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Abstract: Antibiotic resistant and multiple-antibiotic resistant bacteria (MARB) have become increasingly widespread, primarily
due to overuse of antibiotics in clinical therapeutics and in growth promotion for livestock. This undermines the usefulness of the
drugs and presents a serious problem for human health. Compounding the problem, resistance determinants can spread between
different bacteria via transfer of genetic material, so that the digestive tracts of farm animals, for example, have become breeding
grounds for MARB. Antibiotics and resistant bacteria enter the environment in both treated and untreated sewage, via wastewater
streams from hospitals and pharmaceutical plants, and through agricultural runoff from feedlots and fields fertilized with manure.
This has led to contamination of groundwater, lakes, rivers and coastal sea water, and high levels of MARB in wildlife which
indicates pollution of these habitats. Here we propose that the level of antibiotic-resistant bacteria in wildlife, for example sea turtles
and fish, could be used as a bioindicator to monitor pollution and to evaluate the success of efforts to curtail it.
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INTRODUCTION

The word “antibiotic” was coined by Waksman in 1947 [1] to describe organic compounds produced by
microorganisms that inhibit the growth of other microorganisms: bacteria, fungi or protozoa. However, the term is now
generally used (and will be used here) to refer more specifically to anti-bacterial substances. Now, it also includes
synthetic and semisynthetic compounds as well as natural products.

The era of antibiotics began with the discoveries of Salvarsan (effective against syphilis) in 1909, penicillin in 1929
and sulfa drugs in the 1930s [2]. Penicillin, first mass-produced during World War II, was the first drug to be effective
against common, but very serious, infections such as Streptococcus and Staphylococcus. Many new classes of anti-
bacterial compounds were found during the “golden age” of antibiotics from about 1950-1970 [2] and they have clearly
been very important tools for fighting bacterial infections.

In addition to their use in human medicine, antibiotic compounds have been widely used in agriculture to treat plant
diseases (e.g., [3, 4]), in aquaculture (e.g., [5]), and both therapeutically and prophylactically in veterinary medicine [6].
Antibiotics have also been extensively used as growth promoters in farm animals. It was discovered in the 1940s that
supplementing chicken feed with tetracycline helped chickens to grow faster, and later other anti-bacterials (including
many that are also used in human medicine) were found to be useful as growth promoters, especially in poultry and
cattle [7]. It was reported in 2004 that 40% of the antibiotics produced in the United States were being used for growth
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promotion in animals [8]. However, others have put the figure closer to 80% [9].

Unfortunately, as a result of the widespread use of antibiotics over the last 50 years, many bacteria have acquired
resistance and are no longer vulnerable to the drugs. Moreover, genetic rearrangements and horizontal gene transfer
between different species and strains have led to the development and proliferation of multiple-antibiotic resistant
bacteria (MARB), which in some cases are resistant to nearly all currently available antibiotics. This is obviously a
serious health concern, since it undermines the usefulness of the drugs [10]. It is reported that in the United States more
than two million people are sickened and 23,000 die each year as a result of antibiotic-resistant infections [11].

In this report, our goal is to examine the spread of antibiotic-resistant organisms to the environment. Although this
does have consequences for human health, we are not directly concerned with medical aspects here. Instead, our focus
is on the potential use of MARB in monitoring pollution.

We first discuss how antibiotic resistant bacteria and MARB arise. We then document their presence in the
environment and show that it is mainly due to man-made pollution sources. Putting these observations together, we
suggest that the presence of MARB in the environment may be useful as a bio-indicator of pollution. MARB could, for
example, be helpful in identifying the sources and gauging the geographical extent of pollution and in following the
steps in its alleviation or elimination.

ANTIBIOTIC RESISTANT AND MULTIPLE-ANTIBIOTIC RESISTANT BACTERIA

Antibiotic resistance is a natural phenomenon that has existed for eons. Organisms that produce antibiotic
substances have always had to be resistant to the compounds they produced themselves, and other organisms living near
them, for example in the soil, also had to develop resistance to survive [7]. However, over the last 70 years, as
antibiotics have been mass-produced and used more and more, resistance to both naturally occurring and synthetic
antibiotics has skyrocketed. It has become increasingly common to isolate antibiotic resistant bacteria from patients,
animals and the environment [11 - 18].

The expansion of antibiotic resistance depends on the presence of genetic determinants that confer resistance. Such
determinants may already be present in nature or may arise naturally and inevitably as a result of chance mutations.
There is a great deal of genetic variability among bacteria, and in a large population at least a few cells are likely to
have some measure of resistance to a given antibiotic [19]. The presence of these resistance determinants becomes
evident when a bacterial population is exposed to the drug.

Exposure to antibiotics is the most important factor contributing to the spread of antibiotic resistance [20]. In the
presence of the antibiotic, resistant cells have an advantage over susceptible ones and are more likely to survive and
multiply, and this leads to the vertical (clonal) spread of resistance [7]. In short, when the drugs are present resistant
bacteria tend to become more prevalent by a process of Darwinian natural selection.

The extent to which bacteria are exposed to antibiotics depends on how often and in what quantities the drugs are
used [21], and it is because of the excessive and imprudent use of antibiotics over the last 50 years that resistance has
become so widespread. When antibiotics are used improperly in medicine, resistant strains can arise among both the
pathogenic and commensal bacteria of the human body, especially when broad-spectrum antibiotics are used [22 - 24].
Resistance also develops in both the pathogens and normal bacterial flora of animals when antibiotics are used as
growth promoters [7, 25, 26]. Finally, resistance can emerge and/or spread when bacteria in nature are exposed to
antibiotic residues that have entered the environment. In this case, antibiotic residues resulting from human activity
appear to be quantitatively much more significant than naturally occurring antibiotics produced by soil microorganisms.
They can enter the environment via municipal and hospital waste streams, disposal of unused drugs, effluent from
pharmaceutical plants, or runoff from feedlots and other agricultural land [27].

As mentioned above, antibiotic resistance can arise de novo as a result of chance mutations. It then spreads
vertically as the resistant bacteria grow and divide. Even more important, however, is the horizontal spread of
resistance. This occurs by the transfer of genetic material from one bacterium to another via transduction, conjugation
or transformation [28, 29]. Genomic sequence data from many bacteria demonstrate that horizontal transfer is not
uncommon in nature [29].

Horizontal transfer is significant for two reasons. First, it is well documented that it allows antibiotic resistance
determinants to spread from one species of bacteria to another [30 - 32]. For example, there is good evidence for
horizontal transfer of resistance genes between bacteria that cause infections in animals and those that cause infection in
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humans [33]. Second, resistance determinants for multiple antibiotics can potentially be transmitted at the same time.

Plasmids are the main vehicles for the spread of antibiotic resistance genes in bacterial populations [34]. These are
small circular DNA molecules, ranging in size from a few thousand to tens of thousands of basepairs. They replicate
independently of the bacterial chromosome and can be transferred from one bacterium to another.

Plasmids that carry antibiotic resistance determinants (called R-plasmids) have become very common and are a
serious concern. Even R-plasmids carried by nonpathogenic bacteria are important because they can potentially be
transmitted to pathogens [35]. Moreover, R-plasmids that confer resistance to multiple antibiotics have emerged, giving
rise to multiple-antibiotic resistant bacteria (MARB) which have become widespread. Sometimes ten or more resistance
genes may be located on the same plasmid [36]. It is thought that much of the recombination and rearrangement of
antibiotic resistance genes may involve transposable elements (transposons) [34, 37]. In any case, the existence of
MARB has the consequence that resistance to several drugs can be transferred to other bacteria at the same time, but
only one of those drugs needs to be present in order to select for the presence of the R-plasmid [19, 25].

BREEDING GROUNDS FOR MARB

Bacterial strains showing resistance to multiple antimicrobial drugs are clearly a public health concern, and so it is
important to understand how and where they emerge. They can arise in humans, animals, or the environment, usually as
a result of excessive, inappropriate and indiscriminate usage of antibiotics [22].

Horizontal (and subsequent vertical) spread of antibiotic resistance and multiple-antibiotic resistance occurs most
readily when resistance determinants are present, when the population density of bacteria is very high, and when
antibiotics are present. Such conditions are present in the digestive tracts of humans and domesticated animals that have
been exposed to antibiotics and consequently these are ideal locations for efficient transmission of resistance genes
among pathogenic and non-pathogenic (commensal) bacteria [38]. Thus, the intestines of humans and animals are
important breeding grounds for MARB and comprise the largest reservoirs of resistance genes [20].

The digestive tracts of food-producing animals are particularly important, since enormous amounts of different
drugs have been used rather indiscriminately for growth promotion, as well as for prevention and treatment purposes [9,
22]. These practices have led to an increased frequency of MARB among the enteric bacteria in farm animals [25, 39]
and in their fecal flora [26]. For example, E. coli is a major reservoir for resistance genes and therefore a useful
indicator of resistance in bacterial communities [40]. In one study in Oman in 1986, about a third of E. coli isolates
from chickens were resistant to at least two antibiotics, but a follow-up study 20 years later found that all of the isolates
were resistant to two or more antibiotics [12, 22]. Other studies have reported E. coli isolates that are resistant to almost
all available antibiotics [41 - 43].

Evidence indicates that the use of antibiotics in farm animals produced for food is linked to the emergence of
resistance in bacteria pathogenic to humans (reviewed in [44]). Moreover, these animals and their wastes have become
potential sources for the spread of resistant bacteria to the environment.

HOW MARB REACH THE ENVIRONMENT

As previously mentioned, antibiotic resistance occurs in nature because bacteria that live in close proximity to
antibiotic-producing microorganisms have necessarily developed resistance. However, this does not explain the high
levels of antibiotics and resistance that are now present in the environment. The profile of antibiotic-sensitive bacteria
differs significantly from that of the pre-antibiotic era, with many more environmental samples being reported to
contain bacteria resistant to antibiotics [45]. MARB in particular have increased substantially in various environments
and are becoming a worldwide concern [13].

Why is this? How do MARB get into the environment? There are two ways. First, MARB can be released into the
natural environment in human or animal wastes. Secondly, they can emerge and proliferate in the environment under
the selective influence of man-made antibiotic substances which have been released. In either case, the presence of
MARB is ultimately due to human activity, resulting in contamination of the environment with MARB, antibiotic
residues, or both.

As discussed above, the digestive tracts of humans and animals that have been treated with antibiotics are
significant breeding grounds for antibiotic resistant bacteria. Consequently, MARB can be present in both human and
animal wastes. Animals on farms where antibiotics are used as growth promoters are probably the most important
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source of MARB in the environment. Runoff from feed-lots and from fields fertilized with manure constitutes a major
source of antibiotic-resistant bacteria and leads to pollution of surface water. For example, a study of a pristine river in
the Rocky Mountains [46] showed unambiguously that certain resistance genes were primarily contributed by animal-
feeding operations and that they accumulated downstream of those activities.

Groundwater contamination is also a serious concern [47]. Goss ef al. [48] reported that private wells on farms
where manure is commonly applied are more frequently contaminated with bacteria than wells away from farms
because effluents contaminated with animal feces penetrate the soil close to wells. In addition, waste from septic tanks
and manure storage sites can seep into ground water or spill into surrounding watersheds [49]. It has been estimated that
10 to 34% of private wells in Canada are contaminated with bacteria [50], and even low levels of contamination are
associated with increased gastrointestinal illness [51]. One study found [52] that nearly all bacteria isolated from rural
groundwater supplies in West Virginia were resistant to multiple antibiotics.

In Oman, a very arid country, treated sewage effluent is often reused, for example for irrigation. One study found
that this reuse of treated wastewater is a major source of groundwater pollution [53]. Approximately 300 wells were
tested, as were the effluents from four major treatment plants. MARB and other contaminants detected in well water
indicated sewage contamination. Ultimately, contamination from agricultural operations can reach not only
groundwater and streams but also larger rivers, lakes and the ocean. Both sewage and agricultural runoff are major
sources of antibiotic resistant bacteria in coastal seawater.

Resistant bacteria bred in the human digestive tract can enter the environment via sewage effluents (either treated or
untreated) and sludge [12, 13, 54 - 56]. Untreated sewage is especially hazardous because of the human waste
component, its capability to transmit waterborne diseases that are endemic in the community, and the large volume of
waste. However, treated sewage can also be a source of antibiotic resistant bacteria in the environment [13].

Ideally, wastewater treatment removes pathogenic organisms from the water and either removes organics and solids
or changes them into forms that are compatible with the environment. In many places, treated wastewater is returned to
surface waters, but in arid countries it is often reused for irrigation, recharging aquifers or other purposes [15, 55, 57 -
59]. Unfortunately, ideal purification of water is seldom realized, so extensive recycling of wastewater greatly increases
the potential for transmission of MARB [15]. Even treatment with chlorine does not completely remove bacteria from
wastewater or prevent their re-growth in downstream distribution systems. For example, water taken from the Gomti
River in India and used for human consumption still contained MARB, even after chlorination [17].

MARB can spread to the environment from human and animal sources, but the dissemination of antibiotic
substances themselves into the environment is also a concern. Even low concentrations of antibiotic residues can give a
selective advantage to resistant bacteria and lead to their emergence and proliferation in the environment. Significant
amounts of drugs are released locally in waste streams from pharmaceutical plants. More broadly, compounds used in
medicine and their metabolites are excreted with feces and urine into sewage. Consequently, hospital and municipal
wastewater systems are major sources of antibiotics in the environment and can play an important role in the selection
of antibiotic-resistant bacteria [6]. Disposal of surplus drugs into sewer systems via toilets may also be significant,
though the quantities involved are unknown. Antibiotics have been clearly detected in wastewater treatment facilities
[60], but they are only partially eliminated during the sewage-treatment process [54, 61, 62]. Some are subsequently
released via the contaminated effluent into the aquatic environment [14, 16, 18, 54, 63, 64] where they can contribute to
the selection of MARB in downstream distribution systems. It is probable that they are only slowly transformed by
biological and physical processes [65].

Antibiotics and their metabolites can be dispersed into the environment not only in sewage but also via agricultural
run-off [12, 13, 15, 54 - 56, 64]. The widespread release of disinfectants and pharmaceutical products related to
agricultural and veterinary practices is thought to be a major factor in the emergence and spread of MARB [6, 56, 62].
Many antibiotics are poorly absorbed in the animal digestive tract, and it is estimated that 25% to 75% of them are
excreted in feces [25]. Al-Bahry ef al. [66, 67] reported that antibiotics such as tetracycline are found in chickens and
find their way into the environment through urine mixed with chicken manure. Phillips et al. [7] reported that
antimicrobial drugs used for animals enter the environment when manure is used as organic fertilizer. Since the annual
production of waste from livestock is nearly 180 million tons in the United States alone, this is potentially a very
significant source of antibiotics released into the environment. These antibiotics may end up in soil, sediment, ground
water or surface water where they may exert significant selective pressure favoring resistant bacteria. The excessive use
of antibiotics in aquaculture has also been reported and these drugs too can end up in the environment [5]. In Indochina,
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antibiotic residues have been found in shrimp ponds, rivers, canals and other habitats [68].

ANTIBIOTICS AND MARB IN THE ENVIRONMENT AS BIOINDICATORS OF POLLUTION

We conclude from the foregoing that MARB are increasingly common in aquatic environments and groundwater
primarily due to waste streams resulting from human activity. Untreated or inadequately treated sewage and run-off
from agricultural land are the most important sources. Relatively little attention has been paid to dissemination of
MARB in the environment because consumption of contaminated food is considered the main route for their
transmission to humans [7]. Nevertheless, resistant bacteria in the environment constitute a serious public health
problem. Once established there, they can infect humans directly, or they can be acquired from meat (via re-infection of
food animals), from irrigated food crops or from drinking water [67, 69 - 72], potentially resulting in infections that are
difficult to treat. Even antibiotic resistance in non-pathogenic bacteria is a threat to public health because resistance can
be transmitted to human pathogens [35].

Here, we are primarily interested in MARB as a sign of pollution. Antibiotics and/or MARB in the environment are
symptoms of contamination and their detection is therefore diagnostic for pollution from the sources mentioned above.
Tests for bacteria (not necessarily antibiotic resistant) have long been used to analyze the purity and safety of water that
is used for drinking, recreation and irrigation. Analysis of coliform bacteria including E. coli is used to detect
contamination by human or animal wastes and the likely presence of pathogenic bacteria of enteric origin. However,
testing for antibiotic resistance (in E. coli or other species) can provide additional information and if resistance is
detected there is even more cause for concern. To give one example, routine microbiological analyses of effluent from a
wastewater treatment plant in Oman revealed levels of E. coli exceeding the permitted standards. Further testing
showed that these E. coli isolates were resistant to several antibiotics commonly used to treat infections in humans [13].
This demonstrated significant potential for contamination of both groundwater and coastal water.

Dispersal of antibiotics and MARB in the environment is eventually manifested as contamination of terrestrial and
marine ecosystems and the living organisms that inhabit them. Animals in the wild, especially those living in close
proximity to human activities, can be exposed to antibiotic residues or bacteria with antibiotic resistance genes and can
subsequently become reservoirs of MARB [32, 73]. Antibiotic-resistant bacteria have been reported in birds, mammals,
turtles, and fish, and multiple antibiotic resistances have been found in almost all species of bacteria that inhabit
humans, domestic animals and wildlife [6, 14, 25, 32, 45, 54, 62].

Since MARB are relatively easily detected, this means that the presence of MARB in wildlife and environmental
samples can be used as a biological indicator to detect environmental pollution and possibly monitor its degree [14 - 16,
18, 54, 63]. In one application of this concept [18], MARB were isolated from soil and snails in a pond containing
treated sewage effluent from industrial and residential sources. In another case, Rice et al. [45] reported high levels of
resistance to aminoglycosides in environmental isolates of enterococci from aquatic habitats. Antibiotic resistant
bacteria are also associated with aquaculture where one possible route for transferring the antibiotic-resistant bacteria is
the release of sewage effluents into seawater. Schmidt et al. [37] demonstrated high levels of individual and multiple
antimicrobial resistance within several groups of bacteria associated with aquacultural environments, including
flavobacteria and aeromonads.

Marine habitats have experienced great increases in antibiotic-resistant bacteria because the coastal environment has
been used as a dumping ground for sewage and other waste products. This, together with the overuse of antibiotics,
agricultural runoff and coastal development, has exposed marine flora and fauna to antibiotic residues and to MARB [6,
13, 14, 37, 62, 74]. As a result, marine organisms and the ocean environment have also become reservoirs for resistant
bacteria.

In the case of ocean pollution, the use of MARB as bioindicators of pollution from contaminated effluents is a
particularly attractive idea. Due to the low concentrations of pharmaceutical pollutants in seawater, they are difficult
and expensive to detect using current methodologies, whereas detection of MARB is comparatively easy. In addition,
surveying for the presence of pharmaceutical compounds in a large number of localities may not be feasible.

Several examples of this can be cited. Bacterial isolates from fish in Chile revealed a high incidence of MARB [75].
In Oman, antibiotic-resistant bacteria were isolated from the tissues of fish feeding near the outlet of a sewage treatment
plant, strongly suggesting that infection of fish by antibiotic-resistant bacteria resulted from exposure to treated
wastewater contaminating the coastal area [54].

Polluted sewage effluents are also the main source of antibiotic-resistant bacteria isolated from sea turtles, though
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agricultural runoff may also play a role. MARB have been isolated from loggerhead sea turtles (Caretta caretta) [73,
74] and high levels of antibiotic-resistant bacteria have also been found in green turtles (Chelonia mydas) [14, 63].
MARB were isolated from both turtle eggs and oviductal fluid, an indication of contaminated effluents encountered by
the turtles during migration and in the feeding areas near their nesting grounds [14 - 16, 63, 74].

In summary, numerous investigations have reported the presence of MARB in sea turtles, fish, and aquatic
environments. These studies indicate that pollution of coastal areas with these bacteria is widespread and should be of
deep concern. They also suggest that the presence of antibiotic-resistant bacteria in marine animals such as sea turtles
can be used as a bioindicator of pollution. In principle, analysis of MARB can be used to monitor the degree of
pollution in the turtles’ feeding grounds along the seashore and can provide an integrated assessment of the extent of
contamination in the wide geographical regions where the turtles migrate.

CONCLUSION

Approaches to curtail the spread of multiple-antibiotic resistant bacteria in the environment are similar to the steps
that are needed to deal with other forms of pollution. In general, better practices and more stringent regulations will be
required to manage the usage of antibiotics and to stop the emergence and dissemination of MARB [12, 16, 18, 54]. The
main strategies include using antibiotics more prudently in human and veterinary medicine, eliminating the release of
untreated sewage into the environment, finding new technologies to improve wastewater treatment, and curtailing or
eliminating the use of antibiotics as growth promoters in food animals.

The idea of using the presence of MARB as a bioindicator of pollution will be of great utility in implementing these
strategies and monitoring their success. For example, an important part of sewage water purification in the future will
be monitoring the influence of the process on the antimicrobial susceptibility profiles of bacterial indicators that could
spread to the environment and to humans [33].

Phasing out the use of antibiotics as growth promoters in chickens, cattle and other food animals is well underway
in Europe and has begun in the United States [9, 11, 76, 77]. This is definitely a step in the right direction because, first,
using antibiotics as growth promoters breeds MARB which can potentially be very harmful to both human and animal
health, and second, as resistant strains arise and are selected, the usefulness of the drugs as growth promoters will be
lost. A decreased growth-promotion response to antibiotics in pigs was already noted in 1981 and was associated with
the presence of bacteria having increased resistance to the agents that were used [78].

Evidence indicates that the incidence and spread of antibiotic resistance can indeed be reduced when the use of the
drugs as growth promoters is stopped and the selective pressure is removed [7]. This is what one would expect [19],
since when the antibiotics are not used at all, resistance is generally not observed [43, 79]. For various reasons,
however, when MARB are already present, it may take a very long time for the level of resistance to decrease [80].

In Denmark, it has been possible to significantly reduce the usage of antimicrobial agents for food-animals and in
general this has led to decreases in the prevalence of resistance [81]. If such approaches to curbing the spread of
antibiotic resistance would be implemented internationally, the levels of MARB in sea turtles, fish and other wildlife
could be used as bioindicators to monitor their success.
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