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The wastewater treatment sector embraces mixed-culture biotechnologies for sanitation,

environmental protection, and resource recovery. Bioprocess design, monitoring and control thrive on

microbial processes selected in complex microbial communities. Microbial ecology and systems

microbiology help access microbiomes and characterize microorganisms, metabolisms and interactions

at increased resolution and throughput. Big datasets are generated from the sequencing of

informational molecules extracted from biomasses sampled across process schemes. However, they

mostly remain on science benches and computing clusters, without reaching the industry in a clear

engineering objective function. A bilateral bridge should actionize this information. As systems

microbiologists, we miss that engineering designs and operations rely on stoichiometry and kinetics.

The added-value provided by microbial ecology and systems microbiology to improve capital (CAPEX)

and operating expenditures (OPEX) needs to be addressed. As engineers, we miss that microbiology

can be provide powerful microbial information on top of physical–chemical measurements for

quantitative process design (e.g., nutrient removal systems) with detailed scientific description of

phenomena inside microbiomes. In this perspective article, we allied academia and industry to address

the state of shared knowledge, successes and failures, and to establish joint investigation platforms.

Our roadmap involves three milestones to (i) elaborate an essential list of microbiological information

needed to implement methods at the process line; (ii) characterize microbiomes from microorganisms

to metabolisms, and shape conceptual ecosystem models as primer for process ecology

understanding; (iii) bridge engineering and mathematical models with an analytical toolbox for fast-

vs. high-throughput analyses to discover new microbial processes and engineer assemblies. We praise

for a harmonized “language of love” (incorporating common vocabulary, units, protocols) across the

water and environmental biotechnology sector to team up mindsets for a sewer- and plant-wide

integration of systems microbiology and engineering.
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1 Introduction: closing the gap
between engineering and
microbiologically elucidating sludge

Wastewater treatment plants (WWTPs) are central to urban
water cycles to clean up aqueous wastes from cities and
industries, to protect public health and the environment.
Following 100 years of activated sludge,1 WWTPs are
reappraised as water resource recovery facilities (WRRFs) or,
simply, water resource factories (WRFs, used hereafter). The
environmental engineering sector transitions to tap sewage
and reclaim safe water, nutrients, bulk chemicals, materials,
and energy from used water streams.2–10 Compared to
physical–chemical processes, open mixed-culture
bioprocesses help remove or capture nutrients11–13 and
produce added-value compounds and high-tech materials, at
low cost.14,15

Early calls of the 2000s addressed the association of
environmental biotechnology and microbial ecology to
manage the microbial resource in (waste)water
engineering.16,17 While joint endpoints have been achieved,
the disciplines are specialized, driven by computational
engineering and “omics” sciences. Process engineering
moved toward sewer and plant-wide mathematical modelling,
and multi-scale computational fluid dynamics.18–24 Molecular

biology and multi-omics dramatically expanded the microbial
and metabolic resolution in microbiomes like sewers,
activated sludge, granular sludge, biofilm processes, and
anaerobic digesters,25–29 leading to a new era for community
systems microbiology.30–33 This raises the question of how
can the two fields close the gap again?.

Although microbial ecology is recognized as an important
component of environmental engineering, systems microbiology
is established without a clear translation into wastewater
engineering. High-throughput and high-resolution bioanalytics
evolved fast out of practitioners' hands. Wet-lab and dry-lab
molecular developments went without conceptualizing the
important analytical targets for engineering practice.
Reciprocally, sewer- and plant-wide mathematical models and
simulation software evolved across process scales from 1- to 2-
and 3-D, primarily processing physical–chemical variables. The
increasing complexity of each field rendered interactions
difficult but not impossible. Both fields are now used to handle
big datasets via chemometrics or bioinformatics.

The time scale from microbial ecology measurements to data
processing and information delivery spans from minutes (e.g.,
flow cytometry) and hours (e.g., microscopy) to days (e.g., FISH,
qPCR assays), weeks and months (e.g., amplicon sequencing,
metagenomics, multi-omics). Data utilization for improved
predictions of engineering metrics (e.g., stoichiometry, kinetics)
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Water impact

Wastewater science and engineering has evolved with a continuous integration of process engineering and microbial ecology principles. The advent of high-
resolution bioanalytical techniques using sequencing and mass spectrometry has enabled the unprecedented description of microbial communities across
populations and metabolic networks. In this “all for digital” era, initiatives are needed to bring back the data to engineering concepts to improve process
design, understanding and control or to discover new avenues for environmental biotechnology. Data generation is not the endpoint of the scientific and
engineering processes. Engineers and systems microbiologists need to better integrate their investigations beyond the data, in a language of love. This will drive
an efficient use of analytical and process resources at installation line to derive responsible concepts for sanitation, water protection and resource recovery.
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or diagnostics of plant operations (e.g., process stability) is
impeded by a lack of concrete implementation examples.
Though, efficient operations would benefit from real-time feed-
back/feed-forward control loops based on microbial
measurements that indicate bioprocess healthiness.

This gap in mutual knowledge generates forces to pool
practitioners, engineers, microbiologists, molecular biologists
and bioinformaticians to develop common investigation
lines. This brings challenges for interaction and integration
since the respective vocabularies, questions, scales and
approaches are different. The gaps need to be addressed to
integrate more bioanalytics into process engineering but also
more engineering into microbial ecology and systems
microbiology. Closing the gaps should answer specific needs.
Engineers should develop a list of essential microbiological
information for process design, operation, monitoring, and
control that could be matched to the state-of-the art of
microbiological and molecular methods.

While capital (CAPEX) and operating (OPEX) expenditures
of environmental biotechnology processes primarily rely on
kinetics and stoichiometry, respectively,34 deeper insights into
the microbiological blackbox can provide a systematic
understanding of observed phenomena, early warnings on the
unfavorable selection of microorganisms, and specific
remedial solutions to manage them. Among others, this can
be applied, e.g., for a better prediction and management of
microorganisms and metabolisms involved in the sequential
and multi-step conversions of nitrogen (e.g., nitrification,
denitrification, anammox), in the emission of (unfavorable)
intermediate products (e.g., NO2

−, N2O), in EBPR performance
and failure, in filamentous and viscous bulking phenomena,
but also in discovering new metabolisms and microbial
associations for innovative environmental biotechnologies.

The formulation of clear expectations from
microbiological and engineering experts can tie mindsets to
stimulate exchange, innovation, and impact. With this
perspective article, we bridged the fields to develop a
roadmap for a rational integration of (i) systems microbiology
analyses to inform nutrient removal and resource recovery
processes and (ii) engineering concepts to sustain microbial
ecology endeavors. Our initiative benefits from a close
interaction between microbiologists, molecular biologists,
environmental engineers, and practitioners.

2 Bringing microbial ecology and
systems microbiology in the industrial
perspective

Developing a joint platform for systems microbiology and
engineering raises the question on how to bridge microbial
ecology and systems functions. Mixed-culture systems rely on
the metabolic performance of microbial communities.
Microbial populations compete and interact for resources in
an ecosystem. Their growth is driven by their catabolic and
anabolic conversions, so-called metabolic functions.34

Harnessing microbiomes relies on managing the metabolisms
of microorganisms selected to perform the conversions of
interest. Systems microbiology should not only give names
and relative abundances of populations but further details on
how their metabolisms are activated or repressed in the
process, how a robust microbial metabolic network can be
established to sustain the targeted performance, and how
process failures can be prevented or overcome.

Systems biology is widely applied to many engineering
fields using pure cultures (e.g., metabolic engineering,
industrial biotechnology, medical biotechnology and food
biotechnology),35 but yet not fully exploited in the water
sector. The complexity of systems and microbial communities
and the lack of standardization in biomolecular methods and
of bioanalytical training for environmental engineers hold
back their application.

More than 30 methods are available in microbial ecology
to elucidate microbial communities from populations to
functions depending on investigative questions.32,34,36

Microscopy techniques are widely accepted by bringing visual
information on predominant microorganisms. Systematics
on morphotype observations are efficient to detect
microorganisms that lead to, e.g., unfavorable deterioration
of sludge properties by filamentous or viscous bulking and
foaming.37–42 Microscopy, fluorescence in situ hybridization
(FISH), and modern amplicon sequencing are frequently used
in applied research. Implementation of higher-resolution
molecular methods in engineering remains a challenge.

Fig. 1 displays the sequence of compositional and
functional analyses that can be performed on engineered
microbiomes with increasing resolution across informational
(macro)molecules from DNA to RNA, proteins, metabolites and
their fluxes. These can help predict the metabolic functions of
single populations to microbial guilds (e.g., nitrifiers,
denitrifiers, polyphosphate-accumulating organisms – PAOs),
and microbial communities. Multi-omics techniques are
powerful to analyze the informational content of these
biomarkers, inside and outside the cells (Text box 1). Culture
independence, sequencing depth, high throughput, and high
resolution are strong advantages to reveal microbial
community structures and capture the main metabolizers but
also the low-abundance populations and their functions.

Multi-omics data help systems microbiologists capture
microbial processes regulated in a microbiome at high
resolution, but are not always easily linked to system
performances, and therefore not considered by engineers.
Besides analytical challenges related to representatively extract
DNA, RNA, proteins or metabolites from the biomass matrix,
the lack of joint concepts underlies the integration failure of
the fields. Numerical ecology and multivariate analyses can
help to this end.43 Data generation in many cases plays a
leading exploratory role, rather than a supporting role for
process design. Molecular datasets need to be converted into
good information for factual utilization in engineering. This
implies (i) the translation of data into useful concepts and
models for practice (e.g., nitrification modeling, section 3.1) as
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well as (ii) the inception of engineering concepts into systems
microbiology (e.g., controlling N2O emission, section 3.5). The
inter-related effects of operational variables, microbial
community compositions, and metabolic functionalities can be
understood and managed on a process. Some implementation
examples are discussed in section 3.

From the perspective of utilities and the private sector
(e.g., environmental biotechnology companies), expectations
on specific analyses and data that need to be collected to
better manage the treatment processes need to be formulated.

The gains of combining time series of (high-resolution)
chemical and microbiological data (properly interpreted and
translated) together with installation knowledge, operational
patterns and process performances need to be addressed.

3 Integrating microbial ecology
principles and systems microbiology
methods with wastewater engineering:
successes and emerging topics

Biological nutrient removal (BNR) and anaerobic digestion
highlight how process performances do rely on an efficient
metabolic connection in microbial communities. A set of latest
scientific illustrations integrating microbial ecology, systems
microbiology, and wastewater engineering is provided to
highlight elucidations of populations, functionalities, and
metabolic regulations inside sludges. Translation at pilot and
full scales is needed as a proof of success beyond the scientific
concept.47,48 Scaling up the investigations will deliver the
limits of operability of methods and the true analytical
information they can deliver to practitioners. Experimental
and analytical designs need to get adapted to the scale.
Bringing methods at/on/in line should help capture and
manage microbial processes in real time along with process
control. Substantial developments are needed to implement
advanced molecular methods into process analytical
technology (PAT). PAT is used by the biotechnology industry to
sustain quality by design and quality by control.49–52 For WRFs,
the approaches can be applied to, e.g., control BNR processes,
prevent emissions of unfavorable greenhouse gases, monitor
and abate biocontaminants like antimicrobial resistance
(AMR). Full-scale implementation concepts are given as well.

3.1 Engineering BNR granular sludge processes using
microbial ecology principles

One leading illustration of successful implementation of
microbial ecology principles in engineering design relates to
the development of intensified processes using granular
sludge for high-rate BNR from wastewater.29 The success of
BNR granular sludge processes (or commercially called
“aerobic” granular sludge by contrasting to “anaerobic”
granular sludge for anaerobic digestion) links to a high
degree of interaction across bench, pilot, and full scales
between biotechnologists, microbial ecologists,
environmental engineers, and water authorities.

BNR granular sludge has been early investigated by
elucidating bulking activated sludge problems, and
considering principles of biofilm formation under wash-out
dynamics in bioreactors.53–56 Transitioning from the physical
granulation phenomenon to the integration of metabolic
conversions for C–N–P removal went step-wise through a
sound understanding of phenomena of microbial physiology,
microbial selection, and microbial niche establishment in
biofilm matrices linked to anaerobic–aerobic sequencing
batch reactor (SBR) engineering.57–60 Investigations moved

Text box 1. Glossary of “omics” techniques analyzing
informational molecules from microorganisms

Amplicon sequencing of ‘universal’ ribosomal RNA (rRNA) genes and
functional marker genes is used to fingerprint microbial communities
at high resolution and throughput, screen for populations and their
relative abundance, and pattern their temporal and spatial dynamics.

Metagenomics is used to fully sequence the pool of genomic DNA
(gDNA) extracted from the microbial community in order to identify
the functional genes and metabolic potential harbored by biomasses.
Obtaining genomes of single populations as functional units of the
microbial ecosystem is a target. Genome-centric metagenomics
via binning and assembling single-lineage genomes from
metagenomes44–46 (so-called metagenome-assembled genomes – MAGs)
help address the functional potential of target microorganisms out of
the microbiome, to predict their metabolic pathways and interactions
with other populations.

Metatranscriptomics involves the sequencing of the pool of messenger
RNA (mRNA) to reveal gene expression patterns in a microbiome. It
analyzes the expression of functional genes and indicates which
genetic operons have been activated or repressed under biosystem
regime shifts at fixed moments.

Metaproteomics provides high-resolution characterization of the pool
of proteins present in the microbial cells of a microbial community by
liquid chromatography and tandem mass spectrometry. Targeted and
untargeted approaches can be used to measure specific signatures or
the full profiles. Proteins inform on the expressed functional properties
of the organisms, on top of phylogenies. Protein activities remain to be
unraveled for additional functional clues on the microorganisms.

Metabolomics and fluxomics are implemented to analyze intracellular
and extracellular metabolites, their dynamic concentration patterns,
and fluxes generated by the conversions catalyzed by the
microorganisms, for a high-resolution analysis of the metabolic state
and activity of the microorganisms. However, they are not sufficient
alone to understand the phylogenetic and metabolic complexity of
microbial systems.

For a complete picture of metabolic regulation patterns, molecular and
omics techniques need plural integration, and cross-validation with
ecophysiological techniques. All methods require strong and curated
databases and evolved computational algorithms to process and
visualize the data sets. Investigations should go beyond data
generation in order to translate the “big data” into “good data” useful
for scientific and engineering concepts and designs. A combination of
these methods with classical microbiology, microbial ecology,
ecophysiology, and analytical chemistry helps resolve microorganisms
in their community and environmental contexts.

Environmental Science: Water Research & TechnologyPerspective
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relatively fast from bench to pilot scales, while challenges
remained. Microbial ecology made a key contribution to
elucidating why metabolic activities for full BNR have been
lost during reactor start-ups,61,62 how PAO/GAO competition
can be managed under baseline operation for robust BNR and
EBPR,43,63–67 how alternating nitrification and denitrification
(AND) patterns can become an important alternative to
simultaneous nitrification and denitrification (SND),68 and
how N2O emissions can be managed in this context.69,70

Although granulation processes and designs have been
patented, granule engineering brought microbiological
science on board internationally. Investigations have been
performed to understand the macro/meso/micro-scale
relationships. The combination of laser scanning microscopy
and fluorescence in situ hybridization has been effective to
unravel the dynamic microbial architectures of granule cross-

sections and the phenotypic links with the predominant
populations selected.71–73 High-resolution analyses of
microbial population dynamics helped to capture the links
between operation conditions, process performance, and
variations in community compositions.43 Amplicon
sequencing helped develop a detailed conceptual model of
the microbial ecosystem of BNR granular sludge, as a basis
for functional analyses within the microbiome.29,34,43

These thorough systems microbiology insights combined to
engineering and modelling have provided keys for the
development of applied methodologies to manage the
microbial resource in BNR granular sludge SBRs.74 Their
integration was substantially discussed with practitioners,
helping practice to make steps forward a better process design,
operation, and control.10,75–77 Interestingly, ecological
engineering helped to bring back the granulation knowledge

Fig. 1 Multi-stage molecular investigations of microbiomes in environmental biotechnologies (e.g., wastewater treatment plants and water
resource factories) from microorganisms to DNA, RNA, proteins, metabolites and their fluxes. Multi-omics require data integration back to
engineering concepts.
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O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 7
:3

1:
00

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ew00231g


1692 | Environ. Sci.: Water Res. Technol., 2021, 7, 1687–1706 This journal is © The Royal Society of Chemistry 2021

as a biomass densification strategy to solve filamentous
bulking in activated sludges used to treat industrial
wastewater.78,79 Full-scale BNR granular sludge processes are
getting well established in the wastewater engineering
sector,80–82 thanks to a strong interaction between engineering
and microbial ecology principles. Provincial water authorities
provided ground for an interactive testing of the technology.

3.2 Integrating impacts of immigrating sewer communities
on nitrification in activated sludge

The natural bioaugmentation of nitrifiers in activated sludge
can substantially impact process sizing and operation
reliability.83 A combined survey of sewage in Canada and UK
has revealed through 16S rRNA gene amplicon sequencing
the presence of nitrifiers in influent wastewater when the
sewers were aerobic, and how the nitrifiers immigrating from
the influent populated the activated sludge.84,85

According to amplicon sequencing of functional genes
(amoA of ammonium oxidizers, nxrB of Nitrospira-related
nitrite oxidizers), the nitrifying population structures have
been highly similar in the influent and in the mixed liquor,
proving that influent nitrifiers are efficiently established in
the mixed liquor.84 The importance of bioaugmentation,
mainly for plants operated near or beyond washout
conditions (low temperature, low solid retention time –

SRT),83 has been proven in lab-scale and full-scale
bioreactors.84 Implementing amplicon sequencing data in
activated sludge modeling has highlighted the contribution
of influent nitrifying populations to activated sludge.

These investigations have provided solid foundations to
implement a more aggressive design/modeling approach
toward reducing costs and improving simulation accuracy.

3.3 Developing low-temperature nitrifying processes for
northern climate applications

Under temperate and cold climates, the low wastewater
temperatures in winter (as low as 1 °C in, e.g., Northern
Canada) are detrimental to nitrifying populations. In lagoon-
based passive treatment facilities, ammonium is discharged
without sufficient treatment into surface water.

A multi-level approach has helped unravel, anticipate and
remediate the impacts of low temperatures and accelerate
the design of performant alternative treatment processes, e.g.
, moving bed biofilm reactors (MBBRs).86,87 At the macro
scale, the performance and kinetics of laboratory and pilot
plants have assisted the design and optimization for an
extensive nitrification at 1 °C. At the meso scale,
stereomicroscopy and scanning electron microscopy (SEM)
have been used to analyze the morphology of nitrifying
biofilms. Optical coherence tomography (OCT) can further
unravel the external architectures of biofilms. At the micro
scale, FISH has allowed the relative abundance to be semi-
quantified and the 3-D distribution of nitrifiers in biofilms to
be visualized, combined with cell-viability tests and confocal
laser scanning microscopy (CLSM). At the molecular scale,

16S rRNA gene amplicon sequencing has elucidated the
bacterial community compositions, diversity, and shift under
psychrophilic conditions.

The multi-scale information gained from psychrophilic
nitrifying biofilms has sustained the operation of MBBR
technologies for nitrification under extended periods at low
temperatures.86,87

3.4 Controlling PAOs and GAOs in EBPR wastewater
treatment processes

Enhanced biological phosphorus removal (EBPR) relies on
the abundance and activity of PAOs. The over-proliferation of
glycogen-accumulating (GAOs) competitors can hamper
EBPR. Process parameters like pH, temperature, and nutrient
ratios govern the PAO/GAO selection.63,88,89 Higher tropical
temperatures (about 30 °C) support GAO growth. Controlling
GAOs across process variations remains a challenge.

Microbial population dynamics have been studied by
amplicon sequencing of more than 400 samples collected over 9
years in 24 full-scale EBPR plants in Denmark to reveal
connections between process design and operation and PAO/
GAO competition patterns.90 Integrating a sidestream process
unit configured for hydrolysis and pre-fermentation of the return
sludge has stabilized a PAO-enriched microbial community by
out-selecting GAOs up to temperatures as high as 30 °C.

Multi-year and high-resolution analyses of EBPR
communities in multiple WRFs have identified general
trends, correlated process conditions and microbial state
variables, and derived key microbial parameters in the
treatment process. Bringing analytical technologies into
practice for routine monitoring can provide fast information
to operators for fine tuning process control. The availability
of curated molecular databases (e.g., 16S rRNA genes and
high-quality metagenome-assembled genomes – MAGs) such
as MiDAS for activated sludge and anaerobic digesters91,92 is
important for microbial referencing and inter-comparison of
WRF systems. Systems microbiology delivers answers to the
list of key microbiological information needed for process
design, operation, monitoring and control. Microbiological
and molecular measurements provide sensitivity and enable
early warning of process disturbances and recovery. The
development of WRF dashboards may help operators and
regional water authorities compare, diagnose, and
troubleshoot their installations from the microbiological
standpoint. It facilitates exchange of information and
expertise via professional peer learning.

3.5 Tracking denitrifying PAOs in integrated BNR processes

The combined removal of COD, N and P from wastewater is
increasingly important. Denitrifying PAOs (DPAOs) are
capable of P-uptake under denitrifying anoxic conditions, but
are prone to emissions of greenhouse nitrous oxide (N2O)
when denitrification is incomplete.68,93

Mechanisms of N2O formation by DPAOs have been
investigated using 16S rRNA gene amplicon sequencing,
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genome-resolved metagenomics, and long-term kinetic
analyses.94,95 An enrichment of the as-yet-uncultivated PAO
“Candidatus Accumulibacter phosphatis” has reduced NO2

− to
N2O (70–80%) via incomplete denitrification. According to
MAGs, the “Ca. Accumulibacter” enrichment was composed of
two clades IA and IC, encoding genes for complete and
incomplete denitrification, respectively. In another study,
metabolic tests in bioreactors combined with genome-centric
metagenomics have revealed that the clade IC “Ca.
Accumulibacter delftensis”96 does not remove phosphorus
using nitrate, but mainly using nitrite as an electron acceptor.
This contrasted with common engineering correlations made
on enrichment cultures of PAO I clades and nitrogen reduction
conversions,89,97 stressing the need to revise clades definitions.

Insights into genomic and environmental factors underlying
nitrogen-based catabolisms and N2O emissions by DPAOs have
resolved the community structure and denitrification pathways
of DPAO cultures, providing knowledge to design strategies to
control denitrifying EBPR processes, and prevent unfavorable
N2O emissions.

3.6 Solving N2O emission during partial nitritation and
anammox with metatranscriptomics

PN/A is an attractive mixed-culture process that propels a
complete autotrophic removal of nitrogen at low energetic
and resource expenditures. The PN/A robustness relies on a
close synergy of active aerobic ammonium-oxidizing (AOOs)
and anammox (AMOs) organisms. Alternating redox
conditions or temperature decrease are known to unfavorably
lead to N2O emission.

Multi-level analyses of nitrogen conversions, as well as
bacterial community compositions by 16S rRNA gene
amplicon sequencing, genome-centric metagenomics, and
metatranscriptomics have been used to elucidate gene
expression and transcriptional regulation patterns across
populations in PN/A systems subjected to temperature shifts.
This has helped identify misregulation of catabolic pathways
in the nitrogen cycle, leading to undesired NO2

−

accumulation in the liquid phase and N2O emission in the
off-gas (Weissbrodt et al., in prep.).98,99 Populations
accounting for more than 30% of misregulated transcripts
have been affiliated with AOOs, AMOs and denitrifying
heterotrophic organisms (DHOs) along aerobic ammonium
oxidation (up-regulated), anammox (down-regulated), and
nitric oxide (NO) reduction (up-regulated) and nitrous oxide
reduction (down-regulated) pathways, respectively.

Metatranscriptomics has helped identify populations and
metabolisms impacted by lower temperature conditions, and
propose solutions to engineer strategies for maintaining a
PN/A process balance while preventing N2O emissions.

3.7 Quantifying the metabolic network fluxes of anammox
bacteria with isotope tracing and metabolomics

AMOs play a central role in global nitrogen cycling and
mediate energy-efficient wastewater treatment processes

for autotrophic nitrogen removal. Information of their
central metabolism beyond genomic predictions is needed
to construct accurate metabolic models that can be used
to predict their substrate utilization rates, product
secretion rates, and metabolic interactions in BNR
processes.

Metabolic flux analysis that couples stable isotope tracing
and metabolomics with computational modeling has helped
predict fluxes along conversion pathways active in “Ca.
Kuenenia stuttgartiensis”, fed with 13C-labeled
bicarbonate.100 Intracellular metabolite samples have been
measured via high-resolution liquid chromatography and
mass spectrometry (LC-MS) to follow 13C incorporation into
the metabolome. Metabolite labelling patterns via isotopic
non-stationary metabolic flux analysis have been analyzed to
compute intracellular fluxes and resolve the central carbon
metabolic network. This has allowed tracking novel
deviations in central metabolism beyond the initial genome-
scale model, highlighting the importance of measuring fluxes
experimentally.

Extending metabolic flux analysis to microbial
communities enables a detailed quantification of
microbiome metabolic fluxes and interactions, providing a
platform for linking intracellular pathway stoichiometry and
kinetics with process level stoichiometry and rates.35

3.8 Managing the microbial resource of anaerobic digestion

Optimal management of anaerobic digesters relies on
collaborative strategies. Current control of digesters is largely
based on empirical knowledge of operational and chemical
parameters. However, the monitoring of intermediate
degradation products does not provide real-time information
about the state of the digester as it does not account for the
microbial community.

Analysis of microbial communities using 16S rRNA
gene amplicon sequencing provides a wealth of
information to develop novel microbial management tools.
A collection of microbial community data from 50 full-
scale and some lab-scale anaerobic digesters has informed
reactor performance, operational and microbial stability,
responses to various perturbations and indicators of
malfunctions, inhibitions, substrate preferences and
operational changes.101 Substrate types (manure, food
waste, wastewater sludge), temperature variations, and
starvation periods affect microbial community
composition. Genome-centric metagenomics,
metaproteomics, and substrate labelling techniques like
stable isotope probing (SIP) now provide interesting
grounds to elucidate metabolic functionalities distributed
across the microbial communities of anaerobic digesters
(and wastewater treatment processes) and their functional
variations under operational regime shifts.102–108

Practical application of microbial community data has
the potential to frame a holistic management of the
microbial resource in anaerobic digesters.109 It paves the
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way for targeted studies to attain a thorough understanding
of the anaerobic digestion process from the microbial
standpoint.

3.9 Monitoring pathogens and antimicrobial resistance in
urban water systems

Sewer systems and WWTPs have been first designed for
sanitation by sewage collection and treatment to protect
public health, the aquatic environment, and natural water
resources. Biological contaminants like pathogens and
AMR require surveillance by analytical monitoring.110–113

An important set of investigations is needed to address
their fate and removal from wastewater.114 This becomes
even more important for the safety of water reclamation
and reuse.115–117

Numerous investigations are currently performed to
monitor AMR in sewage, across WRF process units, and
in effluents discharged into surface waters. AMR results
from the overconsumption of antibiotics via drugs and
food and their emission into water catchment areas via
municipal, hospital, industrial and agricultural sewage.118

Activated sludges are perceived as hotspots for the
proliferation of AMR.

A battery of molecular methods is employed to track
antibiotic resistant bacteria (ARB), antibiotic resistance
genes (ARGs), and mobile genetic elements (MGEs) in
wastewater. qPCR surveys in the Netherlands of a selected
panel of ARGs and MGEs from (i) grab samples of influents
and effluents of more than 60 WRFs119 and from (ii) yearly
time series across process units of 3 representative WRFs120

have shown that WRFs do not amplify the AMR
phenomenon. But still, on average 106 ARG copies are
present per liter of effluent. Water authorities raise
questions on whether this level poses an environmental and
health risk. ARG levels in effluents are larger under rain
events, because of higher discharge of suspended solids in
effluents. The hydraulic loading of WRFs has a significant
impact on microbial separation efficiency in secondary
clarifiers. Besides end-of-pipe technologies,121–123

minimization of emissions at the source is an efficient
mitigation method.124,125 Decentralized treatment of
blackwater by anaerobic digestion has shown the positive
effect of micro-aeration dosage at a higher level (150 mg O2

g−1 CODfeed per reactor cycle) to control ARG release.126

Metagenomics is becoming widely applied at a full scale to
address the composition and fate of ARGs and MGEs from
the intracellular and “free-floating” extracellular fraction of
wastewater microorganisms.127,128

The design of legislations on AMR emissions from
wastewater discharge from catchment areas still requires an
accurate evaluation of exposures and risks. Deploying
scalable bioanalytical methods will become an essential tool
of water authorities for at-line surveillance of pathogens and
AMR and for determining the efficacy of preventative
measures.

4 Identifying the problem for data
usage: interfacing tools to clear the
black box
4.1 Bring researchers on the problems that can be solved
today: diagnostics, designs, models

The integration of molecular techniques, with their high
throughput and resolution, is efficient to screen microbial
communities at different scales. Targeting specific
biomarkers allows to address the health state of the cultures
and diagnose the populations. A surveillance software
platform using DNA sequence data of a microbial community
can inform the dynamics of known functional groups (e.g.,
filaments and nitrifiers) and provide early warning and
operational recommendations.129 A fast detection of
microbiome status can drive a prompt response for its
management versus the unavoidable fluctuating
environmental and operational factors. Deep knowledge
sheds light on the microbiological black box: a clearer idea of
the components, network, and functionalities sustains a
better informed process design, monitoring, and control.
Metabolic models derived from wet-lab and dry-lab molecular
analyses can predict the selection, physiology, metabolism
and cellular regulation of predominant and low-abundant
microbial populations and guilds, as well as the functional
performance of the microbial system as a whole.89,100

Metabolic modelling provides predictive power on how an
engineered microbiome might react and respond to
environmental changes.35 Such prediction can reduce the
response time to detect a stress event, to anticipate process
failure, and to design feed-forward control strategies.

Anaerobic digestion offers a leading illustration. This
versatile technology has exhibited huge potential as a
sustainable energy source, but plateaued in terms of system
optimization and operation.130–134 An on-site/online platform
for continuously monitoring the microbial population
dynamics on top of metabolic conversions and process
variables of full-scale systems will be informative about the
microbiome responses under both stable periods and (un)
planned perturbations. This could suggest operational
strategies to maintain system stability or improve
performance. The definition of common objectives based on
overlapping interest will allow the capitalization of
collaborations between engineers and microbiologists,
resulting in improving the management of digesters and
WRFs.

4.2 Interfacing tools to address future key challenges

An efficient interaction should help achieve a net positive
energy in WRFs, to remove or recover nutrients more
efficiently, to minimize emissions of greenhouse gases, and
to address solutions to eliminate chemical and biological
contaminants that emerged like micropollutants and
antibiotic resistance.10 Process intensification and
integration is needed to reduce the footprint of WRFs while
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meeting the emission targets and extending engineering
methods to prevent their unfavorable impacts on
environmental and public health.

Many of the identified challenges for engineering practice
(e.g., enhancing resource recovery, achieving net positive
energy, minimizing greenhouse gas emission) can be
addressed by using the tools for microbial ecology to unravel
microbial diversity, selection and population dynamics,
functional interactions and disruptions. Advanced analytical
methods can fingerprint contaminants and track biological
processes for their optimal conversions into harmless or even
valuable products. Engineering methods are the keys to solve
anthropogenic burdens on top of minimization at the source.
Microbiological science and process engineering cannot
substitute each other but should thrive on each other's
expertise to develop technology-oriented solutions.32 Besides
generation of knowledge and concepts, integrative
approaches stimulate innovation and maintain the
momentum for a continuous improvement.

Advanced physicochemical and systems microbiology
analyses deliver a mass of data at high resolution on the
system under investigation. Such data enable the
consolidation of knowledge from the WRF process units
underlying their global performances. As in most industrial
branches, the digital hub is moving the water sector.135 Key
questions to address in this context are how can data
processing shift the water engineering profession and what
new competences are needed to be developed136 for
processing, visualizing and integrating large datasets into
process understanding and control. The complex data needs
to be translated into simple and specific actionable data that
can be used in daily practice for operation of full-scale plants.
This includes, e.g., the definition of threshold values and
courses of action that need to be taken if these are exceeded.

5 Focusing on systems: engineering
boundaries of investigations
5.1 From observation and description to detailed
experimentation and models for new technologies

Microbial communities have transformative, limitless
capabilities. They drive the Earth's biogeochemical cycles and
are versatile enough to occupy every environmental niche.
Even though environmental engineers have exploited their
metabolic power for over a century, the majority of these
transformative capabilities have yet to be unlocked and
harnessed in applications. To create a next generation of
WRFs, the metabolic and ecological networks underlying
microbiomes have to be understood and predicted. This is
currently hindered by the intrinsic complexity of
microbiomes and the lack of quantitative methods and
engineering tools to rationally analyze and manipulate
microbiomes.

Transitioning from observational and descriptive studies
to detailed experimentation with simplified yet representative
model systems will deliver the knowledge and tools needed

to investigate and harness the complexity of microbial
communities. This will enable more rigorous hypothesis
generation and examination. Bridging the gap between
model and full-scale systems requires close collaboration
between researchers and practitioners. The cooperation will
benefit both sides, by fostering scientific discovery and
technology transfer and by spurring disruptive innovation in
the water sector.

5.2 Fast-throughput methods and specific markers to learn
and predict the systems

Full-scale facilities require fast and accurate results for a
prompt reaction to operational changes. Systems are the foci.
Novel molecular techniques provide an extensive set of
information that can be integrated in mathematical models
to predict microbial selection and activity, to better control
processes. Bioanalytical methods with a fast response time
should accelerate testing periods to stress and train
biosystems under operational constraints.

Analytical deployment for on-site and rapid infield
monitoring (although not yet in real time) is an objective to
minimize the buffer period before delivering the data and
actuating controls. Current applications target water
quality137 and coliform/pathogen monitoring (e.g., E. coli,
Bacteroides, Enterococcus, Legionella)113 and are developed for
surveillance of important biological parameters of activated
sludges138 like foaming/bulking sludge, sensitive nitrifiers, or
antibiotic resistance.112 Portable sequencing technologies like
Nanopore can deliver on-site and rapid results on purpose.
The mobile sequencing technology is there, while at/in-line
implementation and real-time data processing are key
objectives to fulfill on the next years. Innovations are
required to integrate molecular methods into PAT in order to
shape a fast response on the system status and to refine the
full-scale operations of WRFs.

Fast analytical pipelines should enable a rapid
accumulation of insightful observations that can lead to a
more efficient process development and control. Similar to
enzymatic assays used to evaluate the presence of E. coli in
drinking water treatment plants and to flow cytometry for
water quality control, on-site and real-time identification of
pathogen strains can help control (waste)water-based
epidemics.

Fast-throughput tools require specific markers,
representative for the system. Suitable markers can be
identified by digging into datasets obtained upfront from
higher-throughput omics measurements. Recent techniques
allow for screening communities at different scales.
Markers can be identified for each level of resolution.32

The definition of such markers, useful from both
scientists' and practitioners' sides, will facilitate the
communication. The harmonization of parameters useful
to check, monitor and control microbiome performances
inside process boundaries will help develop knowledge
and designs.
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5.3 Development of a common vocabulary: the “language of
love” between microbiologists and engineers

Microbiologists and engineers need to enhance
communication to achieve joint benefits. A common
language has to be established, through the standardization
of protocols and definition of adequate dimensions, units
and conversion factors in order to jointly approach problems
and questions. Relative units have been used to describe
microbial community compositions or gene expression levels,
but are a limiting factor for the integration into process
modelling which thrives on quantitative mass balances.
Efforts have been initiated on integrating sequencing data
and operational parameters to mass-balance modeling,139,140

and on near real-time surveillance through graphic
interpretation of sequencing data.129 The format/readability
of modeling output is particularly important, which can be a
starting point of communication. The predictive promises of
microbial ecology methods should embrace the scales of
observations (temporal, spatial, and molecular) going beyond
the homogenization of the units.

Once a common vocabulary is created and common needs
are identified, the molecular methods become powerful tools
to complement and improve engineering practices, to explore
and describe the interactions between process configurations
and ecophysiology of microbial populations, and to sustain
innovation in environmental biotechnologies.

The added value brought by strengthened interaction
between engineering and systems microbiology can be
exploited if mutual benefits are clear. Communication and
mutual understanding becomes crucial.

5.4 Infiltrating the industry: education and new
opportunities for cooperation

Education of operators to bioanalytical approaches and of
microbiologists to engineering designs and operations is a
second step toward an effective collaboration. Educating
means forming experts who can think interdisciplinarily and
have a comprehensive idea of the benefits of the interaction,
and who work together to solve problems and implement
research, adding novel knowledge and expertise. Developing
joint courses and projects is required in education
programs,136 such as by combining molecular biology and
mathematical modelling. Interaction between systems
microbiology and the wastewater industry is encouraged and
pushed forward by governmental funding agencies. World-
wide, national science foundations do grant several types of
funding to bridge research and business, thus providing
resources for training future talents in an academic-
industrial context and translating invention into innovation
and capital. Programs support short-term and long-term
innovation projects to solve difficulties encountered in
engineering practices and accelerate the integration of
innovative technologies from lab-scale to existing industrial
systems. Future initiatives should reach even bigger
perspectives to connect other industries and agencies with

built infrastructure.136 Implementing integrated approaches
helps utilize knowledge to develop more circular, zero waste,
zero liquid discharge, and upcycling approaches, with the
assistance of life cycle assessment and techno-economic
modeling.

Overall, the bridge between the physics, chemistry and
biology of WRF processes is the key. The black-box growth
stoichiometry (relates to OPEX in process economics) and
kinetics (relates to CAPEX) of environmental biotechnologies
can now be efficiently complemented with modern
approaches of systems microbiology.32,34 In the present life
sciences era, novel wet-lab and dry-lab bioanalytical
technologies deliver power to address the microbiological
underpinnings at high resolution and throughput. It should
now be addressed how systems microbiology can be used in
practice to assist design, monitoring, control, and how the
method implementation can help reduce CAPEX and OPEX.
To convince practitioners of the well-founded use of
microbiological information, one should answer: how does
microbial ecology and systems microbiology help improve
CAPEX and OPEX?

Beyond the data, novel analytical investigation methods
drive innovation in the water sector, making it attractive for
new digital generations beyond the urgency to safeguard and
valorize water resources. At the water authority level, new
bioanalytical technologies deliver keys for new legislations
either based on risk assessment or prevention and precaution
principles. However, safeguarding the environment and
human health is not only about legislation. Critical and
creative thinking should go beyond legislation to actively seek
solutions to achieve water and resource protection. In the
Netherlands, provincial water authorities provide an
interactive ground to rapidly implement lab inventions into
water innovations.

5.5 Ways of collaboration

The implementation success of innovative WRF processes
thrives on academic–public–private partnerships (e.g.,
university–utility–company).136 The challenge consists of
defining common goals and objectives to bridge the
communication gap, to bring researchers and practitioners
at the same table, and to acknowledge and handle
selected problems, prior to clearly defining a joint
workflow to address them. From a technology readiness
and adoption standpoint, it is key to articulate who are
customers (e.g., treatment technology developers,
consulting engineers, plant managers, plant operators,
regulators, etc.) and what are the unmet needs, to bring
the right partners and stakeholders to invest their
resources in order to advance technology readiness levels.
The collaboration between systems microbiologist and
engineers can be translated into various common goals,
e.g., from method development to design, from knowledge
collection to problem detection and solving, or from
analytical to process technology innovation.
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Ways for collaboration include (i) problem-solving and
solution driven, (ii) innovation implementation for resource/
energy recovery, and (iii) adapting/redirecting ecological
theories and modeling, which can be exemplified as follows.
Disruptions in engineered system performance are crucial
issues for engineers and are interesting topics for
microbiologists. Engineers and microbiologists work together
to find the root cause, understand the underlying
mechanisms, and provide solutions. For instance, bulking
and foaming in BNR activated sludge systems have been
investigated using molecular tools and possible reasons have
been identified by correlation to operational process
signatures. Another aim can target the development of
innovative technologies to achieve a more efficient recovery
of resources and energy and to meet wastewater treatment
challenges. This has been done to integrate shortcut nitrogen
and biological phosphorus removal from municipal
wastewater where researchers from different sectors have
jointly developed process operation and modeling for a
successful implementation.141 Coupled aerobic–anoxic
nitrous decomposition operation (CANDO) has been
developed to transform NH4

+ to NO2
− then to N2O and

recover energy through N2O conversion to N2.
142 Cooperation

between utility and academia has shed light on the presence
of newly discovered metabolisms such as complete
ammonium oxidation (comammox) in a nitrification reactor
operated at mainstream at low dissolved concentration.143

Engineered biological systems are often well controlled
testing sites for microbial ecological models. Ecological niche

and neutral theories139,140,144–146 have been tested using
bioreactors as refined environments, providing the basis for
the combination of deterministic models and probabilistic
immigration models in order to manage the engineered
biological systems.

6 Outlook: designing a roadmap for
closer exchange

Addressing a closer collaboration between systems
microbiology and wastewater engineering sounds appealing
while concrete milestones have been lacking. We derived a
roadmap to guide efforts, based on our interaction at the
interface of science and engineering practice. The
methodology (Fig. 2) targets 3 milestones on short (next 1–2
years), mid (next 5 years) and longer (next decade) terms.

6.1 Milestones on short, mid and long terms

On short term, the time response of systems microbiology
measurements should be substantially decreased from days/
weeks/months to hours. Instead of generating a mass of data
at high throughput, the identified functional biomarkers will
enable fast-throughput diagnostics for monitoring,
surveillance, and control. Accelerated testing designs will
help push and learn the limits of the systems, and test
operational scenarios. Currently, multi-year long-lasting lab-
scale experiments are common. The underlying molecular
measurements often remain descriptive rather than

Fig. 2 Roadmap of milestones on short (next 2 years), mid (5 years) and longer (10+ years) terms to implement plant-wide systems microbiology
for the wastewater industry, by enhancing the interaction between engineering and life sciences. Milestones aim to (1) establish an essential list of
microbiological information for process design, monitoring and control; (2) use high-throughput analytical methods to characterize the functional
complexity of sludges; and (3) develop new-generation technologies for zero-discharge and zero-growth processes.
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informational for engineering practice. Experimental designs
should generate short-term information that is readily
available for translation into engineering concepts.32,63

Targeted reflection should arise along with a sound
formulation of investigations on microbiology and
engineering axes prior to sampling, measuring, and
generating data.

The midterm milestone aims at infiltrating the industry
with microbial ecology principles. Open mixed-culture
environmental biotechnologies contrast to axenic pure-
culture industrial biotechnologies. Although siloed over the
last 50 years, the two fields harbor potential for strong
connectivity. Mixed-culture approaches that thrive on
microbiome investigation and engineering can deliver new
workhorses for the industry. To achieve this, microbial
ecology principles, parameters, and limits that govern
microbiome engineering35 should be made explicit for
engineering specialists. Key functional information from
population and metabolic networks should be integrated into
the microbial community black box. Quantitative and
predictive methods, e.g., flux-balance analysis and machine
learning, under development to investigate distributed
metabolisms in microbiomes should become accessible to
industrial engineering practice via translation into
mathematical models. The definition of objective functions
will drive mixed-culture biotechnology endpoints.

Long term initiatives for microbiome discovery should
harness the performance of engineered microbiomes, by
managing metabolic functions distributed across the
microbiomes. By pushing forward the possibilities from
environmental to industrial mixed-culture biotechnology, one
should even identify opportunities to apply synthetic ecology
with defined consortia and even directly genetically engineer
microbiomes too from the perspective of recovering a diverse
set of high-value molecules from wastes, since top-down
microbial selection from complex environments has its
limits.35,147 A closer look should be given to inter-kingdom
interventions, like the use of grazing by eukaryotes or of
bacteriophage therapy to shape microbial communities and
biofilms, e.g., to remediate membrane biofouling. While
current initiatives target more circular processes, the field of
biological wastewater treatment may aim for zero-discharge,
zero-emission and zero-growth processes. Along the digital
informatics revolution, the massive collection of metadata
from operational parameters should be bridged back to
stoichiometry and kinetics fundamentals for factual
integration into design. The current state of analytical
methods and data processing pipelines render this objective
challenging. Developments in chemometrics, online
multivariate analyses, and machine learning enable the
mining of data over complex time series and computation of
quantitative parameters from process performances, in
association with large-scale mathematical models.148–152

Finally, harmonized guidelines for life cycle assessments
should become a standard to enhance the comparison of
new-generation technologies.153,154

6.2 Outreach: industrial benefits and process economics

These concepts should be integrated in professional
education136 for a better understanding of mutual benefits of
interactive and plant-wide systems microbiology for the
wastewater industry. Although primarily focusing on
wastewater here, the concepts can be applied to any water
system and mixed-culture biotechnology industry involving
microbiomes. Water resources are important to address in the
industry. Industrial manufacturing, power and food processing
plants involve re-use of used water in cascade-based systems at
the production process level or from the central WRF.155–159

Water quality is a key parameter of industrial processes.
Advanced physical–chemical treatments are used to deliver
different grades of water on purpose, to recover resources, or
to foster zero liquid discharge, such as with membrane
processes. Biofouling is a key biological challenge to solve and
for which elucidation of microbiological processes is a key for
mitigation.160–165 Beyond the WRF, unravelling microbiomes
can deliver insights into human health risks associated with
the recreational use of urban waters.166 Elucidating
microbiomes is a further key component of the centralized/
decentralized production, delivery, and biological stability of
drinking water,137,167–174 and for which investigations
molecular toolboxes form an important component.175,176

Infiltrating systems microbiology concepts in the industry
is the key to help manage beneficial and/or unwanted/
harmful microbial processes that link to wastewater
treatment, resource recovery, water reuse, and drinking water
stability, among others. Implementing a “language of love”
that fosters active communication and collaboration between
microbiologists and engineers is essential. While systems
microbiology jargon, methods and endpoints should be
made more easily accessible in engineering practice, more
engineering principles should immerse systems microbiology
investigations. This should drive the translation of “big data”
into informational “good data” useful for engineering
concepts, plant-wide.

The deciding factor for effective integration of new
discoveries in microbiological science and engineering by the
(waste)water industry relates to process economics. The
implementation cost is limiting practitioners and utilities
from embracing novel concepts. Nutrient recovery processes
are expensive and may only be implemented either in
installation where the nutrient recovery (e.g., struvite) brings
other benefits in operation (e.g., preventing struvite
precipitation in pipes and digesters) or in progressive plants
and/or if a market niche has been identified upfront to
valorize/sell the recovered product. Deammonification
processes are not widely implemented since the need for
expensive sensor technology, process control, and qualified
personnel offsets the gains on the nitrogen removal.
Integration of more microbiological and bioanalytical sensing
at the process line will only be implemented if leading to
economic gains or to new regulatory endpoints on water
quality (e.g., pathogens, antimicrobial resistance, viruses),
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besides widening knowledge and solving the microbiological
black box.
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