voir hosts of these viruses [29].

Noroviruses have been described in domestic sewage [30] by nucleic acid
amplification techniques.Values of 103–105 genomes per 100 mL of raw sewage
are found under normal circumstances, but the numbers may increase to more
than 107 when there is an outbreak in a given community [30]. Recently, a quan-
titative RT-PCR has been developed for the detection of noroviruses in sewage,
and they have been found in 96% of raw sewage samples tested in Southern
England with values as high as 104 mL–1, and with a wide variety of strains [31].
These data indicate that noroviruses are widespread in the population or West-
ern Europe, even in non-epidemic situations.

7
Pathogenic Bacteria

7.1
Helicobacter pylori

Helicobacter pylori, a Gram-negative, microaerophilic bacterium, has been
implicated in the aetiology of most chronic gastritis, peptic ulcer disease and
is believed to play a major role in gastric cancer [32]. Water supplies contami-
nated with faecal material may be the source of H. pylori transmission [33]. This
is particularly relevant in developing countries where the municipal water
supplies are not adequately treated and water is obtained from rivers and other
untreated sources.

H. pylori is difficult to cultivate and detection in sewage by culture requires
a previous enrichment of the sample by immunoseparation. This impedes
quantification, but allows detection. Thus cultivable H. pylori have been de-
tected in sewage from industrialised countries [34, 35, 37] and developing coun-
tries [36].
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7.2
Campylobacter

Campylobacter are characterised as fastidious gram negative, non-spore-form-
ing, motile, microaerophilic, spiral shaped microorganisms. Campylobacter
species occur in the reproductive and intestinal tracts of man and animals.
Some species are pathogenic. Campylobacter jejunii and Campylobacter coli are
those more frequently isolated from humans.

C. jejunii is now the leading cause of bacterial gastroenteritis in industri-
alised countries [38, 39]. Human campylobacteriosis is a severe disease, often
leading to serious sequels and sometimes resulting in death. Severe sequels
include Guillain Barré Syndrome and reactive arthritis. It is recognised as a
zoonotic infection. It seems to be particularly adapted to the avian intestinal
tract, thus causing poultry to be the primary vehicle of transmission to
humans, though Campylobacter is also detected in faeces of other animals.
Campylobacter cells may enter the environment, including drinking water,
through the faeces of animals or infected humans. It is usually associated with
food-borne transmission, but recently it has been associated with water-borne
outbreaks [38–42] related to contamination of drinking source water by sewage,
farm slurries, land run off and contamination with avian wildlife faeces,
followed by inadequate disinfection.

There are several problems concerning detection of Campylobacter cells in
water, including the small numbers and slow growth rates of the organisms. The
traditional methods currently used are time-consuming and laborious,
requiring prolonged incubation, selective enrichment to reduce the growth of
the background flora, and biochemical identification. Campylobacter cells may
also enter a viable but non-cultivable state due to starvation and physical stress.
Recently, methods based on the PCR assay, after enrichment of the samples in
non-selective media, seem to provide the best method for Campylobacter de-
tection.

Virtually all surface waters contain Campylobacter and consequently so does
sewage. Concentrations ranging from 102 to 105 CFU per 100 mL of raw sewage
have been reported [43, 44].

7.3
Escherichia coli O157:H7

Escherichia coli is a Gram negative, facultative anaerobic bacterium, with
curved rod cells. It is a major component of the microbiota of human and
animal gut. It is non-pathogenic for humans and animals, and is without any
doubt the best known living being. Molecular biology has known most of its
breakthroughs in strain K12 of E. coli. However, some strains are pathogenic.
Among those, Escherichia coli O157:H7 is the better known, though not the
only one. Other E. coli serogroups (O1, O5, O18, O26, O103 and O11, among
others) have been described as causing the same diseases as O157 [45, 46]. First
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described in 1982, this biotype produces haemorrhagic colitis, with serious
complications. Haemolytic uremic syndrome, in around 5% of infected people,
was followed by death or permanent renal failure in 3–5% of cases [47]. Its
pathogenicity has been attributed in part to the production of enterotoxins
known as Shiga-toxins. Numbers of outbreaks and sporadic cases have been in-
creasing since then. It is particularly abundant in cattle faeces. It is transmitted
by the faecal-oral route. Food contamination with animal faeces is the main
route of transmission, but water-borne outbreaks have been reported [48, 49].
Although generally considered to be a problem in the industrialised countries,
it has recently been isolated in developing countries. Joint infections with
Shigella have been described as having devastating effects in Africa. It is ex-
creted by infected humans and animals and consequently it is expected to be
found in sewage.

Methods for direct detection on routine analysis are not available and con-
sequently data on its occurrence and numbers in sewage are very scarce and ap-
parently contradictory, probably as a consequence of methodological problems.
They have been isolated in highly polluted river waters at cell densities 
of 102–104 mL–1 [50] and in urban sewage and calves wastewater at 1–10 mL–1

(C. Garcia and X. Bonjoch, personal communication).

7.4
Vibrio cholerae O139

Vibrio cholerae is a Gram negative, facultative anaerobic bacterium, with
straight or curved rod cells. It is known as the causative agent of cholera.
V. cholerae is now recognised as an autochthonous member of the microbiota
in many aquatic environments such as riverine and estuarine waters as 
well as in the gut of zooplankton [51]. Among 193 recognised serogroups only 
two, O1 and O139, have been associated with cholera in humans; some of the
other serogroups (O10, O12) can cause sporadic cases of diarrhoea [52]. The
difference lies in the fact that O1 and O139 produce the cholera toxin and a
colonisation factor that facilitates colonisation of the human gut. Both are
coded by genes introduced into the host strain by bacteriophages, and this hor-
izontal transmission of genes seems to be the cause of the emergence of path-
ogenic strains [53].

From 1817 to the present, seven distinct pandemics (worldwide epidemics)
of cholera have occurred. The first six were cause by V. cholerae O1, but the last
that appeared at the end of 1992 was caused by V. cholerae O139 [54, 55]. In
Europe, several countries were affected by cholera in the 1990s [56, 57]. At the
moment both persist and coexist in different areas of the world, mostly in de-
veloping countries, where outbreaks occur in a regular seasonal pattern and are
associated with poverty and poor sanitation.A clone of serogroups O37 showed
epidemic potential in the 1960s [58], though it did not produced a pandemic
situation. The close evolutionary relationship among O1, O139 and O37 and the
implication of lysogenic conversion (horizontal transfer of genes mediated by
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bacteriophages) of the two virulence genes indicates that new clones with epi-
demic potential will likely emerge in the future [54, 55, 58].

V. cholerae transmission is water-borne. It is excreted in great amounts by
infected persons and consequently it is found in sewage during outbreaks.
Numbers as high as 105 mL–1 of sewage-contaminated areas and irrigation
water have been described [51]. Moreover, V. cholerae may find the conditions
to replicate in some oxidising ponds used to treat wastewaters [59]. As said
before, V. cholerae persists in different areas of the world, mostly developing
countries, where outbreaks occur in a regular seasonal pattern.Where and how
it persists in the periods in which there is no disease remains to be elucidated.

7.5
Yersinia enterocolitica

Yersinia enterocolitica is a Gram negative, facultative anaerobic bacterium, with
straight rod cells. It is an important food- and water-borne bacterium that 
is known to cause a variety of gastrointestinal problems. Most commonly, it
causes acute diarrhoea. Post-infectious sequelae are manifested in the form of
reactive arthritis.World-wide surveillance data on Y. enterocolitica show great
changes in distribution over the past two decades, for example the colonisation
of America by European strains, and bring forth its emerging nature [60]. How-
ever, at present, the importance of Y. enterocolitica as an emerging water-borne
pathogen needs to be elucidated.

Usually isolated from terrestrial and fresh water ecosystems, data available
on the presence of Yersinia in sewage are very scarce. Using an enrichment
procedure Yersinia spp were isolated in 90.6% of sewage samples in Germany
[61] and in 90% of samples in Argentina [62], of which approximately 50% were
Y. enterocolitica.

7.6
Legionella pneumophila

It is a Gram negative, aerobic bacterium with straight rod cells. Legionella
pneumophila serogroup 1 is most frequently associated with the human
disease. Legionella is a common inhabitant, usually in low numbers, of aquatic
environments and of water supply networks [63]. Temperature and other
factors influence Legionella survival and growth [64]. Hot water tanks, cooling
systems and towers create the conditions for bacterial growth, and con-
sequently act as amplifiers of Legionella [65]. Evidence also indicates that
amoebae may be a natural host for Legionella, playing an important role in the
transmission of infection [63]. Legionella infection can lead to the two forms
of the disease, legionellosis, a purulent pneumonia, and Pontiac fever, a self
limiting non-pneumonic disease consisting of fever and mild constitutional
symptoms. Infection is the consequence of inhalation of contaminated
aerosols.
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Legionella has been detected in sewage. Values for Legionella cells of over
103 mL–1 have been detected in primary and secondary sewage effluents, and
their numbers do not decline through the treatment process [66, 67]. However,
it is thought that sewage does not play a role in its transmission.

7.7
Non-tuberculous Mycobacteria

The non-tuberculous mycobacteria include the former “atypical myco-
bacteria”, which are free living saprophytes that are widely distributed in the
environment including water [68], but that can also live and grow in animal
tissues. They are not contaminants picked up from another source but resi-
dents able to survive and grow in water, and it is thought that water may play
a role in their transmission. Their resistance to many disinfectants contributes
to their persistence in drinking water, which can even be colonised by these
bacteria [69]. There is increasing evidence that these non-tuberculous
mycobacteria can cause disease [70]. Increases in the immunodeficient
population and the prevalence of non-tuberculous mycobacteria in water
systems contribute to an emerging problem of water-borne mycobacterial
infections. Recently, environmental opportunistic mycobacteria, including
Mycobacterium avium, M. terra, and the new species M. immunogenum, have
been implicated in outbreaks of hypersensitivity pneumonitis or respiratory
problems in a wide variety of settings by exposure to aerosols [71]. How-
ever, at present, the importance of non-tuberculous mycobacteria as an
emerging water-borne pathogen needs to be elucidated. They have been
detected in sewage samples [72], but sewage does not seem to play a role in
transmission.

8
Pathogenic Protozoa

8.1
Cryptosporidium parvum

Cryptosporidium, a coccidian parasite, has only recently been recognised as a
cause of water outbreaks of cryptosporidiosis. It affects man and other animals.
The disease in man is typically mild and self limiting; it may involve diarrhoea,
abdominal cramps, low grade fever and headache. In severely immuno-
compromised hosts, particularly patients suffering with AIDS, it is a life threat-
ening disease: usually there is persistent watery diarrhoea with other af-
fected body sites (e.g. respiratory, biliary) [73]. No chemotherapy is available.
The causal agent, Cryptosporidium is a homoxenoeus protozoon that develops
in the intestinal microvilli. Two types of oocysts are formed; thin-walled
oocysts, which cause reinfection of the host, and acid-fast thick-walled oocysts
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which are voided by faeces. The taxonomy of the genus is still unsettled.
Cryptosporidium parvum is the species that infects man.

The outbreak in Milwaukee, with just over 400,000 cases, has been one of the
largest documented water-borne incidents in the last decades [72]. Many out-
breaks have been associated with potable water.

Transmission by the water route is through acid-fast thick-walled oocysts,
which have been shown to be very resistant to the disinfectant doses applied to
drinking water. Cryptosporidium parvum has been regarded as a problem in
industrialised countries. However, the organism has also been isolated from
stools of diarrhoeic patients in developing countries [74]. A broad variety of
animal reservoirs including farm livestock, pets and wildlife spread oocysts to
the water environments. The infectious dose is extremely low. Recent molecular
studies indicate the existence of two genotypes, one infecting only humans and
the other infecting both humans and animals.

The most frequently used detection methods are direct microscopic obser-
vation, indirect (e.g. flow cytometry and laser scanning) detection of im-
munostained oocysts or by PCR amplification of some specific gene. However,
these methods do not distinguishing infectious from non-infections oocysts.
Using different hystochemical stains, amplification of the mRNA of some genes
related to activation of cell replication and replication in cell cultures has been
used to determine the degree of infectiousness of the oocysts, but only infec-
tion of hosts (e.g. mice) give an unequivocal response to the question. These
technical difficulties limit knowledge of the occurrence and levels of Cryp-
tosporidium in the water environment.

Since Cryptosporidium is excreted with faeces it is found in sewage. Densi-
ties of immunostained oocysts in raw sewage in industrialised countries range
from 102 to 103 L–1 under normal circumstances [75–77]. Higher numbers 
indicate an epidemic situation.

8.2
Cyclospora cayetanensis

Cyclospora is emerging as an opportunistic pathogen and may have water-borne
routes of transmission.As with Cryptosporidium, it has high infection rates in se-
verely immunocompromised hosts,particularly AIDS patients [78].Before 1995,
these parasite protozoa were primarily described in gastroenteritis among
children living in poor sanitary conditions in developing areas. Recently, a few
outbreaks have been linked to water-borne transmission [79]. In spite of the ex-
istence of methodological limitations in its detection, Cyclospora has been
detected in a limited number of water samples. The importance of Cyclospora
cayetanensis as an emerging water-borne pathogen needs to be elucidated.

Since Cyclospora is excreted by faeces it should be expected in sewage,
though data on its occurrence and densities are scarce. Cyclospora ssp. genomes
were detected by nested PCR in 50% of 1 L sewage samples tested in Peru where
cyclosporiasis is endemic [80].

Emerging Pathogens in Wastewaters 155



8.3
Toxoplasma gondii

Toxoplasma gondii is an intracellular parasitic protozoa and the causal agent of
toxoplasmosis, which is an acute or chronic disease that affects humans and
other animals throughout the world. Infection may be asymptomatic, or a
simple lymphadenopaty or the disease can be generalised with e.g. hepatitis,
pneumonia, myalgia, meningoencephalitis, etc. Latent infection may persist for
years.Vertical transmission of toxoplasmosis from an acutely infected pregnant
woman can cause serious disease in the foetus. In humans, infection may 
occur by ingestion of sporulated oocysts (10–15 µm), among other routes of
transmission. Since they are found in faeces of infected animals and persons 
the oral-faecal transmission occurs. Water has been identified as a source of
T. gondii infection in outbreaks both in developing and industrialised countries
[81, 82]. Recent epidemiological studies performed in Brazil indicate the po-
tential importance of oocyst transmission by the water route in this region [83].

At the moment there are no data available about the presence of Toxoplasma
oocysts in sewage or drinking water. Methods for testing Toxoplasma have been
dependent on animal inoculation, which is not suitable for the isolation and
identification of the parasite in water samples. However, if they are in the faeces
of infected humans and animals such as cats, goats, pigs and sheep, they may
be expected to be present in sewage.

9
Prions

9.1
Bovine Spongiform Encephalopathy

Bovine spongiform encephalopathy (BSE), the causal agent of mad cow disease,
is transmitted by the ingestion of proteinaceous agents called prions, which
accumulate in the brain and spinal cord of infected bovines. There is evidence
that a new variant of Creutzfeld Jacob Disease in humans is similar to the BSE
agent [84].At present, however, there is no epidemiological evidence to clearly
identify the route(s) of transmission of BSE to humans. The most likely source
of exposure has been through consumption of beef products that included in-
fected offal (brain spinal cord) before it was banned from human food in late
1998. However, some concern has been expressed about the risks of transmis-
sion of BSE to humans through BSE prions discharged to the aquatic environ-
ment through wastewaters from rendering plants and abattoirs and through
leaching of landfills. However, there is no epidemiological or experimental
evidence to identify water as a vehicle of transmission of BSE to humans.

The concern originates from the fact that all known prions are extremely
resistant to the thermal and chemical treatments that are commonly used to in-
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activate agents of infectious diseases and to the fact that prion infectivity de-
cays rather slowly in the environment. Thus, the extraordinary stability of the
prions to physical and chemical inactivation is today considered to be the
major cause of the BSE epidemic resulting from the feeding of inefficiently in-
activated meat-and-bone meal to cattle. The lack of epidemiological evidences
on the route(s) of transmission makes the quantitative risk assessment
methods the only instruments for estimating the risk of exposure to BSE
though various potential routes, including those from environmental disposal
of BSE-infected residues. The most realistic approaches indicate that many
individuals will be infected with very low numbers of prion proteins by cont-
aminated water consumption, well below (many orders of magnitude) the
infectious dose for man. The low numbers are mainly because of dilution and
will never reach the necessary number even after cumulative life consumption.
In contrast, a much lower number of individuals will reach the sufficient
infectious dose by consumption of highly contaminated beef products. Risk
assessment studies indicate that even considering the worst possible scenario,
which excludes the host barrier, the probability of humans being infected 
by consumption of water contaminated with the bovine spongiform en-
cephalopathy prions is extremely remote [85]. To our knowledge there are no
data on occurrence of infectious BSE-prions in sewage.

10
Genes

It is well known that some genes can be transmitted by horizontal (or lateral)
transference from one bacterium to another and that genes that may affect
pathogenic bacteria are also present in non-pathogenic bacteria that can 
act as donors of those genes. Some of these genes, as virulence genes or 
genes coding for resistance to antibiotics, are important because they can 
make those bacteria that incorporate them more dangerous. This horizontal
transfer may affect some of the pathogens transmitted from one bacterium 
to another in water environments. At present, one question is what is the 
role of the water environment, particularly of sewage, in the spread of these
genes between the bacteria present in sewage? Secondly, what is the actual 
role of some of the genes considered above in the emergence or re-emergence
of infectious diseases? Due to the high microbial biomass and the abun-
dance of nutrients, wastewater represents a suitable habitat for horizontal gene
transfer.

10.1
Virulence Factors Genes

Many bacterial pathogens have a number of genes that are not found in all
strains of the species. Many of these genes encode for characteristics related 
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to the pathogenicity of a given microorganisms, and are known as virulence
factors. Examples are genes encoding for enterotoxins, haemolysins, adhesins,
intimines, enterocyte effacing factor, necrotising factors, etc. Many of these
genes are susceptible to being transferred from one bacterium to another
through the existing mechanisms of horizontal transfer, mainly through phage-
mediated transduction and plasmid-mediated conjugation.

Let us consider Escherichia coli O157:H7, which has been included among
the emerging pathogens. The genome of one strain of serotype O157:H7 has
been sequenced [86] and compared to the genome of strain K12 [87], which is
the strain used for most of the experiments on the molecular genetics of E. coli.
The differences between the two genomes are remarkable. Considering the
open reading frames, it has been estimated that the chromosome of O157:H7
contains 5,416 genes; 1,387 of these genes are absent in K12, which has only
4,405 genes, of which 528 are absent in O157:H7. Making the comparison in
base pairs, 4.64 Mb for K12 versus 5.98 Mb for O157:H7, the difference is about
22.4%. It is thought that the majority of additional genes or sequences would
have been acquired by horizontal transfer. Among the differences due to hori-
zontal transfer we find phages that encode for enterotoxins. Additionally,
strains of O157:H7 contain transferable plasmids that encode for some viru-
lence factors. Among them is the pO157 plasmid that carries the gene of an 
enterohaemolysin and the outer membrane protein intimin [88].

Some of the enterotoxins produced by the most virulent strains of
Escherichia coli O157:H7 are very similar to the enterotoxin produced by
Shigella spp. and for this reason they were first called “Shiga-like toxins” and
later on “Shiga toxins” (Stx) [89]. There are two Stx, Stx1 and Stx2. The toxic-
ity of these toxins can be evidenced on Vero cells and for this reason they are
also known as verotoxins. The presence of the verotoxins, mainly Stx2, is very
frequently associated with a greater virulence of the strains that produce it 
and it is thought to be implicated in the progression of the infection from
enterocolitis to the haemolytic-uremic syndrome [88]. Up to seven variants of
Stx2 have been described [89, 90]. These variants, besides differing in the
genetic sequence, might differ in the mechanism of action. In the middle 1980s,
O’Brien et al [91], first described that the genes coding for Stx1 and Stx2 in
strain 933 of Escherichia coli O157:H7 were included in the genome of two
prophages, which are the genomes of bacteriophages (bacterial viruses) inte-
grated in the host chromosome. After induction with UV light these phages
performed specialised transduction converting the transduced strains into
verotoxigenic. Thus, genes encoding Stx1 and Stx2 were transmitted horizon-
tally between E. coli strains. Latter on it has been shown that this is frequent 
in many verotoxigenic strains, belonging to serotypes other than O157:H7 
[90, 92] and also in non-E. coli enterobacteria such as Citrobacter and Enter-
obacter [93, 94].

Nowadays it is known that there is a great diversity of bacteriophages that
carry in their genome the genes coding for Stx1 and Stx2 and that there is a cer-
tain diversity of bacteria that can be infected and converted to verotoxigenic by
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them [90–92, 95]. It is also known that some antibiotics and animal growth 
promoters (e.g. quinolones, trimetroprim, carbadox and furazolidona) exten-
sively used nowadays induce replication of the converting phages and conse-
quently might augment the horizontal transfer of genes encoding for entero-
toxins [96, 97]. Also, horizontal transfer has been shown to occur in the gut of
mice [98].

But, it remains to be elucidated whether slurries and sewage are potential
environments for the horizontal transmission of those genes. The question is,
does transduction occurs in slurries and sewage? At the moment, this question
cannot yet be answered but there are some data that indicate that it is not only
possible, but probable. Firstly, the number of bacteria carrying the stx2 genes
have been reported to be about 1:1,000 with respect to E.coli in urban sewage
[99], and there are more non-O157:H7 strains that carry the stx2 gene than
O157:H7. Secondly, bacteriophages carrying the stx2 gene are found in sewage
in significant amounts [100] and persist in water longer than the bacterial host
does [101].

10.2
Antibiotic Resistance Genes

Sewage and wastewater treatment plants are potential hot spots for horizontal
transfer of antimicrobial resistance genes among bacteria.

Firstly, this is because different kinds of bacteria (pathogenic or not) resis-
tant to a great variety of antibiotic have been reported in sewage [102–106].
Frequently the genes coding for resistance to antibiotics are transferable 
from one bacterium to another by horizontal transfer. Moreover, transfer 
of antimicrobial resistance has been demonstrated by in situ experiments 
into municipal sewage treatment plants [107]. Accordingly, these genes can 
be transferred from non-pathogenic to pathogenic bacteria or to indigenous
bacteria (e.g. Acinetobacter [108]) that may maintain the genes in the aquatic
environment.

Secondly, this is because recent studies have shown the occurrence of vari-
ous antibiotics in wastewater [109, 110]. Generally much higher concentrations
of antibiotics than those found in wastewaters are necessary to inhibit the
growth of resistant bacteria, but the concentration of antimicrobial agents in
municipal wastewaters can affect susceptible bacteria [111] and consequently
have the potential to select in favour of resistant bacteria. Some reports indi-
cate a greater proportion of bacteria resistant to antibiotics in treated sewage
than in sewage [102, 103], but there are other reports that indicate the contrary
[104]. This is an aspect that needs further investigation.

Taking into consideration the increasing isolation of antibiotic-resistant
bacteria, the huge amounts of antibiotics used and the substantial amounts of
antibiotics found in wastewaters, it has become urgent to study the actual role
of the aquatic environment in the spread of antibiotic-resistance genes.

Emerging Pathogens in Wastewaters 159



References 

1. Satcher D (1995) Emerg Infect Dis 1:1
2. Mac Kenzie WR, Hoxie NJ, Proctor ME, Gradus MS, Blair KA, Peterson DE, Kazmierczak

JJ, Addiss DG, Fox KR, Rose JB, Davis JP (1994) N Engl J Med 331:161
3. Organización Panamericana de Salud (1994) El cólera en las Américas. Informe 10
4. Johnson KM, Webb PA, Lange JV, Murphy FA (1977) Lancet 1:569
5. MacDale JE, Shepartrd CC, Fraser DW, Tsai TR, Redus MA, Dowdle WR (1977) N Engl

J Med 297:1197
6. Lee HW, Lee PW, Johnson KM (1978) J Infect Dis 137:298
7. Skirrow MB (1977) Br Med J 2:9
8. Barré-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S, Gruest J, Dauguet C,

Axler-Blin C,Vezinet-Brun F, Rouzioux C, Rozenbaum W, Montagnier L (1983) Science
220:868

9. Choo QL, Kuo G,Weiner AJ, Overby RL, Bradley DW, Houghton M (1989) Science 224:359
10. Marshall B (1983) Lancet 1:1273
11. Institute of Medicine (1992) Emerging Infections: microbial threats to health in the

United States. National Academy Press, Washington, DC
12. Morse SS (1995) Emerg Infect Dis 1:7
13. Preston DR, Farrah SR, Bitton G, Chaunhry GR (1991) J Virol Meth 33:383
14. Hsu LY, Lee CC, Green JA,Ang B, Paton NI, Lee L,Villacian JS, Lim PL, Earnest A, Leo YS

(2003) Emerg Infect Dis 9:713
15. Fouchier RAM, Kuiken T, Schutten M, van Amerongen G, Gerad J, van Doornum J,

van den Hoogen BG, Peiris M, Lim W, Störss K, Osterhaus ADME (2003) Nature 423:240
16. Bradley DW (1990) Br Med Bull 46:442
17. Balayan MS (1990) J Vir Hepat 4:155–156
18. Schlauder GG, Mushahwar IK (2001) J Med Virol 65:282
19. Meng XJ, Purcell RH, Halbur PG, Lehman JR, Webb DM, Tsareva TS, Haynes JS,

Thacker BJ, Emerson SU (1997) Proc Natl Acad Sci USA 94:9860
20. Balayan MS,Andjaparidze AG, Savinskaya SS, Ketiladze ES, Braginsky DM, Savinov AP,

Poleschuk VF (1983) Intervirol 20:23
21. Pina S, Jofre J, Emerson SU, Purcell RH, Gironés R (1998) Appl Environ Microbiol

64:4485
22. Clemente-Casares P, Pina S, Buti M, Jardi R, Martín M, Bofill-Mas S, Gironés R (2003)

Emerg Infect Dis 9:448
23. Kapikian AZ, Wyatt RG, Dolin R, Thornhill TS, Kalica AR, Chanock RM (1972) J Virol

10:1075
24. de Wit MA, Koopmans MP, Kortbeek LM, Wannet WJ, Vinje J, van Leusden F, Bartelds

AI, van Duynhoven YT (2001) Am J Epidemiol 154:666
25. Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS, Shapiro C, Griffin PM, Tauxe RV

(1999) Emerg Infect Dis 5:607
26. Levett PN, Gu M, Luan B, Fearon M, Stubberfield J, Jamieson F, Petric M (1996) J Clin

Microbiol 34:1479
27. Lawson HW, Braun MM, Glass RI, Stine SE, Monroe SS, Atrash HK, Lee LE, Englender

SJ (1991) Lancet 337:1200
28. Brugha R, Vipond IB, Evans MR, Sandifer QD, Roberts RJ, Salmon RL, Caul EO,

Mukerjee AK (1999) Epidemiol Infect 122:145
29. Van der Poel WHM, Vinje J, Van der Heide R, Herrera MI, Vivo A, Koopmans MPG

(2000) Emerg Infect Dis 6:36
30. Lodder WJ, Vinje J, Van der Heide R, de Roda Husman AM, Leenen AEJT, Koopmans

MPG (1999) Appl Environ Microbiol 65:5624

160 A.R. Blanch · J. Jofre



31. Henshilwood K, Cross L, Lees DN (2003) Abstracts of the 12th symposium on health
related water microbiology. Cape Town, South Africa

32. Cover TL, Blaser MJ (1992) Ann Rev Med 43:135
33. Hulten KS, Han SW, Enroth H, Klein PD, Opekun AR, Gilman RH, Evans DG, Engstrand

L, Graham Y, El-Zaatari FA (1996) Gastroenterol 110:1031
34. Hegarty JP, Dowd MT, Baker KH (1999) J Appl Microbiol 87:697
35. Vincent P (1995) Biomed Pharmacot 49:11
36. Lu Y, Redlinger TE, Avitia R, Galindo A, Goodman K (2002) Appl Environ Microbiol

68:1436
37. Hulten K, Enroth H, Nystrom T, Engstrand L (1998) J Appl Microbiol 85:282
38. Furtado C, Adak GK, Stuart JM, Wall PG, Evans HS, Casemore DP (1998) Epidemiol

Infect 121:109
39. Rautelin H, Hanninen ML (2000) Ann Med 32:440
40. Melby K, Gondrosen B, Gregusson S, Ribe H, Dahl OP (1991) Int J Food Microbiol

12:151
41. Millson M, Bokhout M, Carlson J, Spielberg L, Aldis R, Borczyk A, Lior H (1991) Can J

Pub Health 82:27
42. Stehr-Green JK, Nicholls C, McEwan S, Payne A, Mitchell P (1991) NZ Med J 104:356
43. Höller C (1988) Wat Sci Technol 20:529
44. Stampi S, Varoli O, Zanetti F, De Luca G (1993) Epidemiol Infect 110:633
45. Griffin PM, Tauxe RV (1991) Epidemiol Rev 13:60
46. Acheson DWK, Keusch GT (1996) ASM News 62:302
47. Mead PS, Griffin PM (1998) Lancet 352:1207
48. Keene WE, McAnulty JM, Hoesly FC, Williams LP, Hedberg K, Oxman GL, Barret TJ,

Pfaler MA, Fleming DW (1994) N Engl J Med 331:579
49. Swerlow DL, Woodruff BA, Brady RC, Griffin PM, Tipens S, Donnel HS, Geldreich E,

Payne A, Meyer A, Weels JC (1992) Ann Int Med 117:812
50. Kurokawa K, Tani K, Ogawa M, Nasu M (1999) J Appl Microbiol 28:405
51. Franco AA,Fix AD,Prada A,Paredes E,Palomino JC,Wright AC,Johnson JA,McCarter R,

Guerra H, Morris JGJr (1997) Amer J Epidemiol 146:1067
52. Chakraborty S, Mulkopadhayay AK, Bhadra RK, Ghosh AN, Mitra R, Shimada T,

Yamasaki S, Faruque SM, Takeda Y, Colwell RR, Nair GB (2000) Appl Environ Microbiol
66:4022

53. Karaolis DK, Lan R, Reeves PR (1995) J Bacteriol 177:3193
54. Faruque SM, Albert MJ, Mekalanos JJ (1998) Appl Environ Microbiol 66:4022
55. Faruque SM, Saha MN,Asadulghani B, Bag PK, Bhadra RK, Bhattacharya SK, Scalc RB,

Takeda Y, Nair GB (2000) FEMS Microbiol Lett 184:279
56. Maggi P, Carbonara S, Fico C, Santantonio T, Romanelli C, Sforza E, Pastore G (1997) Eur

J Epidemiol 13:95
57. Clark CG, Kravetz A,Alekseenko VV, Krendelev Y, Johnson WM (1998) Epidemiol Infect

121:1
58. Beltran P, Delgado G, Navarro A, Trujillo F, Selander RK, Cravioto A (1999) J Clin Micro-

biol 37:581
59. Kott Y, Betzer N (1972) Isr J Med Sci 8:1912
60. Ostroff S (1995) Contrib Microbiol Immunol 13:5
61. Ziegert E, Diesterweg I (1990) Zentral Microbiol 154:367
62. Floccari ME, Peso OA (1984) Rev Argent Microbiol 16:57
63. States SJ, Wadowsky RM, Kuchta JM, Wolford RS, Conley LF, Yee RB (1990) Legionella

in drinking water. In: Mc Feters GA (ed) Drinking water microbiology. Springer, Berlin
Heidelberg New York, pp 340–368

64. Bates MN, Maas E, Martin T, Harte D, Grubner M, Margolin T (2000) NZ Med J 113:218

Emerging Pathogens in Wastewaters 161



65. Martinelli F, Caruso A, Moschini L, Turano A, Scarcella C, Speziani F (2000) Curr
Microbiol 41:374

66. Palmer CJ, Tsai YL, Paszko-Kolva C, Mayer C, Sangermano LR (1993) Appl Environ
Microbiol 59:3618

67. Palmer CJ, Bonilla GF, Roll B, Paszko-Kolva C, Sangermano LR, Fujioka RS (1995) Appl
Environ Microbiol 61:407

68. Falkinham JO (1996) Clin Microbiol Rev 11:177
69. du Moulin CG, Stottmeier KD (1986) ASM News 52:525
70. Wolinsky E (1979) Am Rev Respirat Dis 119:107
71. Falkinham JO (2003) Emerg Infect Dis 9:763
72. Jones PW, Rennison LM, Matthews PR, Colins P, Brown A (1981) J Hyg 86:129
73. Meinhardt PL, Casemore DP, Miller KB (1996) Epidemiol Rev 18:118
74. Nath G, Choudhury A, Shukla BN, Singh TB, Reddy DC (1999) J Med Microbiol. 48:523
75. Bukhari Z, Smith HV, Sykes N, Humphreys SW, Paton CA, Girwood RWA, Fricker CR

(1997) Water Sci Technol 35:397
76. Zuckerman U, Gold D, Shelef G, Armon R (1997) Water Sci Technol 35:381
77. Dellundé J (2002) PhD thesis, Universidad de Barcelona
78. Curry A, Smith HV (1998) Parasitol 117S:143
79. Rabolt JG, Hoge CW, Shlim DR, Kefford C, Rajah R, Echeverria P (1994) Lancet 344:1360
80. Sturbaum GD, Ortega YR, Gilman RH, Sterling CR, Cabrera L, Klein DA (1998) Appl

Environ Microbiol 64:2284
81. Beneson MW, Takafuji ET, Lemon SM, Greenup RL, Sulzer AJ (1982) N Eng J Med

307:666
82. Bowie WR, King AS, Werker DH, Isaac-Renton JL, Bell A, Eng SB, Marion SA (1997)

Lancet 350:173
83. Garcia-Bahia-Oliveira LM, Jones JL, Azevedo-Silva J, Alves CCF, Orefice F, Dais DG

(2003) Emerg Infect Dis 9:55
84. Bruce ME, Will RG, Ironside JW, McConnell I, Drummond D, Suttie A, McCardle L,

Chree A, Hope J, Birkett C, Cousens S, Fraser H, Bostock CJ. (1997) Nature 389:498
85. Gale P, Young C, Stanfield G, Oakes D (1998) J Appl Microbiol 84:467
86. Perna NT, Plunkett G 3rd, Burland V, Mau B, Glasner JD, Rose DJ, Mayhew GF, Evans PS,

Gregor J, Kirkpatrick HA, Posfai G, Hackett J, Klink S, Boutin A, Shao Y, Miller L,
Grotbeck EJ, Davis NW, Lim A, Dimalanta ET, Potamousis KD, Apodaca J, Ananthara-
man TS, Lin J, Yen G, Schwartz DC, Welch RA, Blattner FR (2001) Nature 409:529

87. Blattner FR, Plunkett G 3rd, Bloch CA, Perna NT, Burland V, Riley M, Collado-Vides J,
Glasner JD, Rode CK, Mayhew GF, Gregor J, Davis NW, Kirkpatrick HA, Goeden MA,
Rose DJ, Mau B, Shao Y (1997) Science 277:1453

88. Nataro JP, Kaper JP (1998) Clin Microbiol Rev 11:142
89. Claderwood SB, Acheson DWK, Keusch GT, Barret TJ, Griffin PM, Strockbine NA,

Swaminathan B, Kaper JB, Levine MM, Kaplan BS, Karch H, O’Brien AD, Obrig TG,
Takeda Y, Tarr PI, Wachsmuth IK (1996) ASM News 62:118

90. Muniesa M, Recktenwald J, Bielaszewska M, Karch H, Schmidt H (2000) Infect Immun
68:4850

91. O’Brien AD, Newland JW, Miller SF, Holmes RK, Smith HW, Formal SB (1984) Science
226:694

92. Watari M, Sato T, Kobayashi M, Shimizu T, Yamasaki S, Tobe T, Sasakawa C, Takeda I
(1998) Infect Immun 66:4100

93. Schmidt H, Montag M, Bockemühl J, Heesemann J, Karch H (1993) Infect Immun 61:534
94. Paton AW, Paton JC (1996) J Clin Microbiol 34:463
95. Wagner PL, Acheson DWK, Waldor MK (1999) Infect Immun 67:6710
96. Kimmitt PT, Harwood CR, Barer MR (2000) Emerg Infect Dis 6:458

162 A.R. Blanch · J. Jofre



97. Kohler B, Karch H, Schmidt H (2000) Microbiology 146:1085
98. Acheson DW, Reidl J, Zhang X, Keusch GT, Mekalanos JJ, Waldor MK (1998) Infect

Immun 66:4496
99. Blanch AR, García-Aljaro C, Muniesa M, Jofre J (2003) Water Sci Technol 47:109

100. Muniesa M, Jofre J (1998) Appl Environ Microbiol 64:2443
101. Muniesa M, Lucena F, Jofre J (1999) Appl Environ Microbiol 65:5615
102. Bell JB, Elliot GE, Smith DW (1983) Appl Environ Microbiol 46:227
103. Andersen SR (1993) Curr Microbiol 26:97
104. Iwane T, Urase T, Yamamoto K (2001) Water Sci Technol 43:91
105. Blanch AR, Caplin J, Iversen A, Kühn I, Manero A, Taylor H, Vilanova X (2003) J Appl

Microbiol 94:994
106. Chitnis V, Chitnis D, Atila SP, Kant R (2001) Curr Sci Bangalore 79:989
107. Marcinek H,Wirth R, Muscholl-Silberhorn A, Gauer M (1998) Appl Environ Microbiol

64:626
108. Guardabassi L, Lo Fo Wong DMA, Dalsgaard A (2002) Water Res 36:1955
109. Hartig C, Storm T, Jekel M (1999) J Chromatogr A 854:163
110. Hirsch R, Ternes T, Hareber K, Kratz KL (1999) Sci Total Environ 225:109
111. Al-Ahmad A, Daschner FD, Kümmerer K (1999) Arch Environ Contam Toxicol 37:158

Emerging Pathogens in Wastewaters 163


