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Abstract Sewer systems are an integral part of our

modern civilization and are an imperative under-

ground infrastructure asset that our society relies on. In

Western Europe alone, 92% of the resident pollution is

connected to sewer systems. This extensive coverage

of sewerage systems presents an ideal habitation for

microorganisms to strive. Sewers can be considered

continuous flow bioreactors. They are always colo-

nized by bacteria, either in a planktonic state traveling

along the pipe with the water flow or dragged in

sediment, or organized as biofilms. Many studies have

been devoted to the detrimental effects of microor-

ganisms on sewer systems made of concrete. How-

ever, their metabolic activity can also be beneficial,

lead to more effective wastewater treatment, or be

beneficial for concrete pipes. This aspect has not been

thoroughly studied to date and requires further inves-

tigation. Therefore, in this Review, we highlighted the

positive and negative activity of biofilms and their

participation in five proposed mass exchange points in

gravity sewers. Furthermore, we systematized and

reviewed state of the art regarding methods that could

be potentially used to remove or engineer these

biological structures to increase the sustainability of

sewers and achieve a better pre-treatment of wastew-

ater. We have also indicated research gaps that could

be followed in future studies.
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1 Introduction

Sewer systems play a crucial for the sustainability of

modern populated areas. As far as they solve many

problems with hygienic wastewater disposal and its

transport to wastewater treatment plants, their opera-

tion is associated with pipe deterioration to release

greenhouse gases. However, microorganisms inhabit-

ing sewer systems that can be organized in the form of

biofilm may also facilitate the pre-treatment of

wastewater, suppress pathogens, and inhibit the

biodeterioration process. Biofilm formation in sewer

systems depends on many factors and is influenced by

ever-changing conditions in the gravity sewer. For that

reason, most of the research so far was dedicated to the

adverse effects of biofilms in sewer systems. Recently,

there is more and more data of engineering of various

biological structures, although none of it has been

applied in the sewers to date, creating a gap in the

current state of the art.

In this Review, we aimed to indicate and discuss

positive and negative aspects of biofilms in sewer

systems and various possibilities to attempt their

engineering. Furthermore, we have also proposed a

further division of exchange points regarding the

position and structure of biofilms in the interfaces of

gravity sewers (Table 1). The highlights of the

following chapters are provided in Tables 2, 3 and 4.

2 Biofilms in sewer systems: activity and interfaces

Archaeological evidence proves that the first sewer

systems have existed thousands of years ago. How-

ever, the usage of sewer systems resembling modern

sewers has started developing in the middle of the

nineteenth century (de Feo et al. 2014). Over the years,

engineers and the scientific community have been

actively working on improving performance in exist-

ing sewer systems and developing new material

solutions. In the early twentieth-century, sewer sys-

tems were composed mainly of bricks and stoneware;

however, these materials suffered from severe struc-

tural damage as time passed. The development rate of

sewer systems had significantly accelerated when

concrete pipes were developed and commonly used as

a building material for this purpose. Since the ’50 s of

the twentieth century, significant enhancement has

been made in this field as many new materials have

been introduced. Nowadays, modern gravity sewer

systems are made of polyvinyl chloride (PVC),

corrugated steel (CSP), high-density polyethylene

(HDPE), polypropylene (PP), fiberglass, steel-rein-

forced high-density polyethylene (SRHDPE), or metal

pipes (Wong and Nehdi 2018). However, all of these

materials are exposed to microbial activity and biofilm

formation. Based on the load capacity of pipes, these

systems can be classified as rigid and flexible. Flexible

pipes such as PVC, PP, or HDPE are frequently used,

although most older operating sewer systems are made

of rigid pipes, especially concrete and reinforced

concrete (Kaempfer and Berndt 1999).

The sewer system, designed to collect fresh

wastewater from households and industries, is also a

complex and highly diverse ecosystem. The predom-

inating organisms colonizing this system are microor-

ganisms, primarily bacteria, and archaea. Under

certain conditions, even eukaryotic microorganisms,

e.g., protozoa or fungi, may be present, and often even

mammals, like rats, colonize these technical installa-

tions. The presence and metabolic activity of primarily

bacteria and archaea may cause various types of

unwanted side effects, including the development of

malodor and biodeterioration of construction materi-

als (Hvitved-Jacobsen et al. 2013; Lors et al. 2017; Wu

et al. 2018).

To understand the metabolic possibilities for the

microorganisms, it is crucial to understand and

describe the sewer system as an ecosystem. The

composition of wastewater may change depending on

the structure of the sewer network and the connected

pumping stations (e.g., households, industry, agricul-

ture). For example, wastewater from desalination and

process industries is rejected in sewer systems

(Panagopoulos et al. 2019; Panagopoulos and Har-

alambous 2020a, 2020b). Two important abiotic

factors determining the metabolic potential of a

microbial community are the availability and quality

of carbon sources and the availability of electron

acceptors (oxygen, nitrate, sulfate) (Wei et al. 2013; Li

et al. 2017). Thinking of carbon sources first, untreated

wastewater is characterized by a very high diversity of

organic substrates. A high proportion of the organic

load comprises easily degradable compounds (high

BOD5) and a complex mixture of recalcitrant sub-

stances, like pharmaceuticals and household chemi-

cals (Łagód et al. 2010; Onesios-Barry et al. 2014).

Due to the high BOD, bacteria are very active in the
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degradation of these compounds, already when these

substances enter the sewer system. As a result, oxygen

availability will be a limiting factor, and anaerobic

processes will take over. If there is no high turbulence

in the wastewater, which might introduce some

oxygen into the wastewater, already a few mm to cm

below the water surface, anaerobic conditions will

prevail (Madsen et al. 2006; Hvitved-Jacobsen et al.

2013).

Microorganisms growing in the sewer system will

grow in two different but connected ways: planktonic

biomass in the wastewater or biofilm in all interfaces.

Both the planktonic and the biofilm biomass are highly

active but are exposed to different environmental

conditions. Concerning (bio)deterioration of the mate-

rials used to construct the sewers, primarily bacteria

are considered (Noeiaghaei et al. 2017; Wu et al.

2018).

A biofilm is a structure composed of microbial cells

in an exopolymeric matrix. In contrast to many clinical

biofilms that maintain low diversity, environmental

ones often multispecies and thrive as diverse microbial

communities (Burmølle et al. 2010). Besides cells, the

matrix contains organic material such as extracellular

deoxyribonucleic acid (DNA), enzymes, and (in the

case of sewer biofilms) inorganic substances such as

sand and zeolite (Łagód et al. 2010). Localized

gradients of oxygen cause the natural formation of

diversified habitats where various biochemical reac-

tions occur depending on the local microenvironment.

A simplified stratification in sewer biofilms is shown

in Fig. 1.

The biofilm matrix creates a favorable niche for

microorganisms and provides safety from antimicro-

bials, regulates the penetration of macromolecular and

particulate structures. In the sewer system, biofilms

protect from shear stress caused by water or gas flow in

the pipe. Generally, biofilms may develop to withstand

high shear forces, which were well summarized and

studied by Möhle et al. (2007).

Biofilms are biostructures built mainly through

bacteria and archaea, which have very complex and

heterogeneous structures and compositions. There-

fore, they may quickly adapt to changes in the

environment, e.g., availability of electron acceptors

(oxygen, nitrate, sulfate) or organic nutrients. These

conditions are interchangeable and depending on the

quantity of organic matter, aeration, temperature, and

the design of sewers. While in gravity sewers,

reaeration is a normal process, in pressure sewers,

oxygen availability is strictly limited (Hvitved-Jacob-

sen et al. 2013). Furthermore, the mass transfer to and

from biofilms in sewers can depend on the flow of

wastewater. Its turbulence, ventilation in the system,

hydraulic depth mean of the water phase in the pipe,

and the velocity and shear stress at the sewer wall

(Vollertsen et al. 2008; Hvitved-Jacobsen et al. 2013).

Microorganisms present in the wastewater decom-

pose organic matter producing energy (adenosine

triphosphate, ATP) in a series of redox reactions. From

the metabolic perspective, among other factors, aer-

ation has the main meaning for the effectiveness of

biochemical processes occurring in sewers. The pres-

ence of oxygen as an electron acceptor allows

microorganisms to degrade organic through oxidative

phosphorylation producing the highest amounts of

ATP. Nevertheless, critical biochemical processes can

also proceed in microaerophilic, anoxic, and anaerobic

conditions, although the energetic yield for cells is

lower (Kracke et al. 2015). During anaerobic condi-

tions, bacteria use other (organic and inorganic)

electron acceptors, including sulfates (SO4
-2) that

are reduced to sulfide (H2S). As a consequence of this

process, the level of H2S increases and poses a threat,

e.g., to workers delegated for sewer maintenance. This

compound is also co-responsible for odor and corro-

sion (Vollertsen et al. 2008; Jiang et al. 2013a).

The metabolic activity of microorganisms makes

the sewer network a bioreactor that (if developed

favorably) can effectively execute a pre-treatment of

wastewater. Such function seems crucial when

wastewater contains slowly degraded substances

(Jensen et al. 2016; Ungureanu et al. 2016). Many

reports show that the effluent from wastewater treat-

ment plants (WWTP) may contain pharmaceutical

substances, including clofibric acid, diclofenac, car-

bamazepine, and antibiotics (Favier et al. 2016;

Ounnar et al. 2016). These substances can be later

transported to water bodies and water intake units

(Batt et al. 2006). Unfortunately, the metabolic

activity of microorganisms in sewer systems does

not guarantee a complete degradation in the treatment

processes. As described before, the microbial com-

munities in sewer systems are very diverse, making

great metabolic and degradative potential available.

The efficacy of the ‘‘pre-treatment’’ of wastewater in

the sewer system is mainly dependent on the extension

of this system, and consequently, the residence time of
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the wastewater. In addition, the availability of oxygen

in some cases may be a prerequisite for the degrada-

tion of certain recalcitrant compounds (Hvitved-

Jacobsen et al. 2013; Lin et al. 2021).

In the presence of oxygen and nitrate (and to a

certain amount also sulfate), many organic molecules

can be degraded by one organism entirely to CO2.

Under anaerobic conditions, microbial communities

exchange substrates in a series of interdependent

metabolic routes. Hydrolysis of complex molecules

and first degradation of monomers undertaken by

certain strains is later continued by other species

capable of degrading simple metabolites (McInerney

et al. 2008). These reactions cause the mass transfer,

which is driven, e.g., by the limitation of a given

substrate, electron donors (e.g., H2S, S0, S2O3
-2), or

changes in the environment. Among the most influ-

ential factors that regulate the succession of microor-

ganisms on cementitious materials is a change in pH.

In concrete pipes, the pH on its surface is highly

alkaline (reaching pH = 12), which has an inhibitory

effect on most bacterial strains.

Nevertheless, some microorganisms such as Thio-

thrix, Acidithiobacillus, Thiomonas, and Haloth-

iobacillus may adapt to the alkaline environment.

All of them, except for Hallothiobacillus, can grow

mixotrophically (either heterotrophically or

chemolithoautotrophically) that helps them develop

populations on limited resources (Okabe et al. 2007).

Furthermore, chemolithotrophs from the genera Nitro-

somonas and Nitrobacter were also found inhabiting

concrete structures (Gaylarde and Morton 1999).

These are only several examples among many other

microorganisms that are present in this environment.

Most of them are microorganisms that cannot be

cultured in laboratory conditions. Even those previ-

ously cultured can shift into viable but not culturable

(VBNC) states, which means that they cannot be

detected in laboratory cultures (Bitton 2014). There-

fore, depending on classic bacteriological methods

may cause a discrepancy between studies showing

different species as the cause of the corrosion,

naturally considering that various strains and species

may show similar activity. Therefore, from the

ecological perspective, the advisable way to discern

between microorganisms that contribute to the mate-

rials’ deterioration should be selecting them thanks to

molecular methods (e.g., sequencing, metagenomics).

It can be supported with bioinformatics tools that

allow estimating the metabolic potential of a given

consortium with 16S sequences as the input. Further,

they can be their tolerance to pH. In that case, they can

be described as basophils, neutrophils, and acidophiles

or groups that are tolerant to variable pH conditions,

such as urease-producing microorganisms (López-

Moreno et al. 2014; Li et al. 2017).

The development of bacterial biofilms can be

stimulated by stress factors, including oxidative stress

and the limitation of nutrients and gases (Flemming

et al. 2016). Such stresses are present in the relent-

lessly changing environment of sewer systems

(Hvitved-Jacobsen et al. 2013; Lin et al. 2021). Thus,

biofilm formation is unavoidable because it is sup-

ported mainly by the constant flow of wastewater

continuously supplying new cells together with

organic and inorganic matter (Hvitved-Jacobsen

et al. 2013). Therefore, an advisable way to tackle

the biofilm-associated problems, such as odors and

Fig. 1 Stratification of a typical sewer biofilm and main processes; modified from (Łagód et al. 2010)
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corrosion, is searching for solutions that could poten-

tially influence the biodiversity or modify the ’sewer

metabolome.’ In gravity sewers, there is a constant

exchange of mass between biofilm, sediment, and

wastewater, and thus this environment is very

dynamic. It was shown by Auguet et al. (2015a),

who studied changes in bacterial populations in sewer

biofilm with a focus on sulfate-reducing bacteria

(SRB) and methanogenic archaea (MA)—groups

responsible for the accumulation of sulfide and

methane. This study has shown that, similarly to the

process of biogas production, higher reduction of

sulfate and subsequent production of H2S in a sewer

system is limiting methanogenesis (Auguet et al.

2015a; Liu et al. 2015a; Westerholm and Schnürer

2018).

As mentioned before, cells in a biofilm will arrange

themselves depending on the environmental condi-

tions, forming layers of cells having different meta-

bolic activity. Its density and structure limit the

penetration of oxygen through the biofilm structure.

Thus, anaerobic cells are likely to gather at the bottom

of the biofilm. These cells are covered by others that

are facultatively anaerobic and finally aerobic (Flem-

ming et al. 2016), as shown in Fig. 1. Another

interesting feature of biofilms is that cells can be

attracted to this biostructure by molecular signals sent

by specific microorganisms. Such a case was

described on a model of Bacillus subtilis that was

recruiting Pseudomonas aeruginosa to join biofilm by

sending electrical or chemical signals (Lee et al. 2017;

Singh et al. 2017; Humphries et al. 2017; Arnaouteli

et al. 2021).

On the other hand, other pseudomonads such as P.

protegens and P. putida can produce antibiotics and

other inhibitory substances that prevent B. subtilis

from sporulation and biofilm formation (Lax et al.

2019). Such interactions should be considered while

determining the interspecies play between biofilm

and sediment (planktonic) cells. Microorganisms

have developed various systems for intracellular

communication that can shape the diversity and

change metabolic reactions undertaken by cells. The

first form of communication among bacteria discov-

ered was Quorum sensing, based on acylated

homoserine lactones in Gram-negative bacteria and

short peptides in Gram-positive (Karatan and Wat-

nick 2009). Recently, high interest is put into

electrochemical communication between cells,

where microorganisms can exchange electrons

directly or through redox-active compounds (Lee

et al. 2017; Pankratova et al. 2018).

The complexity of microbial activity in biofilms is

relatively high. In the literature, these biostructures are

usually considered to be participating in one of two

interphases (gas and water phase) (Madsen et al.

2006). Alternatively, these biofilms can be described

by their location on surfaces that are likely to corrode.,

as Li et al. (2017) show. Although useful for modeling

purposes, these discriminations are still simplified

from the microbiological point of view because the

biofilm is likely to change (or form differently) when

exposed to variable conditions (Hvitved-Jacobsen

et al. 2013; Liu et al. 2015a). In gravity sewers, these

conditions are highly variable that makes the microor-

ganisms inhabiting different spots of the same pipe

section living in a different environment at the same

time. In modeling, a certain sum of all the conditions

creates output for the model, distinguishing the

activity of biofilms between different exchange points.

Naturally, biofilms, as a whole, create certain equilib-

ria in the sewer. However, there is a space to study how

biofilms participating in different interfaces contribute

to this general metabolic activity depending on their

location in the pipe (Hvitved-Jacobsen et al. 2013; Liu

et al. 2015a). From the microbiological perspective,

the classification of biofilm functions in the interfaces

in gravitational sewers could be further developed

depending on the five biofilm-containing exchange

points depicted in Fig. 2.

Such distinction has not been previously reported.

However, it may be that all of these exchange points

based on the biofilm location may influence the

specific biofilm stratification and its presence in both,

water and gas phase (Madsen et al. 2006; Łagód et al.

2010; Flemming et al. 2016; Li et al. 2017). There is
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very scarce literature indirectly suggesting that these

exchange points could be studied separately. Thus,

further investigation could bring additional informa-

tion on how these microbial communities are being

assembled and how they contribute to the general mass

transfer within the pipe. Nevertheless, some charac-

teristic features regarding biofilm activity in the

proposed exchange points are suggested in Table 1,

along with references.

Table 1 Exchange points for biofilm activity in gravity sewer interfaces

Exchange

point

Proposed characteristics References

Biofilm-

Concrete

Acidification, the release of H2S (in water phase), Yuan et al. (2015) and Wu et al. (2018)

Biofilm-Air Conversion of H2S to H2SO4 leading to biodeterioration

and NH4 to NO3

Wu et al. (2018)

Biofilm-

Water–Air

Influence on gas fluxes. Gases (such as H2S) have higher density in

this part of the pipe

Hvitved-Jacobsen et al. (2013), Auguet et al.

(2015a) and Liu et al. (2015b)

Biofilm-

Water

Biodegradation of compounds, including pharmaceuticals, pre-

treatment of wastewater

Batt et al. (2006), Hvitved-Jacobsen et al.

(2013) and Ounnar et al. (2016)

Biofilm-

Sediment

Electrochemical communication between biofilm and planktonic

cells; Pre-treatment of wastewater

Lee et al. (2017) and Pankratova et al.

(2018)

Fig. 2 Exchange points that affect biofilm formation and biofilm-derived processes in sewer systems; * or other construction material

Table 2 Highlights of chapter 2

1 Biofilms are common microbiological structures in gravity sewers regardless of used construction materials

2 Biofilms can be considered as sewer bioreactors exposed to ever-changing conditions in sewers

3 We proposed five mass exchange points in which biofilms may differ in terms of metabolism and composition
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3 Biofilm-derived problems in sewers

(microbiologically induced biodeterioration:

mechanisms)

The metabolic activity of microbial communities is

often associated with the deterioration of sewer

systems, depending on the materials being used.

Elements are made of concrete susceptible to low pH

when microorganisms start fermentation (Sikora and

Augustyniak 2017). Biochemical processes that pro-

duce low pH are inevitable in sewer systems because

oxygen will always be limited in wastewater and

biofilms. Wastewater is carrying minerals and organic

matter that is being hydrolyzed and further fermented,

causing acidification of the environment, which

eventually causes a drop in pH of cementitious

materials from which the pipe is composed (Wei

et al. 2013). It causes a gradual degradation of the

material associated with changes in the groups of

microorganisms present in the sewer environment (Li

et al. 2017). One of the driving factors is changing pH

over time. Initially, the pH of concrete pipe on the

surface is in the range between 11 and 13 that initially

inhibits the colonization (Yuan et al. 2015). However,

the gathering of H2S and organic material changes the

conditions on the material, increasing its availability

for the growth of first microbial colonizers (Shirakawa

et al. 2015; Wu et al. 2018). Lowered pH allows

microorganisms to start degrading organic material

that leads to further acidification.

When the local environment reaches pH = 9,

common acid producers become more active. At first,

neutrophilic bacteria are more abundant, although they

are later replaced by acidophiles that adapt to the

newly created acidic environment. Among the main

genera that considerably affect biodeterioration,

Acidithiobacillus, Thiomonas, and Halothiobacillus t

are referred to in most papers (Okabe et al. 2007;

Harbulakova et al. 2013; Cheng et al. 2016; Lors et al.

2017). Based on the fluorescent in situ hybridization

technique (FISH), Okabe et al. (2007) proposed a

succession of acid producers on concrete. They have

shown that the decrease in pH is followed by a gradual

predominance of Thiothrix, Acidithiobacillus, Thio-

monas, and Halothiobacillus, respectively. However,

these results were based only on rRNA gene similarity

without a functional identification. It should be noted

that the DNA content may vary depending on the

nucleolytic activity in the environment.

Bacterial metabolism can acidify the environment

by numerous metabolites, including organic (e.g.,

acetate, butyrate, lactate) and inorganic (e.g., H2S,

H2SO4and HNO3) acids. When these substances come

into contact with the surface of cementitious material,

they cause the formation of ettringite, which leads to

the increase in internal pressure in the material and the

subsequent formation of cracks. Further acidification

leads to the accumulation of gypsum (CaSO4) formed

in different hydration states that significantly weaken

the composite (Okabe et al. 2007; Vupputuri et al.

2015; Augustyniak et al. 2019).

One of the main technological problems in sewers

is the production of odors and noxious gases that can

be harmful to humans (e.g., workers during mainte-

nance works), and their production leads to the

corrosion of sewer system (Liu et al. 2015b; Wu

et al. 2018). Among other gases, hydrogen sulfide is

produced mainly in the water phase, and it is further

released to the gas phase. Biofilm formed on the

surfaces within the gas phase contains sulfur-oxidizing

bacteria (SOB) that transform H2S to H2SO4, a robust

corrosive agent. Apart from contributing to the

formation of cracks, acidic corrosion caused by

H2SO4 can lead to peeling of the pipe parts because

of the carbonation process (Okabe et al. 2007;

Shirakawa et al. 2015). The oxidation of hydrogen

sulfide to sulfate is an excellent example of action

caused by biofilms at two different interfaces. Sulfide

arises in the biofilm present in the liquid phase, and it

is transported to the interface between the liquid and

gaseous state. Then it is released from water to the

gaseous phase and reaches the biofilm formed in the

Table 3 Highlights of chapter 3

1 Microbiological activity is often associated with the deterioration of sewer system

2 The development of biofilms in sewer systems has hallmarks of ecological succession

3 Deterioration is often accompanied by the production of malodors and greenhouse gases
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upper part of the pipe. Bacteria such as Acidithiobacil-

lus and other SOB are oxidizing the compound

causing increased corrosion rate. However, it should

be noted that SRB microorganisms are also present

and active in the flowing wastewater. The total

production of gases in developed sewer systems may

contribute to global warming by releasing methane,

nitrous oxide, and carbon dioxide (Jensen et al. 2016).

4 Biofilms engineering: prospects for sewer

systems

The composition of the biofilms forming in the sewer

system can be changed through different factors. Two

main approaches are modifying the surface that

changes the microbial activity and using external

factors such as chemicals and nanoparticles that can

penetrate the biofilm and mitigate the problem by

lowering the viability of microorganisms (Jiang et al.

2013a; Li et al. 2018). Furthermore, recent advances in

bacteriophage research have shown that wastewater

carries bacteriophages showing anti-biofilm potential

documented especially for monospecies biofilm

(Ribeiro et al. 2018; Grygorcewicz et al. 2020b).

Studies also show that bacteriophages pose reducing

activity against multispecies biofilms (Lehman and

Donlan 2015; Gutiérrez et al. 2015). Unfortunately,

due to the complexity of environmental conditions in

sewer systems and the constant co-evolution of

bacteriophages and their hosts, phage application in

wastewater needs further investigation (Jassim et al.

2016; Jurczak-Kurek et al. 2016; Grygorcewicz et al.

2017; Augustyniak et al. 2018; Guerrero et al. 2020).

Based on current literature, five possible routes for the

development of biofilm engineering techniques have

been selected and are presented in Fig. 3. Each of them

seems to change the diversity of arising biofilms

potentially, either only one is used, or they are applied

together.

The environment that can be formed in gravity

sewers is generally known. However, these conditions

are not constant and are subject to change, depending

on the construction of the sewer system, time of the

year, connection to rainwater, etc. Nevertheless, the

microbial activity towards biodeterioration of pipe

made of cementitious material is to proceed with

already known steps. In this part, the interface between

biofilm and cementitious material has a crucial role. It

was confirmed that microbiota develops differently on

different surface types (Lax et al. 2019). From that

point of view, if the material is produced to inhibit the

growth of biofilms, it might ensure higher sustainabil-

ity of the whole structure. The problem with this

approach is that eventually, the sediment is likely to

cover the protection layer and contribute to its

degradation. Another problem is that this solution

could be applied only in newly built sewers or as a

gradual exchange of existing parts that have to be

changed. Furthermore, including antimicrobial layers

or substances may also increase the risk of accumu-

lating antibiotic (multi)resistant and biocide-tolerant

bacteria (Piotrowska et al. 2020; Lin et al. 2021).

Concrete is considered the most durable and long-

lasting pipe material that is currently in use. In

addition, it is also non-flammable and resistant to

rusting, tearing, buckling, or deflection. On the other

hand, the long-term durability of modern plastic

materials has not yet been confirmed because these

materials were developed in recent decades and still

are being tested (Wong and Nehdi 2018). However,

the long operating time of concrete sewer systems

exposes them to biogenic corrosion. Therefore, vari-

ous mitigation techniques have been proposed and

tested. This research activity resulted in publications

related to estimating the material’s life cycle to

determine the most optimal sewerage system technol-

ogy (Zhao et al. 1988; Wong and Nehdi 2018). High

rehabilitation costs forced three main procedures to

mitigate the problem: renovation, replacement, or

repair, depending on the corrosion state of the

Table 4 Highlights of chapter 4

1 Biofilm engineering in gravity sewers has not been investigated

2 We have proposed five approaches that may be adapted for sewer systems in future studies

3 Advantages, disadvantages, and knowledge gaps of the proposed approaches have been discussed
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sewerage system (Parande et al. 2006; Almeida et al.

2015). Rehabilitation techniques are summarized in

works (Almeida et al. 2015; Wu et al. 2018).

Moreover, various mitigation methods were pro-

posed, including modifying sewer tunnel environ-

ment, adjusting hydraulic parameters in sewer design,

and applying material-oriented methods such as the

use of protective coatings or refining the mixture

design of concrete (Almeida et al. 2015). Protective

coatings are designed to make a physical barrier to

protect concrete from the ingress of harmful sub-

stances (mainly sulfuric acid). For this purpose,

various polymer resins, including epoxy resin coating,

polyurea coating, polyurethane coating, acrylic, and

unsaturated polyester resin coating, were introduced

(Ng and Kwan 2015). Recently, Haile et al. (2010)

have shown two other coatings that consisted of

epoxy-containing zeolites functionalized with silver

or nano-copper oxide for protection. These composites

showed antibacterial activity, although the tests were

conducted only on Acidithiobacillus thiooxidans.

Another approach is applying polymer-modified

cementitious coatings in the form of mortar (Ng and

Kwan 2015). These techniques can be applied to new

and existing structures to isolate concrete from the

surrounding environment (Haile et al. 2010; Ng and

Kwan 2015). However, some authors suggested that

the coatings may show lower abrasion resistance, and

thus they require more frequent renovations (Wu et al.

2018). The further investigation of these properties is

necessary to ensure the continued functioning of

protective coatings (Ng and Kwan 2015; Wu et al.

2018). The effect of various coatings has recently been

summarized and comprehensively reviewed (Noeia-

ghaei et al. 2017).

In fact, most authors discuss surface modification

(or material in general) to inhibit microbial growth on

the composite, including biofilm formation. Yang

et al. (2018) have shown that several antibiofilm

solutions were successfully tested, including high-

alumina cements, calcareous aggregates, and silicate

admixtures. They have also shown that sulphoalumi-

nate cement may be used to resist biodeterioration.

Another interesting approach is associated with the

production of highly resistant impermeable concrete

elements through optimizing the mixture composition

by decreasing the water-cement ratio (w/c), choosing a

proper aggregate type, incorporating supplementary

cementitious materials (such as fly ash, metakaolin,

silica fume, blast-furnace slag) or by incorporating

fillers such as quartz and limestone powder (Ng and

Kwan 2015). In addition, polymer admixtures are

highly effective in reducing the permeability of

concrete. However, incorporating these materials is

more expensive than conventional SCMs (Noeiaghaei

et al. 2017). Another method to decrease the deteri-

oration rate of concrete is incorporating growth

inhibitors that are chemically restraining the growth

of microorganisms on concrete surfaces. Studies have

shown that various bactericides, including calcium

formate, sodium bromide, sodium tungstate, copper

phthalocyanine, zinc oxide, and titanium dioxide, can

be incorporated into cement mortars. Nanomaterials

were also proposed to be used as admixtures for

cementitious composites. Such nanomaterials should

(theoretically) grant self-cleaning properties to the

material (Silvestre et al. 2016). However, there are

several problems associated with this idea. First,

nanomaterials tend to agglomerate, and providing

even dispersion without stabilizers can be difficult

even in water solution, not to mention cement mortar

(Sikora et al. 2018).

Moreover, the problem with antibacterial coatings

and components also lies in the fact that this activity is

observable until the first layer of organic matter.

Afterwards, their effectiveness drops radically, and the

Fig. 3 Potential routes for biofilm exploration towards more sustainable sewer systems
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microbial population can develop on the material.

However, this field is still developing, and more

research is required to evaluate the compatibility of

bactericides with concrete components, e.g., in the

scope of their long-term performance in concrete

structures (Kong et al. 2017; Noeiaghaei et al. 2017).

Chemical treatment is usually carried out to inhibit

microbial overgrowth and mitigate the problem asso-

ciated with the release of harmful gases such as

hydrogen sulfide (H2S) and, in turn, biogenic acid

corrosion in sewer pipes. Several methods mitigate

this problem via chemical treatment in the liquid phase

or chemical treatment of sewer headspace. Liquid

phase treatment is mainly applied to reduce and

control sulfide build-up in pressure sewers, limiting

H2S being released to the sewer atmosphere when

discharged in transfer points or connecting intercep-

tors. Gravity sewers that are poorly ventilated are

susceptible to limited reaeration (dissolved oxygen

concentration\ 1 mg L–1 in the bulk phase) and are

dominated by anaerobic conditions requiring chemical

treatment. To address sulfide occurrence in anaerobic

gravity sewers, liquid-phase treatment targeting the

biofilm—bulk phase interactions are applied by using

chemicals that inhibit sulfate-reducing bacteria (SRB)

activity. The administration of chemical agents such

as free nitrous acid (FNA), pH shock, and iron salts are

examples used to target SRB activity at the biofilm-

bulk interface in gravity sewers (Jiang et al. 2013a;

Gutierrez et al. 2014; Kiilerich et al. 2019; Despot

et al. 2021). FNA addition was shown to deactivate

sewer biofilm activity when exposed for 6–24 h (Jiang

et al. 2011). This same study showed that the viable

microbial cells in the biofilm decreased from approx-

imately 80% (before FNA treatment) to 5–15% after

the biofilm was exposed to FNA at 0.2–0.3 mg HNO2-

N L–1. Nevertheless, the penetration of FNA through

the deeper zones of sediment (and biofilm) diminishes

the inhibitory effect (Liu et al. 2015b). For that reason,

FNA was tested with other factors increasing its

antimicrobial activity. Cao et al. (2019), demonstrated

that the different ferric (an iron salt) dosing strategies

had different impacts on SRB activity using a labo-

ratory-scaled gravity sewer reactor. This study

revealed that a high-dosage, low-frequency dosing

strategy inhibited SRB activity (indicated by a 56%

decrease in sulfate reduction) and is only feasible in

gravity sewers with thin sediment layers (depth\ 20

mm) (Cao et al. 2019). A more cost-effective sulfide

control can be achieved with a low-dosage, high-

frequency dosing strategy. Although iron salts demon-

strate an inhibitory effect on microorganisms and

effectively reduce sulfide levels in sewage ([ 90%),

some studies associated the gathering of iron rust in

sewers with corrosion and crack formation. The

conceptual model including this phenomenon has

been proposed by Jiang et al. (2014) (Fig. 4). Nitrate

salts is another chemical that is typically applied to

sulfide-affected sewers to control sulfide build-up by

anoxic sulfide oxidation. In addition, the anoxic

conditions induced by adding nitrate salts stimulate a

competitive environment for sulfate-reducing bacteria

(SRB) for organic electron donors (Jiang et al. 2013b;

Auguet et al. 2015b). However, as complex carbon,

nitrogen, and sulfur cycles simultaneously occur when

nitrate is dosed into sewers, considerations in mini-

mizing carbon source loss due to the denitrification

process and reducing the potential of nitrous oxide

formation and release must be made (Jiang et al.

2013b; Liu et al. 2015b).

Interestingly, even though iron compounds can

diminish microbial activity, the higher iron concen-

trations may increase the stability of biofilm structure

which was confirmed by Möhle et al. (2007). How-

ever, in this case, the effect may be indirect and

depend on the oxidative stress caused by iron aggre-

gates rather than a direct activity with cell structures

suggested after studies on the Campylobacter jejuni

model (Suzzi et al. 2018). A similar effect was also

found for other divalent metals such as calcium and

magnesium. Calcium ions were proved to affect the

secretion of eDNA. The concentration of this nucleic

acid is relevant for the ability of cells to form a biofilm

because it mediates cell aggregation and has a

meaning in their self-organization in the biofilm

structure. However, the function of eDNA may differ

depending on the species that secrete it (Gloag et al.

2013; Das et al. 2014). In studies on Pseudomonas

fluorescens, a ubiquitous environmental bacterium,

Song, and Leff (2006) have shown that the presence of

magnesium ions positively influenced the transition

from planktonic to biofilm cells. As for the chemical

treatment of the unsubmerged sewer biofilms exposed

to the sewer atmosphere, the deactivation of the sulfide

oxidizing bacteria activity is affected by increasing the

pH of the exposed concrete surface by using magne-

sium hydroxide or spraying biocides onto the exposed

surface. For example, spraying nitrite onto concrete
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surfaces yielding acidic conditions would lead to the

formation of the free nitrous acid is known to have

strong biocidal effects and deactivates SOB activity

(Sydney et al. 1996; Sun et al. 2015). Using a

laboratory-scale corrosion chamber, Sun et al. (2015)

showed that the sulfide consumption rate of concrete

coupons with active biogenic corrosion activity was

reduced by approximately 80–90% when treated with

FNA, highlighting the opportunity to apply a simple

treatment method to protect the unsubmerged areas of

gravity sewers against H2S induced corrosion.

Bacteria and products of their metabolism are the

main component of biofilms in sewer systems. While

the biofilm activity is commonly regarded as harmful,

some microorganisms can (at least hypothetically)

contribute to the sustainability of the sewer system. As

shown above, sewer systems are, in fact, bioreactors.

The constant flow of wastewater brings new cells

together with organic and inorganic matter, e.g.,

peptides and urea, which can be further included in

metabolic reactions. Proteolysis and the formation of

sulphide and nitrates lead to the acidification of the

environment that has a detrimental effect on the pipe

(Wu et al. 2018; Voegel et al. 2019; Fischer et al.

2019).

On the other hand, hydrolysis of peptides and

urease activity on urea can generate ammonium ions

which locally increase pH. It appears that these

phenomena can affect not only the acidification of

the environment but also methane production (Kush-

kevych et al. 2017; Fischer et al. 2019). Urease-

producing strains have been successfully used for

biocementation and crack healing purposes in cemen-

titious materials (Van Tittelboom et al. 2010; Abo-El-

Enein, 2013). Is it possible to create a protective

functional microbiological layer that would improve

the sustainability of concrete and the biofilm activity

towards better degradation of organic matter? Such an

objective may be far-flung, and much more research

must be conducted to verify this hypothesis. The

literature on this topic is scarce, although there are

examples of successful propagation of beneficial

biofilm. Sarjit et al. (2015) have reviewed the literature

indicating that certain surface modifications may

stimulate beneficial (functional) biofilms.

However, in a sewer network, such application can

have certain limitations. First, the microorganisms

should be resistant to the high pH of the concrete

surface. Secondly, they should remain active when

other colonizers reach the surface. Therefore, a

prototrophic bacterium could be an option in this

Fig. 4 Sulfide-induced corrosion of concrete in sewers by Jiang et al. (2014); reprinted with consent by Elsevier
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case. Usually, bacteria from the genus Bacillus are

used for this purpose. However, using them to protect

sewer systems may be problematic. They are pro-

totrophic and resistant to a harsh environment; how-

ever, the problem is that gaseous conditions in sewers

can easily change to anaerobic or anoxic (Madsen

et al. 2006). Bacillus spp. are aerobic bacteria, and thus

they might survive in the form of spores, but they

could not multiply in anaerobic conditions. For that

reason, the representatives of Sporosarcina genus

could be a more favorable option. These microorgan-

isms are facultative aerobes, and therefore they are

less susceptible to changes in the oxygen rate.

Similarly to Bacillus spp., Sporosarcina spp. can

sporulate which means that they are better adapted to

difficult conditions than, e.g., Gram-negative bacteria

(Logan and Vos 2015; 2015).

Another problem may lay in the efficient propaga-

tion of functional biofilms of the surface. The biofilm

layer should be uniform to be achieved by spraying

cells on the surface or printing the biofilm. Many

articles were published on 3D printing of different

materials in recent years, from polymers, through

cementitious materials, up to tissues (Bose et al. 2013;

Wang et al. 2017; Ngo et al. 2018). Recently, several

manuscripts were published on 3D printing with the

use of microorganisms as the bio-ink. The authors

succeeded in printing layers of engineered E. coli on

microbiological media, using an inexpensive printer of

their design (Schmieden et al. 2018).

Interestingly, not only reference bacteria such as

E. coli were used for such applications. Huang et al.

(2019) successfully printed genetically engineered

Bacillus subtilis that remained viable. To keep the

cells active (at least for a time required to obtain a

given goal), the environment should provide favorable

conditions. To some extent, the material’s surface

could be modified to allow the biofilm to develop, or

the bio-ink could contain ‘‘encapsulated living mate-

rials.’’ Furthermore, the properties that could enable

microorganisms to settle and form biofilms should be

aimed at creating attachment points or increasing the

surface’s wettability (Sarjit et al. 2015). Such a

combination of chemical signals with properly

selected (or engineered) microorganisms could be

used to create ‘‘programmable living functional

materials,’’ as shown in Fig. 5, even on building

materials (Balasubramanian et al. 2019; Huang et al.

2019).

On cement-based materials, the main obstacle in

establishing a viable biofilm is the initial pH which

value on the surface is around 12 (Okabe et al. 2007).

The propagation of biofilms on the surface has a

significant advantage over the approach based on the

chemical treatment of the existing biostructure. The

problem with antibiotics and other antimicrobials

often lies in the fact that these agents cannot efficiently

penetrate EPS (Jiang and Yuan 2013; Flemming et al.

2016; Keren-Paz et al. 2018). Therefore, if the

material were pre-treated with the biofilm expressing

desired properties, this problem would no longer exist

(or would be heavily reduced).

Bacteria can also be beneficial in other ways than

producing urease. They can show antagonistic activity

against pathogens and contribute to the degradation of

pollutants. The effective degradation of pharmaceuti-

cal compounds or other contamination is dependent on

the composition of microorganisms available in the

environment. Microorganisms exist in biofilms in

syntrophic, competitive, or antagonistic relations

(Flemming et al. 2016). Therefore, the correct com-

position of the used strains (or rather metabolic

activity) is essential for the pre-treatment of wastew-

ater before it reaches WWTP. The interesting concepts

that can affect the pre-treatment rate are the use of

peptides, bioparticles, or even nanomaterials. The

approach can be directed at least in two ways. First is

using bacteriocins (antibacterial peptides) to more or

less specifically reduce the number of selected

unwanted microorganisms (Montesinos 2007;

Mccaughey et al. 2016). The second choice could be

using substances that can redirect metabolic routes to

reduce the production of undesirable metabolites

(Shimizu 2013). It has been shown that different

nutrient inputs can redirect microbial metabolism,

causing changes in the succession of acidophilic and

sulfate-reducing bacteria (Zhang et al. 2017). This

phenomenon could be potentially used to change the

metabolic profile of biofilms and cause its reduction

(or transformation), decreasing the production of toxic

gases such as the abovementioned H2S or CH4. Huge

hopes are put in these methods in medicine, veterinary,

or the food industry (Murima et al. 2014). Changes in

the environment caused by the accessibility of nutri-

ents or compounds can change bacteria’s growth

characteristics (Shimizu 2013). For example, a corre-

lation exists between the medium and surface topol-

ogy of biofilms formed by Bacillus subtilis. The
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change observed in Werb et al.’s work (2017) was also

associated with changes in observed hydrophobicity of

the surface. However, the other outcome of applying

indicated modulators (peptides, nanomaterials) can

stimulate metabolism. For example, nanomaterials

may work as stimulants for microbial metabolic

activity, which was suggested on Shewanella and

Streptomyces models (Maurer-Jones et al. 2013;

Augustyniak et al. 2016). Lemire et al. (2017) have

shown that oxidative stress (that is also caused by

nanomaterials) can lead to an increase in bacterial

metabolic activity. If biofilms and sediments in sewer

systems could be treated similarly, the outcome could

be positive for the effective pre-treatment of wastew-

ater before it is processed in WWTP.

The key to effective engineering of biofilms may

lay in altering the communication between microbial

cells. Bacteria can communicate via several pathways,

including signal molecules, as well as electrochemical

signaling. It has been proven that intracellular com-

munication via quorum sensing (QS) is crucial for

bacteria forming and maintaining biofilms. Through

QS, bacteria can determine their density in the biofilm

that regulates their release from the matrix or

competitive interaction resulting in the death of part

of the population (De Kievit 2009; Cárcamo-Oyarce

et al. 2015). Although efficient in altering the behavior

of bacterial cells, QS signals are usually restricted to

Gram-positive or Gram-negative microorganisms and

may not be effective between these groups. It is caused

by the different nature of signals that are released in

the communication process. Gram-negative bacteria

communicate through N-acylohomoserine lactones

(AHL), while Gram-positive are releasing short signal

peptides (Monnet and Gardan 2015; Papenfort and

Bassler 2016). The use of these molecules to regulate

biofilms has been proposed by multiple authors

(Karatan and Watnick 2009; Saeidi et al. 2011;

Worthington et al. 2012). However, treating biofilms

with these signals may not be enough because of the

above-shown limitation (Ren et al. 2018). Even

antibiotics can be considered signaling molecules,

although their use in biofilm engineering is highly

unlikely because of the high risk of spreading antibi-

otic resistance (Romero et al. 2011; WHO 2014). In

recent years, another form of communication is being

increasingly described: communication based on

electrochemical signals. So far, three routes of such

signaling were discovered—electron transport

through cytochromes and nanowires, soluble redox-

active molecules (e.g., pyocyanin), and ion-channel

mediated electrical signaling (Lee et al. 2017). The

most important feature of these systems is the

possibility of intraspecies communication that may

affect biofilm formation (Lee et al. 2017; Pankratova

et al. 2018). It has been proven that signaling mediated

by potassium ion channels in the biofilms of Bacillus

subtilis can attract planktonic cells of P. aeruginosa to

join the biofilm structure (Humphries et al. 2017).

Understanding these interactions could be possibly

used in future to engineer biofilms by external creation

of such signals. Nevertheless, the application of

biomolecule-based solutions in multispecies systems

(such as sewer biofilms) will require the introduction

of methods used in systems biology to predict possible

outcome of such treatment (Nielsen 2017).

Fig. 5 Concept of programmable biofilm production and 3D printing of functional biofilms (Balasubramanian et al. 2019); reprinted

with consent by ACS Publications
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The biodiversity in the sewer system is dynamic.

Apart from altering metabolic activity by biomole-

cules and nanomaterials and moderation in environ-

mental factors, microorganisms (mainly bacteria) can

be subjected to their natural enemies and parasites—

bacteriophages. Bacteria and bacteriophages are in

equilibrium that allows them to co-exist in the

environment (Salmond and Fineran 2015). Thus, there

is a question of whether the bacteriophages could be

used to limit the growth of problematic bacteria?

Bacteriophages were active even in dense and hetero-

geneous environments such as slurry (Grygorcewicz

et al. 2017). It proves that certain microorganisms can

be reduced even in material that contains thousands of

bacterial species, soil particles, and organic and

inorganic matter. However, such an approach also

has limitations, especially on well-developed biofilms,

and because of the impermeability of biofilm structure

(Flemming et al. 2016). The genome of lytic bacte-

riophages can contain sequences of encoding enzymes

(depolymerases) that allow them to penetrate the

biofilm (Hughes et al. 1998; Parasion et al. 2014;

Grygorcewicz et al. 2020a). Unfortunately, not every

phage can be used to efficiently reduce target bacteria

because these viruses can have different life cycles

with two predominant, i.e., lysogenic and lytic cycle.

In the first one, the phage can mount itself in DNA and

remain dormant until induced.

On the other hand, lytic phages enter the cell,

multiply using the cell’s replication machinery, and

perform lysis. With the use of the latter group, certain

bacteria could be specifically reduced. Hypothetically,

the purpose of such reduction could be breaking

metabolic chains through the elimination of taxa

responsible for a reaction. Other applications could be

associated with bacteriophages for the eradication of

antibiotic-resistant pathogens and water-contaminat-

ing microorganisms (Amin et al. 2014; Mattila et al.

2015; Augustyniak et al. 2018). Eventually, these

viruses could specifically reduce the number (or

change the populations) of acid-producing bacteria

leading to higher sustainability of cementitious com-

posite. Unfortunately, antagonistic co-evolution

between bacteria and phages plays a vital role in

driving and maintaining microbial diversity at all

levels of biological organization. Due to that, bacteria

can develop resistance to used phages, and next phages

could evolve to infect phage-resistant strains (Meaden

and Koskella 2013; Scanlan 2017; De Sordi et al.

2019).

5 Conclusions

Biofilms are complex structures that can adapt to the

environment of sewer systems and participate in

several interfaces that can have different functions.

Their presence can be damaging because it leads to the

deterioration of building materials used for the con-

struction. The properties of biofilms in sewer systems

have a considerable impact not only on the operation

of these installations but also on the health and safety

of workers who do its maintenance. On the other hand,

gravitational sewers can act as specific bioreactors

providing wastewater treatment before it flows into

WWTP. In this Review, we have shown the significant

and unexplored potential of altering biofilms in our

favor, i.e., towards better sustainability of sewers and/

or the quality of wastewater that reaches WWTP.

Furthermore, we have indicated that successful

biofilm engineering needs to be preceded with an in-

depth analysis of biofilm regarding all mass exchange

points and not only studies of water or air phases.

Here, we suggested the division of these exchange

points into five areas. We hope that this will be a

starting point for further scientific discussion.

From the current state of the art, engineering

biofilms seems to be a demanding and far-flung

objective. Here we have shown that some goals may

be achieved with biotechnological methods that alter

bacterial physiology or modulate their abundance with

bacteriophages. Nevertheless, novel solutions must be

effective and inexpensive so that they can be com-

monly applied. From this perspective, the use of

proteins or agents produced through genetic engineer-

ing may be too costly to be commonly applied. On the

other hand, some methods can be both effective and

inexpensive, such as the production of biomass (for

functional biofilms) and phages. However, to effi-

ciently modify biofilms occurring in sewer systems, a

combination of all indicated chemical and environ-

mental factors might be necessary. Future works

should be directed into gathering data showing how

proposed methods may affect biofilms in pilot plants

resembling gravity sewers or real-life conditions.

Moreover, the importance of mass exchange points

cannot be omitted because biofilms can have a
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different role in each of them. Therefore, it is

necessary to collect data from various spots in the

pipe so that the engineered biofilm could be better

adapted to play its role.

It will be possible if the biofilm is appropriately

applied to the surface, which could be achieved via 3D

printing. Such technology was introduced to many

fields, including medicine, design, and building con-

struction. Can we 3D print long-lasting beneficial

biofilms on sewer system components or even building

materials in general? Before this question can be

answered, there is much research to be done

beforehand.
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(2021) Bacillus subtilis biofilm formation and social

interactions. Nat Rev Microbiol. https://doi.org/10.1038/

s41579-021-00540-9

Auguet O, Pijuan M, Batista J et al (2015a) Changes in microbial

biofilm communities during colonization of sewer systems.

Appl Environ Microbiol 81:7271–7280. https://doi.org/10.

1128/AEM.01538-15

Auguet O, Pijuan M, Guasch-Balcells H et al (2015b) Impli-

cations of downstream nitrate dosage in anaerobic sewers

to control sulfide and methane emissions. Water Res

68:522–532. https://doi.org/10.1016/j.watres.2014.09.034

Augustyniak A, Cendrowski K, Nawrotek P et al (2016)

Investigating the interaction between Streptomyces sp. and

titania/silica nanospheres. Water Air Soil Pollut 230:1–13.

https://doi.org/10.1007/s11270-016-2922-z

Augustyniak A, Grygorcewicz B, Nawrotek P (2018) Isolation

of multidrug resistant coliforms and their bacteriophages

from swine slurry. Turkish J Vet Anim Sci 42:319–325.

https://doi.org/10.3906/vet-1710-102

Augustyniak A, Sikora P, Cendrowski K et al (2019) Challenges

in studying the incorporation of nanomaterials to building

materials on microbiological models. In: Fesenko O, Yat-

senko L (eds) Nanophotonics, nanooptics, nanobiotech-

nology, and their applications. Springer, Cham,

pp 285–303

Balasubramanian S, Aubin-Tam ME, Meyer AS (2019) 3D

printing for the fabrication of biofilm-based functional

living materials. ACS Synth Biol 8:1564–1567. https://doi.

org/10.1021/acssynbio.9b00192

Batt AL, Bruce IB, Aga DS (2006) Evaluating the vulnerability

of surface waters to antibiotic contamination from varying

wastewater treatment plant discharges. Environ Pollut

142:295–302. https://doi.org/10.1016/J.ENVPOL.2005.

10.010

Bitton G (2014) Microbiological Aspects of Drinking Water

Treatment.

Bose S, Vahabzadeh S, Bandyopadhyay A (2013) Bone tissue

engineering using 3D printing. Mater Today 16:496–504

Burmølle M, Thomsen TR, Fazli M et al (2010) Biofilms in

chronic infections: a matter of opportunity: monospecies

biofilms in multispecies infections. FEMS Immunol Med

Microbiol 59:324–336. https://doi.org/10.1111/j.1574-

695X.2010.00714.x

Cao J, Zhang L, Hong J et al (2019) Different ferric dosing

strategies could result in different control mechanisms of

sulfide and methane production in sediments of gravity

sewers. Water Res 164:114914. https://doi.org/10.1016/j.

watres.2019.114914
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(2015) Quorum sensing triggers the stochastic escape of

individual cells from Pseudomonas putida biofilms. Nat

Commun 6:5945. https://doi.org/10.1038/ncomms6945

Cheng L, House MW, Weiss WJ, Banks MK (2016) Monitoring

sulfide-oxidizing biofilm activity on cement surfaces using

123

Rev Environ Sci Biotechnol (2021) 20:795–813 809

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.hbrcj.2012.10.004
https://doi.org/10.1016/j.hbrcj.2012.10.004
https://doi.org/10.1016/j.agwat.2013.09.002
https://doi.org/10.1016/j.agwat.2013.09.002
https://doi.org/10.1038/s41579-021-00540-9
https://doi.org/10.1038/s41579-021-00540-9
https://doi.org/10.1128/AEM.01538-15
https://doi.org/10.1128/AEM.01538-15
https://doi.org/10.1016/j.watres.2014.09.034
https://doi.org/10.1007/s11270-016-2922-z
https://doi.org/10.3906/vet-1710-102
https://doi.org/10.1021/acssynbio.9b00192
https://doi.org/10.1021/acssynbio.9b00192
https://doi.org/10.1016/J.ENVPOL.2005.10.010
https://doi.org/10.1016/J.ENVPOL.2005.10.010
https://doi.org/10.1111/j.1574-695X.2010.00714.x
https://doi.org/10.1111/j.1574-695X.2010.00714.x
https://doi.org/10.1016/j.watres.2019.114914
https://doi.org/10.1016/j.watres.2019.114914
https://doi.org/10.1038/ncomms6945


non-invasive self-referencing microsensors. Water Res

89:321–329. https://doi.org/10.1016/j.watres.2015.11.066

Das T, Sehar S, Koop L et al (2014) Influence of calcium in

extracellular DNA mediated bacterial aggregation and

biofilm formation. PLoS ONE 9:91935. https://doi.org/10.

1371/journal.pone.0091935

de Feo G, Antoniou G, Fardin HF et al (2014) The historical

development of sewers worldwide. Sustain 6:3936–3974.

https://doi.org/10.3390/su6063936

De Kievit TR (2009) Quorum sensing in Pseudomonas aerugi-

nosa biofilms. Environ Microbiol 11:279–288. https://doi.

org/10.1111/j.1462-2920.2008.01792.x

De Sordi L, Lourenço M, Debarbieux L (2019) ‘‘I will survive’’:

a tale of bacteriophage-bacteria coevolution in the gut. Gut

Microbes 10:92–99. https://doi.org/10.1080/19490976.

2018.1474322

Despot D, Reinhold L, Augustyniak A, Barjenbruch M (2021)

Dosing free nitrous acid as an alternative sulphide control

technology for pressure sewers in Germany. Water

(switzerland). https://doi.org/10.3390/w13081015

Favier L, Simion AI, Matei E et al (2016) Photocatalytic oxi-

dation of a hazardous phenolic compound over Tio 2 In a

batch system. Environ Eng Manag J 15:2016

Fischer MA, Ulbricht A, Neulinger SC et al (2019) Immediate

effects of ammonia shock on transcription and composition

of a biogas reactor microbiome. Front Microbiol 10:2064.

https://doi.org/10.3389/fmicb.2019.02064

Flemming HC, Wingender J, Szewzyk U et al (2016) Biofilms:

an emergent form of bacterial life. Nat Rev Microbiol

14:563–575. https://doi.org/10.1038/nrmicro.2016.94

Gaylarde CC, Morton LHG (1999) Deteriogenic biofilms on

buildings and their control: a review. Biofouling 14:59–74.

https://doi.org/10.1080/08927019909378397

Gloag ES, Turnbull L, Huang A et al (2013) Self-organization of

bacterial biofilms is facilitated by extracellular DNA. Proc

Natl Acad Sci U S A 110:11541–11546. https://doi.org/10.

1073/pnas.1218898110
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