
lable at ScienceDirect

Environmental Science and Ecotechnology 20 (2024) 100370
Contents lists avai
Environmental Science and Ecotechnology
journal homepage: www.journals .elsevier .com/environmental -science-and-

ecotechnology/
Global WWTP Microbiome-based Integrative Information Platform:
From experience to intelligence

Fuzhong Xiong a, Zhiguo Su b, Yushi Tang c, Tianjiao Dai d, Donghui Wen a, *

a College of Environmental Sciences and Engineering, Peking University, Beijing, 100871, China
b School of Environment, Tsinghua University, Beijing, 100084, China
c Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, NJ, 08544, USA
d School of Water Resources and Environment, China University of Geosciences (Beijing), Beijing, 100083, China
a r t i c l e i n f o

Article history:
Received 16 August 2023
Received in revised form
11 December 2023
Accepted 12 December 2023

Keywords:
Wastewater treatment plants
Microbiome
Environmental engineering
Information platform
Artificial intelligence
* Corresponding author.
E-mail address: dhwen@pku.edu.cn (D. Wen).

https://doi.org/10.1016/j.ese.2023.100370
2666-4984/© 2023 The Authors. Published by Elsev
Academy of Environmental Sciences. This is an open
a b s t r a c t

Domestic and industrial wastewater treatment plants (WWTPs) are facing formidable challenges in
effectively eliminating emerging pollutants and conventional nutrients. In microbiome engineering, two
approaches have been developed: a top-down method focusing on domesticating seed microbiomes into
engineered ones, and a bottom-up strategy that synthesizes engineered microbiomes from microbial
isolates. However, these approaches face substantial hurdles that limit their real-world applicability in
wastewater treatment engineering. Addressing this gap, we propose the creation of a Global WWTP
Microbiome-based Integrative Information Platform, inspired by the untapped microbiome and engi-
neering data from WWTPs and advancements in artificial intelligence (AI). This open platform integrates
microbiome and engineering information globally and utilizes AI-driven tools for identifying seed
microbiomes for new plants, providing technical upgrades for existing facilities, and deploying micro-
biomes for accidental pollution remediation. Beyond its practical applications, this platform has signif-
icant scientific and social value, supporting multidisciplinary research, documenting microbial evolution,
advancing Wastewater-Based Epidemiology, and enhancing global resource sharing. Overall, the plat-
form is expected to enhance WWTPs’ performance in pollution control, safeguarding a harmonious and
healthy future for human society and the natural environment.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Domestic and industrial wastewater treatment plants (WWTPs)
are sophisticated engineering systems designed to eliminate pol-
lutants, ensure human health, andmaintain ecological sustainability.
Within WWTPs, biological treatment methods are widely employed
as central technological units [1,2]. The utilization of microbiome
engineering in wastewater treatment can be traced back to the late
19th century [3,4]. Since the mid-20th century, activated sludge and
anaerobic digestion have emerged as worldwide benchmarks for
treating domestic and industrial wastewater [5,6]. Currently, these
microbiome-based WWTPs play a vital role in connecting the soci-
etal and natural cycles of elements on our planet.

However, the escalating complexity of pollutants in modern
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wastewater poses significant challenges for WWTPs. Biological
treatment processes often inadequately eliminate emerging pol-
lutants [7e10], and the transformation and removal of conven-
tional nutrients still lack stability [11,12]. This issue rendersWWTPs
into pollution point sources with considerable risk worldwide. In
recent decades, there has been a remarkable expansion in our
understanding of the microbial world, driven by significant ad-
vancements in fundamental disciplines, such as microbiology,
biochemistry, molecular biology, and microbial ecology. This bur-
geoning scientific knowledge has promoted the development of
two strategies for microbiome engineering in the context of
wastewater treatment: the bottom-up and top-down approaches
(Fig. 1) [13,14].

The bottom-up approach starts with specific microbial isolates
with known physiological characteristics and metabolic pathways.
Then, based on the effective performances of individual microbes
and the well-organized interspecific interactions, a consortium
with desired functions (i.e., degrading target pollutants in
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Fig. 1. The bottom-up and top-down approaches applied in microbiome engineering
for wastewater treatment and their potential barriers. DBTL cycle: “design-build-test-
learn” cycle.
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wastewater) could be artificially assembled through co-cultivating
processes with rational designing and regulating strategies [15,16].
Conversely, the top-down approach initiates with a seed micro-
biome containing culturable and unculturable microorganisms,
which usually originate from activated sludge in engineering sys-
tems or contaminated sediment and soil in natural environments.
Then, techniques like enrichment, artificial selection, and directed
evolution are employed to domesticate this seed microbiome
[17e19]. Finally, it will be shaped into an engineered microbiome
with desired functions, such as efficient degradation of target
pollutants and elevated tolerance to unfavorable conditions. No
matter which approach is adopted, the engineeredmicrobiomes for
wastewater treatment could be assembled and improved through
an iterative “design-build-test-learn” (DBTL) cycle [13,14]. Howev-
er, both approaches are currently constrained to theoretical
frameworks, as they have encountered practical bottlenecks in
engineering applications.

At the “bottom”, research on pollutant-degrading strains, func-
tional genes, and metabolic pathways has become increasingly
comprehensive. In controlled laboratory environments, carefully
constructed microbial consortia can indeed manifest desired
functions in simulated wastewater treatment experiments [20,21].
However, these consortia often fall short when dealing with the
real-world complexity of domestic and industrial wastewater
[22,23]. This inefficacy stems from several key factors. (1) Individ-
ual microbes adapt, survive, and reproduce within specific habitats.
When inoculating these microbes from a laboratory environment
into an engineering environment, their metabolic functions will be
unpredictable during the adaptation process [24e26]. (2) The
simple co-cultivation of different isolates does not guarantee
combining their functions due to metabolic division of labor
[27,28]. Hence, establishing a microbial consortium that can stably
perform its intended functions requires a clear understanding of
each isolate's metabolic pathways and their respective roles in the
division of labor. In addition, these isolates must develop mutual-
istic interactions in specific environments, which is often fraught
with uncontrollability [13,26]. (3) The constructed microbial con-
sortia lack a variety of unculturable and rare species that possess
unknown yet indispensable functions [29,30], making it difficult to
form stable engineered microbiomes for long-term use. Conse-
quently, the bottom-up approach usually proves inefficient and
unfeasible for real-world wastewater treatment engineering.

At the “top”, a multitude of research concerning microbial
community composition, functional traits, and ecological in-
teractions consistently guides the testing and upgrading of waste-
water treatment engineering. The seed or original engineered
2

microbiomes could be shaped into more capable ones via different
strategies [31e33]. However, these microbiomes have to face the
challenge of fluctuating environmental factors in wastewater, and
real-world engineering also needs to carry out multi-objective
start-ups and adjustments. Therefore, microbiome engineering
often falls into a time-consuming and low-efficiency cycle of trial
and error [34,35]. This is attributable to several factors. (1) The
engineered microbiomes contain numerous obscure species (i.e.,
microbial dark matter) and biomolecules with as-yet-
undetermined functions and interactions [29,36,37]. Hence, this
often necessitates a deep reliance on empirical knowledge for
effective modification. (2) Microbial communities in natural states
exhibit both functional redundancy and multifunctionality [38].
The temporal variations of community composition and its
ecological interactions in response to wastewater quality will
introduce uncertainties in the overall functionality [39e41].
Accordingly, the simplified community structures and interactions
might cause the engineered microbiomes to lose their redundancy
and “multithreading” capabilities in addressing the complicated
and variable stress of actual wastewater [14]. (3) Additionally,
specific wastewater treatment systems (e.g., refractory industrial
wastewater treatment reactors, anaerobic granular sludge reactors,
and nitrifying reactors) face challenges in finding suitable seed
microbiomes. The processes of domesticating and enriching often
take a few months to years to yield a capable engineered micro-
biome [42e44]. Overall, the above pitfalls have notably limited the
efficacy of the top-down approach. As a result, research within this
field is dedicated to fulfilling these knowledge gaps and exploring
more feasible solutions.

The development of WWTPs, with microbiome engineering as
the core, has evolved over a century and formed a foundational
theoretical and technological system. However, a vast array of data
and information from engineering practices has remained unex-
ploited within WWTPs, largely due to the absence of an effective
data integration and analysis platform. Although some public da-
tabases collect microbial genomic information from various envi-
ronments, including WWTPs, their primary focus is preserving and
sharing gene sequence data without directly linking to real-world
microbiome engineering. The current advancements in integrated
science, big data computing, and artificial intelligence (AI) inspire
us to propose a novel approach: firstly, collect and consolidate
comprehensive datasets of engineering parameters and micro-
biome information from operating WWTPs worldwide; secondly,
harness the capabilities of big data engines to guide the search of
seed microbiomes suitable for newly established WWTPs and
provide technical strategies for shaping them into engineered
microbiomes; thirdly, employ AI-driven modeling and multi-
objective optimization analyses to diagnose issues within existing
WWTPs and propose optimized regulation schemes that can up-
grade the current low-efficiency engineered microbiomes to high-
efficiency ones.

This novel approach has notable advantages that can overcome
the limitations of the bottom-up and top-down approaches. We do
not need to start from scratch in strain screening and engage in
intricate co-cultivation designs or conduct time-consuming artifi-
cial domestication to assemble the desired engineered micro-
biomes, which can save substantial time and economic costs. The
seed microbiomes, directly acquired in situ from global WWTPs,
possess stable ecological structures and encompass microbial dark
matter vital for community functioning. This is crucial for the stable
operation of newly established or upgraded microbial engineering
systems in the long term. Additionally, advanced computational
tools based on AI modeling and big data mining greatly elevate the
efficiency and intelligence of microbiome engineering. Thus, we
can swiftly obtain practical suggestions for the operation or
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upgrading of WWTPs.
As an initial step to achieve this approach, there is a pressing

need to establish an integrative information platform that in-
tegrates engineering andmicrobiome data from globalWWTPs and
provides deep analytical capabilities based on AI-driven models
and big data computations.

2. Establishment of Global WWTP Microbiome-based
Integrative Information Platform

We propose establishing an open platform for sharing and ser-
vice by extensively collecting information from domestic and in-
dustrial wastewater treatment systems worldwide. This platform
will serve as a microbial ecology database for numerous large-scale
microbiome engineering projects globally, particularly those
involving WWTPs, recording the survival and effectiveness of
“professional decomposers” on Earth. Additionally, this platform,
featuring environmental engineering context, will provide
economically and technically feasible solutions for establishing and
optimizing WWTPs.

The information covered by this platform includes two parts: (1)
basic information and engineering parameters of WWTPs and (2)
microbiome information in the WWTPs. The first part (Fig. 2, green
panels) can be further divided into: (1) WWTP backgrounds,
including geographical location, source of wastewater, industrial
type, treatment capacity, discharge destination, etc.; (2) WWTP
technologies, including treatment processes, types of biological
reactors (e.g., anaerobic upflow anaerobic sludge blanket [UASB] or
expanded granular sludge bed [EGSB], aerobic conventional acti-
vated sludge [CAS], sequencing batch reactor [SBR]), and opera-
tional parameters, such as flux, hydraulic retention time (HRT),
sludge retention time (SRT), mixed liquor suspended solids (MLSS),
sludge reflux ratio, carrier type, etc.; (3) WWTP performances,
including removal efficiency for key pollutants, such as chemical
oxygen demand (COD), biochemical oxygen demand (BOD), total
organic carbon (TOC), ammonium, total nitrogen, total phosphorus,
refractory organics, antibiotic resistance genes, and effluent toxicity
reduction; (4) Environmental factors, i.e., physicochemical charac-
teristics of the microbial environment, including water quality in-
dicators (temperature, pH, dissolved oxygen, salinity, pollutant
concentrations, etc.) and sludge characteristics (particle size, set-
tleability, hydrophobicity, zeta potential, etc.).

On the other hand, the platform will encompass microbiome
information derived from various technological means, such as
high-throughput amplicon sequencing, metagenomic sequencing,
single-cell sequencing, and the corresponding annotations for
species and functions. Additionally, using multi-omics approaches
that combine metagenomics, transcriptomics, proteomics, and
metabolomics, the platform can provide profound insights into
microbial metabolic pathways and crucial substance trans-
formation mechanisms. More importantly, after obtaining the
above information, the platform will employ big data-driven
computational methods like multivariate statistical analysis, ma-
chine learning, and interpretive modeling to conduct in-depth
analyses (Fig. 2, yellow panel). These will establish a deep
coupling framework between the engineering information and
microbiome information, ultimately guiding the start-up and
operational maintenance of WWTPs based on research results ob-
tained from the microbiome information.

We designate this archival library and technical service platform
as the Global WWTP Microbiome-based Integrative Information
Platform (hereinafter referred to as “the Platform”). The Platform
stands apart from existing microbial strain repositories and online
microbial genome databases. Its distinctiveness originates from the
following aspects. Firstly, due to the inability to simulate habitats,
3

the microbiomes remain in situ in the WWTP engineering systems
rather than preserved in physical cryogenic storage. Secondly, the
Platform incorporates not only microbial genomic sequences, but
also a wealth of background information, and actual parameters
associated with the engineering. More importantly, complex sta-
tistical analyses and up-to-date computational processes, including
machine learning andmodel training, are employed in the Platform
to dig into the multidimensional information and develop feasible
solutions for engineering systems.

During the establishment and operation of the Platform, it is
crucial to foster deep collaboration and data sharing with existing
public databases, such as the National Center of Biotechnology In-
formation (NCBI) in the USA, the European Bioinformatics Institute
of European Molecular Biology Laboratory (EMBL-EBI) in Europe,
the DNA Data Bank of Japan (DDBJ) in Japan, the National Genomics
Data Center (CNCB-NGDC) in China, the Global Survey of Activated
Sludge Microbiome by Global Water Microbiome Consortium [2],
and the Microbial Database for Activated Sludge (MiDAS) [45].
Some of these databases collect microbial genomic information
from various global environments and hosts, while some are spe-
cifically established for wastewater treatment systems. However,
their primary focus is preserving and sharing gene sequence data
rather than directly associating with engineering practice. Hence,
they can offer substantial data support to the Platform. Meanwhile,
the Platform requires the ongoing contributions of operational
engineers and researchers across various disciplines for tasks such
as sample collection, daily monitoring of system status and
pollutant-removing efficiency, genome extraction, high-
throughput sequencing, data analysis, and data collation and
uploading (Fig. 2, blue panels).

Ultimately, the Platform will apply cloud technology to store,
update, and share all information and corresponding results from
big data computational analyses globally. With continuous data
updates, the Platform will routinely recalculate and retrain its
models to provide the most accurate and state-of-the-art results.
Furthermore, based on the differing user requirements, the Plat-
form will modularize the data upload, storage, and computation
processes and develop a suite of professional, efficient, and user-
friendly toolkits to maximize the Platform's usability.

3. Promising applications of the Platform

3.1. Search for seed microbiomes suitable for newly constructed
WWTPs

Based on the established Platform, the engineers can input basic
information about newly built WWTPs, excluding the microbiome
information. The Platform will then quickly identify several similar
WWTPs, considering factors such as economy, safety, and conve-
nience to pinpoint the optimal choice. The microbial community
from the activated sludge or digested sludge of this selectedWWTP
will serve as the seed microbiome for the new plant. Concurrently,
the Platform will conduct a comprehensive statistical analysis of
microbial community structures, environmental conditions, and
engineering parameters from various relevant WWTPs. This anal-
ysis will be used to propose optimized start-up conditions and
operational parameters, ensuring the efficient performance of the
seed microbiome. Ultimately, the Platform will aid in proposing a
multi-objective optimization and precise regulatory scheme for
wastewater treatment engineering (Fig. 3). This method of assem-
bling “well-structured” microbial communities overcomes the
limitations of traditional empirical approaches and transcends the
unknown details of synthetic biology, such as complex metabolic
pathways, species interactions, and division of labor among mi-
crobial isolates [46].



Fig. 2. The conceptual diagram of Global WWTP Microbiome-based Integrative Information Platform. The yellow panel illustrates the structure of microbiome information and in-
depth analysis processes within the Platform; the green panels describe the main contents of engineering information; and the blue panels denote the possible data sources and
cooperative contributions from relevant parties.
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3.2. Provide targeted solutions for upgrading existing WWTPs

As global environmental regulations tighten, wastewater
discharge standards have become increasingly stringent [47]. Many
existing WWTPs struggle to comply with these enhanced re-
quirements. In response, the Platform emerges as an essential tool,
providing pivotal support for WWTPs to upgrade their operations.
It employs big data analysis and machine learning models to
evaluate the operational efficiency of existing WWTPs, pinpointing
specific impediments that hinder compliance with required stan-
dards. Subsequently, the Platform offers a wide range of targeted
upgrade schemes and conducts multi-scenario analyses, consid-
ering efficiency, economy, and safety factors. Finally, the Platform
will intelligently generate precise control schemes for efficient
operation of existing WWTPs and propose reasonable and feasible
technical optimization directions (Fig. 3). For instance, the Platform
can guideWWTPs to effectively address issues such as substandard
pollution indicators, sludge bulking, biological foam, and the loss of
4

active microorganisms [48]. This can be accomplished through
adjusting operational parameters, modulating environmental fac-
tors, and reforming treatment units.
3.3. Recruit microbiomes to respond to sudden and accidental
environmental pollution

Once the Platform fully grasps the profound connection be-
tween microbiome profiles and pollutant degradation, the engi-
neered microbiome in WWTPs can act as the “regular forces” in
addressing the bulk of pollutants derived from anthropogenic
emissions. These “regular forces” often include “specialized units”
capable of degrading hazardous xenobiotics, a major concern in
unforeseen environmental incidents and emergent pollution.
Sudden environmental events, such as offshore oil spills, hazardous
chemical leaks, and unintentional wastewater discharges, can
momentarily inundate the natural environment with pollutants
[49]. Currently, physical and chemical methods are predominantly



Fig. 3. The application scenarios of Global WWTP Microbiome-based Integrative Information Platform. This panel illustrates the input and output contents and the working pattern
of the Platform in the three application scenarios: starting up new WWTPs, upgrading existing inefficient WWTPs, and remediating accidental environmental pollution.
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employed to address these incidents swiftly, yet they incur high
costs and risk secondary pollution. In such cases, the Platform offers
a prompt, eco-friendlier alternative by efficiently mobilizing
appropriate microbiomes and devising effective remediation stra-
tegies (Fig. 3). Initially, prioritizing safety and adaptability, the
Platform selects potential microbiomes from global WWTPs, taking
into account crucial information about the sudden environmental
event, including the primary pollutants, emission volume, location
of the accident, and local hydrological conditions. The Platform
then applies up-to-date big data analysis techniques and machine
learning models to intelligently determine potential costs, feasible
techniques, and pollutant degradation efficiency according to the
input conditions. Eventually, the Platform offers an optimized so-
lution as an effective microbial remediation strategy for sudden
environmental incidents.

Taken together, with the assistance of the Platform, the well-
matched seed microbiomes can accelerate their adaptation in
newly established engineering systems and finally form capable
engineered microbiomes that meet our expectations. Meanwhile,
the inefficient engineered microbiomes in the existing WWTPs can
evolve into more efficient ones through multi-objective optimiza-
tions. In this way, big data-driven intelligent models will achieve a
5

leap in developing wastewater treatment microbiome engineering.
Moreover, the Platform will greatly contribute to the rapid biolog-
ical remediation of accidental environmental pollution.
4. Scientific and social significance of the Platform

4.1. Provide integrated data resources for scientific research in
environmental biotechnology, microbial ecology, energy, and
climate change

Although wastewater treatment biotechnology, an artificial
augmentation of the microbial “decomposers” functioning on
Earth, has been broadly utilized for over a century, the biological
processes and mechanisms involved remain a “black box” [29].
With the advancement of various technologies and the pursuit of
sustainable development goals, next-generation WWTPs need to
be intelligent, energy-producing, and resource-recycling [1]. The
Platform provides valuable data sources for scientists to delve into
the operational rules of WWTPs, thus supporting automated con-
trol and intelligent operation and maintenance. The Platform fa-
cilitates the discovery of novel microbial metabolic pathways and
the development of advanced biotechnologies. It also seeks
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potential technological pathways to reduce greenhouse gas emis-
sions and recover resources to alleviate the anthropogenic impact
on the natural ecosystem [50]. Based on the Platform, theoretical
research on artificial systems can promote the development of
microbial ecology and can even lead to the emergence of a new
discipline d intelligent ecology. This discipline will employ AI-
driven models and algorithms to elucidate complex ecological
processes, predict ecological outcomes, and address ecological
challenges.

4.2. Record the co-evolution processes between industrial
civilization and microorganisms at the global scale

Due to the constant progression of industrial civilization, in-
dustrial production is undergoing rapid changes, characterized by
the continuous emergence of new manufacturing processes and
products [51]. As important participants in decomposing industrial
synthetic substances, wastewater treatment microorganisms are
evolving in tandem with the corresponding industrial processes
[22,25]. Professor Stephen Palumbi, the author of “The Evolution
Explosion: How Humans Cause Rapid Evolutionary Change,” once
posited that hospitals provide an ideal setting to observe the evo-
lution of bacterial resistance to antibiotics [52]. Similarly, WWTPs
are also ideal places to track the evolution of microbial tolerance
and degradation capabilities to emerging chemicals in a long his-
torical period. Hence, the Platform, maintained and improved over
the years, will chronicle the evolutionary trajectory of microor-
ganisms in the Anthropocene era.

4.3. Monitor and provide early warning of public health risks in
wastewater collection areas

It is worth noting that the massive microbial metagenomic se-
quences within the Platform, processed through AI-based compu-
tational analysis, can assist us in predicting potential health risks
from the potential microbial mutations or the emergence of novel
pathogenic organisms in our environment. The best example in this
context is the surveillance of the SARS-CoV-2 virus in wastewater
[53]. As stated in a report from the US Centers for Disease Control
and Prevention, sewagemonitoring is a powerful tool that provides
early warning signals for virus transmission and helps track the
complete development trends and patterns of each epidemic wave
[54]. In addition, other respiratory viruses like influenza and res-
piratory syncytial virus can also be detected in time-series waste-
water samples [55]. Since the Platform continuously collects
microbiome information from WWTPs worldwide, it can use
powerful bioinformatic tools and existing pathogen databases to
identify the putative pathogenic species and related metabolic
pathways or processes. Therefore, the Platform can provide
comprehensive and timely data support for Wastewater-Based
Epidemiology (WBE) or Wastewater-Based Surveillance (WBS) by
routinely detecting significant changes in high-risk infectious dis-
ease markers [55,56].

4.4. Provide a global communication and trading platform for the
optimization and integration of techniques and resources

Human society has formed a mature and complex production
chain comprising raw material collecting, upstream primary pro-
cessing, midstream refinement, and downstream manufacturing
[57]. With the progression of economic globalization, factories
worldwide are united into a giant “global producer network”, while
people from different countries or areas are integrated into a
“global consumer network”. However, the sustainable and stable
functioning of these two networks relies on the “global
6

decomposer network” underpinned by modern biotechnologies,
especially within wastewater treatment engineering [58]. In this
regard, the Platform will serve as a seed bank and a trading plat-
form for engineered microbiomes. Based on the principles of in-
formation sharing and fair trading, the Platform encourages
technical guidance and resource sharing from developed countries
to developing countries in fields such as industrial policy, produc-
tion and consumption, ecological and environmental protection,
and Environmental, Social, and Governance (ESG) for sustainable
development [59,60]. Doing so can minimize the costs of trial and
error in developing countries and the potential risks of pollution to
the earth, thereby enhancing the collective well-being of all
humankind.

5. Concluding remarks

The performances of modern WWTPs significantly determine
the extent of human interference with nature. With the evolution
of WWTP automation, driven by advancements in online moni-
toring technology, there is a surge in the production of detailed
engineering operational data. Meanwhile, the rapid development
of next-generation sequencing and multi-omics technologies has
deepened our understanding of microbial community structures
and functions withinWWTPs. This intersection offers an invaluable
opportunity to harness andmaximize the potential of this wealth of
engineering andmicrobiome data through advanced AI-driven data
processing techniques. In this context, the ultimate aim of the
Global WWTP Microbiome-based Integrative Information Platform
(which might be abbreviated as GWMII Platform) is to overcome
the inherent limitations of traditional empirical approaches,
establishing a robust framework for intelligently guaranteeing
optimized wastewater treatment performances. Thus, the GWMII
Platform paves the way for fostering a balanced and sustainable
synergy between human society and the natural environment.
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