1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int Microbiol. Author manuscript; available in PMC 2022 January 27.

-, HHS Public Access
«

Published in final edited form as:
Int Microbiol. 2015 September ; 18(3): 141-149. doi:10.2436/20.1501.01.244.
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Summary.

More than 50% of the world’s population lives in urban centers. As collection basins for landscape
activity, urban waters are an interface between human activity and the natural environment.

The microbiome of urban waters could provide insight into the impacts of pollution, the

presence of human health risks, or the potential for long-term consequences for these ecosystems
and the people who depend upon them. An integral part of the urban water cycle is sewer
infrastructure. Thousands of miles of pipes line cities as part of wastewater and stormwater
systems. As stormwater and sewage are released into natural waterways, traces of human and
animal microbiomes reflect the sources and magnitude of fecal pollution and indicate the presence
of pollutants, such as nutrients, pathogens, and chemicals. Non-fecal organisms are also released
as part of these systems. Runoff from impervious surfaces delivers microbes from soils, plants
and the built environment to stormwater systems. Further, urban sewer infrastructure contains

its own unique microbial community seemingly adapted to this relatively new artificial habitat.
High microbial densities are conveyed via pipes to waterways, and these organisms can be found
as an urban microbial signature imprinted on the natural community of rivers and urban coastal
waters. The potential consequences of mass releases of non-indigenous microorganisms into
natural waters include creation of reservoirs for emerging human pathogens, altered nutrient flows
into aquatic food webs, and increased genetic exchange between two distinct gene pools. This
review highlights the recent characterization of the microbiome of urban sewer and stormwater
infrastructure and its connection to and potential impact upon freshwater systems.
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Introduction

Microbes underpin the integrity of clean water. In past centuries, removing harmful
microorganisms and remediating wastewater in urban areas proved very difficult and
frequent disease outbreaks occurred. As urban areas grew and urban infrastructure
advanced, humans recognized the need for technologies capable of capturing and later,
also treating wastewater to maintain high water quality in surrounding surface waters.
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Although these technologies have resulted in vastly improved water quality, human waste

is still found in urban waterways. Further, large-scale urban infrastructure created in

the past 100 to 150 years has created a number of relatively new ecological niches

for colonization by microorganisms (e.g., sewer conveyance pipes, secondary wastewater
treatment, drinking water infrastructure). Our understanding is limited with regards to the
microbial communities now inhabiting these systems, how these communities interface with
natural environments, and how new human pathogens may evolve or emerge.

Sources and transport of urban microbes

The urban water cycle is a clear example of how human activity interfaces with aquatic
environments (Fig. 1), where pipes and impervious surfaces serve as pathways for urban-
and human-derived microbes to enter waterways. Within a large metropolitan area, sewer
infrastructure can consist of thousands of miles of pipes that transport human waste and/or
stormwater away from homes and city buildings to surface waters (rivers, estuaries, lakes).
During the Industrial Revolution in Europe and North America, pipes were built to carry
water from streets to prevent flooding and were later connected to houses and businesses to
carry sanitary sewage waste directly to waterways [54]. These early systems were eventually
connected to wastewater treatment plants, forming what are known as combined sewers.
Older cities in Europe and the USA still have combined sewer systems, which often
overflow, releasing untreated sewage mixed with stormwater into local rivers. In some
combined sewer systems, only a few mm of rain can cause overflows, but the capacity
varies greatly among cities [35,42]. In a single combined sewer overflow (CSO), millions to
billions of gallons of stormwater runoff and untreated sewage can be released [57]. Bacterial
densities in stormwater and sanitary sewage are much higher than the receiving waters [33];
therefore these overflow events could leave a significant imprint on the natural bacterial
community.

Newer sewer infrastructure (post 1920s) generally consists of separated sewers, where
sanitary sewage is conveyed to wastewater treatment plants and stormwater is collected

in a separate set of pipes and discharged directly to waterways. Separated sewer systems

can also be a source of human microbial waste to area waterways, typically from sanitary
sewage overflows during heavy rain or following pipe deterioration and sewage exfiltration.
Fecal bacteria are not the only microbial inputs into sanitary sewage systems. These systems
also collect and aggregate the microorganisms associated with grey water waste, such as
those on human skin and in the oral cavity, food waste, industrial waste, pet waste, and
miscellaneous waste items flushed from homes [21]. The majority of sanitary waste is
treated at wastewater treatment plants; however, the resulting effluent contains residual
influent microbes and newly introduced microbes from the treatment plant system. Although
treated effluent has much lower cell densities than untreated sewage [69], it is a continuous
source of urban derived microbes to receiving waters and has been shown to alter the
makeup of communities in the natural environment [9,63].

Within separated sewer systems, stormwater systems collect runoff from impervious
surfaces to prevent flooding. Rain events are essentially a citywide “cleansing”, thereby
washing microbes from exposed surfaces within the urban built (e.g., buildings, roads)
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and natural (e.g. plants, soils, animals) environments into the pipe conveyance system and
ultimately into area waterways via stormwater outfalls. While urban wildlife and domestic
pet waste are the primary sources of fecal microbes in stormwater, human sewage also may
migrate into these systems from leaking or failing sanitary sewer pipes [45,46] and through
illicit pipe connections.

Human and animal microbiomes as tracers of fecal pollution in the

environment

The introduction of fecal pollution from urban discharge to surface waters is the most
recognized and studied connection between urban water systems. Throughout history,
self-perpetuating cycles of waterborne disease occurred with greater frequency in densely
populated areas that lacked proper sanitation. Cholera outbreaks plagued major European
cities throughout the mid-1800s, including multiple outbreaks in London that eventually
led to an understanding of disease transmission [48]. Humans carry pathogenic bacteria,
viruses, and protozoa; and even today, fecal pollution of drinking water sources and
recreational waters creates a risk for waterborne disease transmission [12,19,24]. Cultivation
of Escherichia coli or enterococci, two organisms found in fecal waste, has been used
conventionally to assess fecal pollution in waters. However, the use of £. coliand
enterococci as fecal pollution indicators does not identify fecal sources, since humans and
the majority of animals carry these organisms. In urban areas, fecal pollution from humans
is more likely to carry human pathogens than other fecal sources such as urban wildlife,
like birds, squirrels, rabbits, and raccoons. Information on the source of fecal pollution is
necessary to determine human health risk and provide direction for remediation efforts [12].

Recent discoveries in microbiome research have shed light on the complex communities
associated with humans and animal fecal waste. Using the unique microbial assemblages of
a host as a signature or profile is quickly becoming a feasible approach for characterizing
pollution sources in surface waters [4,32]. Distinct sequence patterns (Fig. 2) within the
microbiome create host signatures that include both unique organisms and organisms with
differential relative abundance [13]. Animals of a given species as well as those with closely
related physiology (e.g., ruminants) tend to have more similar fecal bacterial communities
[26]. Recent studies also showed that domestic animals (e.g., pets) tended to share a higher
similarity with cohabiting humans [49]. Bacterial signatures associated with humans and
specific animals can be used to identify the relative contributions of each group to urban
waters [56]. Upstream of urban areas, agricultural inputs are often the major source of fecal
pollution; but this signal transitions to a mixed signal of urban wildlife, domestic pet, and
human fecal signatures within cities.

There is high variability within individual human microbiomes [20,29,55,67]; therefore
defining a “typical” human microbiome signature is challenging. Recent work by Newton
et al. [37] demonstrated that sewage systems provide an integrative sample of individuals
within a city and influent reflects the composite or population-level collection of a city’s
human fecal microbial community. Sanitary sewage from 72 cities in the USA had highly
similar fecal microbiomes, but also exhibited subtle differences that distinguished the cities.
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These differences included composition changes that reflected population demographics
known to associate with the gut microbiome, in this case obesity levels [37].

Global differences in the gut microbiome have also been demonstrated in studies of humans
in different geographic locations [1,66,67], sewage from different countries [11,23], and in
source tracking studies of impacted waters [23,43]. While diet can affect the gut microbiome
at an individual level [66], several studies showed that significant differences in the human
microbiome were observed among geographically and culturally distinct groups as whole
[1,7,66,67]. Certain groups of bacteria are more common and more abundant in different
groups of humans, and may be more applicable for assessing human fecal pollution. While
organisms from the order Bacteroidales have been the primary target for alternative fecal
pollution indicators in the USA and Europe, they lack effectiveness in regions where these
bacteria are in low abundance in the human gut due to diet or other factors [23,43].
Lachnospiraceae, although thus far less thoroughly explored, may be a preferable target,

as these organisms are abundant and widely distributed in diverse human populations
[11,23,34].

Urban infrastructure as a new niche for microbial communities

The earliest known rudimentary stormwater and sanitary sewers were initially used for flood
control (stormwater); they were later utilized to move human waste out of dense population
centers. Despite their significance in early human settlements, this urban infrastructure is a
relatively novel environment for microorganisms compared to natural ecosystems like soils,
oceans, animals, or even human hosts.

Sewer pipe-derived communities have been investigated primarily to study concrete-
corroding biofilms [25,65]. However, recent analysis of bacterial sequences from untreated
sewage influent samples from around the USA revealed that the majority of organisms

did not match sequences from these biofilms or with human fecal bacteria. On average,
nearly 35% of sewage communities were comprised of only five genera: Acinetobacter,
Aeromonas, Arcobacter, Pseudomonas, and Trichococcus [12,34,38,50] (Fig. 3). Stormwater
collected from pipes or directly from outfalls also contained relatively high proportions

of Acinetobacter, Aeromonas, and Pseudomonas, with Arcobacterand Trichococcus nearly
absent unless the stormwater had sewage contamination [15]. These organisms appeared

to be resident in both sewer systems, as they were consistently present and not readily

found in uncontaminated surface water or human or animal microbiomes [13,14,60,67].
Furthermore, the organisms known to cause concrete corrosion are rarely found in influent
sewage communities, suggesting that there is a pipe-associated community within loose
sediments that are more easily mobilized by turbulent water flow in pipes. This phenomenon
has been observed in both sewer and drinking water systems: biofilm communities release
very few organisms, while loose sediments contribute the bulk of organisms to flowing water
[25,27].

The idea of niche growth in pipe infrastructure is further supported by observations of
ecological shifts in populations. Recent work has demonstrated a shift in the distribution
of non-fecal organisms in response to geography and season that appears to be driven by
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temperature differences. In one study of sewage across the USA, fecal communities were
largely stable in a given city from season to season, however, the non-fecal organisms
changed significantly [37]. A long-term study of sewage from two WWTPs in Milwaukee,
WI, USA, showed seasonal variation in two Acinetobacter V6 sequences—sequence

was more abundant in summer and fall, while sequence increased in abundance during
winter and spring. These two sequences corresponded to different clades of Acinetobacter,
confirming that they are different organisms that appear to have different growth optima
[60]. Similarly, Arcobacter sequences, which were abundant in sewage from multiple cities
in the USA and Reus, Spain, demonstrated temperature dynamics, where two distinct strains
of A. cryaerophilus, showed reciprocal abundance trends at temperatures above or below
20°C. Cities with a moderate, consistent climate showed little seasonal variation in the
distribution of Arcobacter sequences, while cities that experience more extreme temperature
variation showed markedly different communities [14].

The ecology of these very closely related organisms (i.e. populations within a genus)
appears to be tied to fine scale factors such as temperature, while the pipe environment itself
is the larger driver for selection of these genera as a whole. It is interesting but not fully
understood how such similar organisms (at the genus or species level) maintain these highly
abundant and ubiquitous populations but have variants that are driven by the same factors
that are often major determinants of assemblages in natural environments. One primary
concern is how these organisms may survive and function outside of the pipe environment,
as these organisms become part of the natural environment along with the other organisms
conveyed during storm runoff and sewage overflows. With the exception of 7richococcus,
the pipe-associated genera all contain species with some degree of pathogenicity to humans.
In the previous Arcobacter example, the two strains of. A. cryaerophilus represent a

known clinical strain and an environmental strain [14]; thus the relative human health risk
associated with a sewage release may be greater when a pathogenic species is in higher
abundance. Depending on the particular strains of the genera present, the pipe environment
may represent a new source of pathogens that contribute to waterborne illness.

Urban signature in surface water communities

Organisms from the urban microbiome are consistently transported to natural waters via
sewer systems and urban runoff. Stormwater runoff and sanitary sewage (untreated waste
in overflows and treated wastewater effluent) are two major sources of urban-associated
bacteria to environmental waters. Little crossover exists between bacteria in natural aquatic
communities and those in urban effluent; therefore, the imprint of the urban signature can
be seen in contaminated waterways. This signature includes both fecal and infrastructure-
associated organisms, and their presence increases in magnitude proportionally with storm
intensity and duration. Short-term observations reveal a small but persistent community

of urban organisms present in chronically impacted aquatic resources, but the long-term
consequences in terms of fate and function of the community are unknown.

Evidence of urban impacts on the natural microbial community composition can be observed
by both imprints of organisms constituting an urban infrastructure signal [15,48], or a
human and animal fecal signal [21,42-45], or by changes in the composition [26,46] and/or
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functional output [47,48] of naturally occurring aquatic microbes. Annual fluxes of urban
microbes from runoff, stormwater, and CSO/SSO depend on the number and intensity of
storm events. In heavily urbanized cities with high impervious surface cover, rainfall with
intensity of 10 mm h~1 produces >2.2 x 10° m3 day~? of runoff for every 1 km2, and

can deliver trillions of bacteria to surface waters. Stormwater alone is the cause of 32% of
impaired estuaries in the USA [58], and CSOs introduce >107 m3 of combined sewage and
stormwater in both North America and Europe every year [16]. Table 1 highlights bacterial
taxa commonly associated with urban sources.

Wastewater effluent is often discharged to surface waters surrounding urban areas and

this effluent is not free from microbes, particularly effluent from treatment plants that

do not disinfect their treated product [31,59]. The effluent community depends on the
treatment processes used [2,28,68], but effluent flows are a constant source of microbes to
natural waterways. The effects of WWTP effluent on aquatic communities have focused
mainly on impacts to benthic communities in rivers or the analysis of indicator organisms
[6,9,17,31,63,64]. Changes in surface water communities include increased densities of
fecal coliforms, heterotrophic bacteria, and an altered species composition within the genus
Acinetobacter [17]. An increased prevalence of culturable Arcobacterwas observed at all
urbanized sites downstream of a clean water reference cite in Catalonia, and both influent
and treated wastewater effluent yielded isolates [6].

Our understanding of the alterations to natural aquatic microbial communities from the
perspective of both acute environmental scenarios, such as following rain and heavy

urban discharge, and the long-term influence of constant urban microbial input remain
relatively obscure. Most analyses indicate persistent or widespread contamination of surface
waters with microbes originating from fecal pollution sources [65,62,38], but fecal-derived
organisms are typically a small portion (<20%) of the flow of microbes from pipes and
urban run-off [37,47]. Two comprehensive analyses of urban-derived bacterial assemblages
present in an urban estuary of Lake Michigan suggest these organisms make-up 1-10% of
the bacterial community present, and this proportion is influenced heavily by recent rain
intensity [15,36]. Therefore, by sheer mass effects, the flux of organisms coming from
urban environments could have significant impacts on the microbial communities naturally
present. Urban-derived microbes can compete for resources, and also could represent a large
and supplemental food source for microbial predators, which could have implications for
aquatic food webs and/or nutrient cycles.

The urban water interface could also create new pathways for gene flow among microbial
communities. Antibiotic resistant bacteria are selected for in human populations, and
untreated sewage as well as treated sanitary effluent have a high occurrence of antibiotic
resistant bacteria [5,30]. Gofii-Urriza e/ al. reported an increase in the number of antibiotic
resistant Aeromonas and Enterobacteriaceae isolates downstream of WWTP effluent
release in the Arga River (Spain), as well as increased instance of acquired resistance

in the Aeromonas spp. (64). Similar results were observed for Acinetobacter spp. in

the Huron River (MI, USA) with a higher prevalence of antibiotic resistance in isolates
from downstream compared to upstream of the WWTP. Additionally, although the total
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abundance of Acinetobacterwas reduced from influent to effluent, the percentage of isolates
displaying multiple drug resistance increased significantly [69].

Chemicals, nutrients, and solid waste from urban areas can also alter the microbial
community. For example, landscape changes and chemicals corresponded to microbial
community changes in the Mississippi River, USA [51-53]. Microplastics released from
WWTPs, can act as both a growth substrate and as a vector for bacteria [31]. Notably,

the organisms that tend to be enriched on the plastics are from the same families of
organisms that are present in sewage as pipe-associated, namely Campylobacteraceae,
Pseudomonadaceae, and Moraxellaceae [15,61]. Emerging contaminants have been noted
for their effects on wastewater treatment plant sludge organisms [41,70], but their impact on
natural aquatic communities has yet to be been determined.

Conclusions

While stormwater and sanitary sewage infrastructure are clearly important for both the
growth and transport of urban bacteria to urban waters, they are only two facets of the
extensive urban water system, which in turn is only a part of the larger urban microbiome.
King [70] discussed the idea of distinct urban microbiomes associated with the atmosphere,
internal and external building surfaces, impervious surfaces such as roads and sidewalks, and
vegetation, in addition to water distribution systems, waste treatment, and mobile organisms
(humans and animals), that also interact with one another. Just as humans are constantly
shedding their bacteria onto surfaces as they move around, the urban environment as a
whole is shedding its bacteria via water conveyance systems that collect and disperse these
microorganisms — with surface waters being the primary recipient.

Urban water conveyance systems have a great potential to tell us about the microorganisms
associated with cities, about health characteristics of human populations, and if or how
these organisms influence the human interface with the natural environment. The microbial
communities of urban surface waters (e.g., rivers, lakes, estuaries) also could provide
significant insight into the degree of human impacts on these freshwater systems and provide
clues as to the short and long term ecosystem alteration caused by human activity. The
magnitude of stormwater and sanitary sewage fluxes make these systems important to study,
but understanding the long-term fate of organisms derived from this infrastructure must be
pursued. We are currently in a new area of exploration in which next generation sequencing
can provide a wealth of information on the microorganisms inhabiting any environment of
the world around us. Continued monitoring of urban aquatic microbiomes has the potential
to benefit both human and ecological health and must be prioritized.
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Fig. 1.
Sanitary sewers act as collectors of organisms from “indoor” microbiomes, including

bacteria associated with the human body and waste, food, and pipes. Stormwater sewers
collect organisms from “outdoor” microbiomes, such as soil, impervious surfaces, plants,
and animal feces. Sewers serve as transporters that deliver bacteria to aquatic environments;
but microbial communities are also transformed within the sewers, including death of some
organisms and growth of others within the pipe.
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Fig. 2.
Network analysis of the family Lachnospiraceae in fecal communities of animals, humans,

and sewage. Large dots represent individual samples, small dots represent operational
taxonomic units (OTUSs). Lines connect samples and OTUs to show connections among
different individuals from the same and from different host species. Sewage samples from
Spain, Brazil, Malawi, and the USA are indicated by distinct shades of green. Clear trends
within host species are present, as well as OTUs that are shared among hosts or associated
with an individual sample.
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Dominant bacterial taxa found in (A) stormwater (n = 30) and (B) untreated sewage influent
(n = 6). Several abundant taxa were shared between the two environments and were mainly
of non-fecal origin. Both communities were very diverse, with a total of 1709 and 1491
designated taxa in stormwater and untreated sewage, respectively. (Figure adapted from
Fisher et al. [15].)
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