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a b s t r a c t

Pathogens and antimicrobial resistance (AMR) are emerging as major global threats to public health.
Wastewater, as the unique interface between environments and humans receiving and spreading
pathogens and AMR, is playing a more important role than ever before for monitoring of public health.
Here, by pinpointing pathogens and AMR, we reviewed the most recent technological advancements in
Raman biosensors (single-cell Raman, Raman-stable isotope probing, surface-enhanced Raman, statis-
tical analysis) and molecular methods (polymerase chain reaction, metagenomics and single-cell geno-
mics) for phenotypic and genotypic surveillance, respectively. In particular, the importance of integrating
phenotypic and genotypic analysis via targeted single-cell sorting for a complementary and holistic
surveillance and understanding of health risk was highlighted. We further suggest technological re-
quirements to enhance wastewater surveillance and better inform tackling strategy against pathogens
and AMR.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Pathogens and antimicrobial resistance in wastewater and
health impact

Wastewater is a unique interface between environments and
humans. Human activities generate a huge amount of wastewater,
which is a collection of both biological and chemical loads from an
entire community. In light of the outbreak of COVID-19 pandemic,
biological loads especially the rising prevalence of microbial path-
ogens (virus, bacteria, fungi, protozoa) and antimicrobial resistance
(AMR), are gaining unprecedented attentions [1,2]. They have been
posing a burgeoning threat to public health globally and imparting
a significant economic burden to global healthcare systems [3,4].
On the top ten threats to global health listed by World Health Or-
ganization (WHO) in 2019, four of them were directly related to
pathogens (pandemic influenza, Ebola, HIV) and AMR [5]. Waste-
water is a sink and hotspot for capturing, accumulating, and
spreading of pathogens and AMR [6e8]. The entire pathogen load
with certain degrees of disease burden and AMRwill be discharged
from the local catchment of different origins, including human
feces, hospital, industry, and rainfall runoff finally conveyed and
concentrated into a single waste stream for treatment (Fig. 1). This
fact makes wastewater an ideal place for surveillance of pathogens
and AMR of the entire community, and leads to development of a
new powerful tool named wastewater-based epidemiology (WBE)
for tracking the outbreak and transmission of diseases [2,9].

An extensive range of pathogens have been detected in waste-
water worldwide, including nearly all clinical bacterial pathogens
and viruses incurring the recent major outbreak of epidemic or
pandemic such as COVID-19 (2019e2020), Zika virus (2015e2016),
Ebola (2014e2016), SARS (2002e2003) [7,10,11]. In addition to
pathogens, AMR-the ability of bacteria, fungi, and virus to resist
drugs, is posing a more profound threat to the global health by
compromising the treatment of microbial infections [1,3,5,12]. More
and more pathogens have developed resistance to one or multiple
drugs [13]. Superbugs that can resist nearly all antimicrobial drugs
have been frequently reported in both developed and developing
countries [14,15]. Even now, infections with antimicrobial resistant
pathogens cause about 700,000 deaths per year around the world,
and this number is forecast to increase to 10million people a year by
2050 [1,3]. WHO strongly urged to combat AMR by stating “no ac-
tion today, no cure tomorrow” in 2011 [12], then approved a global
action plan to cope with AMR and established Global Antimicrobial
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Fig. 1. An overview of the role of wastewater as a reservoir of pathogens and antimicrobial resistance.
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Resistance Surveillance System (GLASS) in 2015 [16,17], and further
published its first list of global antibiotic-resistant priority patho-
gens in 2017 to guide research and development of new antibiotics
[13]. Antibiotic resistant bacteria (ARB) and antibiotic resistance
genes (ARGs) are widespread in wastewater, and ARGs conferring
resistance to antibiotics of nearly all mechanisms have been detec-
ted in wastewater [18e21]. Moreover, wastewater treatment plants
(WWTPs) are an enormous biological reactor with a purpose of
degrading pollutants. Such concentrated environments create an
ideal place for pathogens and AMR to multiply, transfer and mutate
efficiently under diverse selective agents such as antibiotics, heavy
metals, pesticides [22e26]. Some work found that most ARGs
detected in WWTPs were carried by mobile genetic elements
(MGEs) such as plasmids, further facilitating the spread of ARGs [20].

Wastewater treatment plants cannot effectively remove patho-
gens and AMR due to the current technology [19]. As such, the
effluent acts as a point source and causes further contamination in
downstream environments such as soil and freshwater [27e30]. It
is estimated that around 80% of wastewater without sufficient
treatment is discharged to the environments [31]. In addition, more
than one hundred types of ARGs were detected in park soils irri-
gated with wastewater effluent [30], and wastewater sewage
sludge even after composting still contained a high abundance and
diversity of ARGs [32]. These facts illustrate the great importance to
surveil pathogens and AMR in wastewater.

In the context of global efforts to eliminate pathogens and AMR,
sampling fromwastewater represents a large and important part of
the environmental surveillance programs. Systematic and targeted
monitoring of pathogens and AMR in wastewater is essential to
address the increasing public health challenges. Microbial threats
might be always in the world, and infectious pathogens spreading
fromnon-human species to humans appear to be increasingly risky.
In these regards, technique advancements capable of enhancing
surveillance capacity in terms of early warning and outbreak
tracking become very important. The acquired data can better
inform proactive prevention, survey the effectiveness of in-
terventions, and even prevent disease from spreading around the
2

world. Therefore, new advancements in monitoring techniques for
such purposes merit strong attentions and a review.

1.2. Needs for an integrated genotypic and phenotypic surveillance

Both genotypic and phenotypic analysis have their own ad-
vantages and drawbacks for pathogen and AMR surveillance
(Fig. 2). For genotypic surveillance, molecular methods such as
metagenome sequencing, amplicon sequencing, and polymerase
chain reaction (PCR) have produced extensive and immense DNA
sequence-based information on pathogens (species, virulence fac-
tor) and AMR (ARGs, MGEs). Such large information enables the
construction of local, regional, and even global-scale distribution of
pathogens and AMR. The high resolution also allows quantitative
and comparative studies of the correlation among human, animal,
and environmental samples, thereby providing an approach to
surveil pathogens and AMR under the One Health framework
[33,34]. It is also possible to illustrate the microbial hosts, genetic
locations and context of ARGs and virulence factors [20]. More
importantly, molecular methods allow reconstruction of putative
transmission networks to determine the source and evolution of
pathogens/AMR that lead to diseases outbreaks [35].

However, molecular methods are not the choice under all cir-
cumstances. Gene sequences only provide the potential or inferred
pathogenicity and AMR instead of phenotypic features. In addition,
genotypic analysis cannot distinguish the origins of genes from
extracellular DNA, dead, nonactive and active cells which risks are
highly different [36]. In contrast, phenotypic analysis indicates
practical microbial infections or disease outbreaks (Fig. 2). It can also
be used to quantify the level of phenotypic AMR, so it is actionable to
guide the clinical treatments of bacterial infections, and promote
research and development of new drugs to combat the growing
global AMR [35,37]. Phenotypic characterization is also an indis-
pensable way to reveal the function of unknown or novel ARGs and
virulence factors. However, compared with the rapid development
of genotypic characterization, methods for phenotypic studies
largely lag behind. Conventional culture-based phenotypic methods



Fig. 2. Integration of genotypic and phenotypic analysis for a holistic and enhanced surveillance of pathogens and antimicrobial resistance.
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have obvious drawbacks in implementation, i.e., they are time and
labor-consuming, low throughput, provide limited information to
only cultivable bacteria, but preclude studies on uncultured cells
which represent a large fraction in diverse microbial communities
(including wastewater) and may play a great role in the occurrence
and spread of pathogens and AMR. New phenotypic methods are
highly demanded.

Presently, there are still discrepancy and knowledge gap be-
tween genotypic and phenotypic analysis [38]. For example, there
are cases where ARGs are present but resistant phenotypes are not
found because ARGs are not always expressed. There are also cases
where no known ARGs are present but resistant phenotypes are
observed due to the presence of novel ARGs or mechanisms. It is
also possible that the same genotypic determinants confer varied
phenotypic profiles. To bridge the gap and achieve a comprehensive
understanding of the threat of pathogens and AMR to public health,
there is a great need to integrate genotypic and phenotypic analysis
for a complementary surveillance (Fig. 2). When phenotypes are
determined, genotypic analysis will add valuable information on
genomic determinants underlying the pathogens with specific
phenotypes. For example, genomic data can clarify ARGs conferring
phenotypic antibiotic resistance, determine genomic mutations or
acquired genes accounting for increased expression of phenotypic
resistance or pathogenicity, and strengthen the identification of
infection-causing pathogens more accurately [35]. Therefore, an
integrated approach will be invaluable for enhancing surveillance
capacity and guiding strategy to tackle pathogens and AMR.

In this review, for phenotypic analysis, the newly developed
Raman spectroscopy-based tools showing great potentials for
3

pathogen identification and phenotypic characterization of AMR
will be reviewed in detail. For genotypic analysis, molecular
methods including PCR, metagenomic sequencing, single-cell
genomic sequencing and their recent applications in pathogens
and AMR surveillance will be reviewed. Finally, new advance-
ments integrating phenotypic and genotypic surveillance of
pathogens and AMR bridged via targeted single-cell sorting and
sequencing will be introduced.

2. Raman biosensor for pathogen and phenotypic
antimicrobial resistance analysis

2.1. Principle and advantages of Raman spectroscopy

2.1.1. What is Raman spectroscopy?
Raman spectroscopy is a member of vibrational spectroscopic

techniques. It detects photons that are scattered to frequencies
different from that of incident photons due to the energy exchange
between incident monochromic photons and a vibrating molecule.
It was first discovered by C. V. Raman in 1928 [39,40]. When
monochromatic light interacts with molecules, most photons are
scattered at the same frequency as that of the incident photons, an
effect called elastic scattering or Rayleigh scattering, while about 1
out of 106-108 photons are scattered at a frequency shifted from
that of the incident photons. This effect is called inelastic scattering
or Raman scattering. The energy difference is equal to the vibra-
tional energy of chemical bonds, constituting the basis for Raman
detection. Microbial samples are composed of different bio-
molecules each with some characteristic chemical bonds. Hence,
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Raman spectroscopy can take a chemical image pinpointing the
chemical compositions of microorganisms, which represent
different cellular phenotypes such as cell types, metabolic states,
and stress responses to environmental stimuli.

Normal Raman scattering is inherently weak in signal intensities
due to the low quantum efficiency. However, if the excitation en-
ergy of incident photons matches the electronic transition of mol-
ecules, resonance Raman (RR) can be excited, and the resulting RR
signal can be selectively enhanced by 4e6 orders of magnitude.
Some pigment molecules such as carotenoids and cytochrome c
(Cyt c) in bacteria can be selectively enhanced via RR [41,42].
Surface-enhanced Raman spectroscopy (SERS) provides another
way for signal enhancement by 4e11 orders of magnitude [43]. This
is achieved by means of the strong electromagnetic enhancement
generated by the excitation of surface plasmon resonance of
nanometals, typically Au, Ag, Cu nanometals. Because SERS
enhancement is highly localized, only the Raman signal of mole-
cules adsorbed or close to the metallic nanostructures can be
selectively enhanced. This feature confers SERS with additional
abilities of surface characterization and fluorescence quenching
due to the energy transfer between molecules and nanometals.
Moreover, by conjugating nanometals with elements for recogni-
tion (antibodies, aptamer), detection (molecules with strong SERS
signals), separation or enrichment (magnetic particles) of microbes,
the constructed versatile SERS biosensors can be used for multi-
functional microbial studies such as capturing, detecting, and
even inactivating of microbial pathogens in environments.
2.1.2. Raman - stable isotope probing theory
Stable isotope probing (SIP) is an attractive technology that has

developed rapidly and evolved to a state-of-art approach capable of
elucidating the function, activity, and metabolic flux of microbes in
complex microbial communities [44]. Many elements essential for
microbial growth or activity have their corresponding stable iso-
topes, such as 13C, 15N, 2D, 18O, 34S. The use of SIP approach is based
on the principle of “you are what you eat” [45], that is, when mi-
crobes uptake and metabolize isotope-labeled substrates, the
isotopewill appear in some newly synthesized cellular components
such as nucleic acids, protein, lipid, pigments. Detection of isotope-
labeled biomolecules provides a means to target microbes with
interested metabolic features.

Raman spectroscopy, including normal Raman, RR and SERS, all
characterizes the vibrational frequency of chemical bonds, so when
an atom is replaced by its heavier isotope in molecules, although
the chemical structure remains unchanged, the vibrational fre-
quencies of the involved chemical bonds decrease, as can be
detected as distinct Raman red shifts. To facilitate understanding,
two atoms connected by a massless spring are used to describe the
vibration of chemical bond. Here, the two atoms are considered as
mathematical points and the spring represents the chemical bonds
between the atoms. The wavenumber of the bond vibration is
described by Equation (1):

~v¼ 1
2pc

ffiffiffi
k
m

s
(1)

where ~v is the wavenumber of the bond vibration (cm�1), c is the
speed of light in vacuum (m s�1), k is the force constant of a
diatomic bond (N m�1), and m is the reduced mass (g) calculated by
Equation (2):

m¼ m1m2

m1 þm2
(2)
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wheremi is themass of the atom (g). For instance, when a hydrogen
atom is replaced by deuterium in a CeH bond, the ratio of vibra-
tional wavenumber before and after D replacement can be calcu-
lated by Equation (3), resulting in a ratio being around 0.734.

~v2
~v1

¼
ffiffiffiffiffiffi
m1
m2

r
z0:734 (3)

where ~vi is the wavenumber of CeH or C-D bond, mi is the reduced
mass of CeH or C-D bond. Generally, the CeH vibration is located
between 2800 and 3100 cm�1, while the C-D vibration usually
appears in the silence region of 2040e2300 cm�1. Since there are
no spectral interferences, the C-D vibration is of great advantage
for the investigation of metabolic activity of microbial cells. To
date, 2D, 13C, and 15N were the most used isotopes for Raman-SIP
applications in microbial studies [37,41,42,44,46e55]. Although
other isotopes (e.g., 18O and 34S) could also be potentially applied
to Raman-SIP, they have been rarely illustrated for microbial
studies [56].

2.1.3. Advantages of Raman spectroscopy
A rapid and reliable identification of pathogens and phenotypic

characterization of AMR is of critical importance for surveillance. In
this regard, Raman spectroscopy-based biosensor is the top and hot
candidate technology for surveillance purpose, because it allows a
rapid, phenotypic, noninvasive characterization of microbes at
single-cell level that could complement genotypic and microbio-
logical methods. The advantages of Raman spectroscopy are
detailed as below. Firstly, Raman spectroscopy provides intrinsic
fingerprint information of microorganisms representing a nearly
complete biomolecule profile, including proteins, nucleic acids,
lipids, pigments (Cyt c and carotenoids), storage compounds (pol-
yhydroxybutyrate (PHB), polyphosphate (Poly-P), magnetosome,
and sulfur), and metabolites (Fig. 3A) [41,42,44,57e62]. Moreover,
Raman profiles of microbes vary sensitively with the change of
chemical, physiological or metabolic states of microorganisms, so
Raman spectroscopy is a phenotypic method.When combinedwith
statistical analysis, Raman allows differentiation of pathogens at
different taxonomic levels from genera, species, to even strains
such as methicillin-resistant and sensitive Staphylococcus aureus
(MRSA and MSSA) [63]. Moreover, Raman can be well combined
with SIP for sensing functional and active cells, especially for
phenotypic characterization of AMR, based on the characteristic
Raman shifts induced by the incorporation of isotope-labeled
substrates by microbes (Fig. 3BeD). Secondly, although MALDI-
TOF mass spectroscopy and infrared spectroscopy are also appli-
cable for identification of microbes after standard cultivation,
Raman spectroscopy outperforms them in its cultivation indepen-
dence owing to the ability of single-cell level detection. This is
achieved by combing Ramanwith optical microscopy to offer a high
spatial resolution down to 1 mm, just the size of a single microbial
cell [64]. With this culture-free ability, Raman spectroscopy pro-
vides a rapid means to identify pathogens without necessity of
lengthy cultivation. This is beneficial for directly detecting yet un-
cultured microbes or those in a viable but nonculturable state
(VBNC) in complex environmental matrices. Thirdly, Raman is a
noninvasive technique and thus allows downstream sorting of cells
of interest for single-cell genomic analysis, providing a great way to
integrate microbial phenotypes with genotypes [65]. Such inte-
gration is very important for an in-depth and comprehensive sur-
veillance of pathogens and AMR in natural environments. Fourthly,
Raman-derived biosensors, such as SERS, can be readily integrated
with versatile platforms for pathogen capture, signal enhancement,
identification and even inactivation.



Fig. 3. (A) Exemplary Raman spectra of microbial cells that contained different storage compounds and pigments, such as Poly-P, carotenoids, Cyt c. Stable isotope-induced band
shifts in Raman spectra of E. coli labeled with D2O (B), 13C-glucose (C), and N2-fixing Azotobacter sp. labeled with 15N2 (D). Reproduced with permission from Refs. [42,44,50,52,66].
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2.2. Raman biosensor for pathogen identification

2.2.1. Single-cell Raman for a rapid and culture-free pathogen
identification

Based on the cellular spectral fingerprints unique to the chem-
ical composition of differentmicrobial species, Raman spectroscopy
has been employed for a rapid pathogen identification (Table 1).
Schuster et al. first introduced Raman spectroscopy for microbial
investigations at the single-cell level [67,68]. Huang et al. further
demonstrated that single-cell Raman spectroscopy (SCRS) coupled
with multivariate methods allowed taxa discrimination of bacteria
[61]. Recently, pathogens from food and water, such as Legionella
spp. [69], Bacillus spp. [70], Pseudomonas spp. [71], and Burkholderia
spp [72]. can be identified at species or even strain level by SCRS
with chemometric analysis. For example, Dragana et al. combined
SCRS with tree-based multiclass support vector machines (MC-
SVM) to discriminate Legionella at the species level with 87.3% ac-
curacy [69]. They further demonstrated that environmental factors
(pH, mineral content) and growth phases can influence the differ-
entiation of Pseudomonas spp. in bottled natural mineral water. By
combining SCRS with SVM, the identification accuracies were up to
85% for P. aeruginosa at strain level from independent samples [71].
Recently, To capture and detect bacteria from real-world samples,
5

several Raman compatible isolation strategies have been devel-
oped, such as optical tweezers and dielectrophoresis (DEP), which
can trap bacteria by optical gradient force [73] and electrokinetic
pressure [74], respectively. Xie et al. combined optical tweezers
with SCRS for pathogen identification in aqueous solutions [75]. Six
bacterial pathogens were well discriminated at species level based
on their spectra and chemometric analysis. Schr€oder et al. devel-
oped an integrated setup of DEP and Raman for discrimination of
pathogens from urine samples [76]. In a proof-of-principle study,
spiked pathogens of either E. coli or E. faecalis can be rapidly
identified with linear discriminant analysis (LDA) from urine
samples without time-consuming cultivation.

It is worth noting that physiological states of microbes and envi-
ronmental factors can easily induce variations of microbial Raman
spectral features. Huang et al. reported that growth phases and
nutrient conditions caused variations of Raman spectra due to po-
tential changes in themicrobial composition [61,77], and resulted in
an obscure boundary for species differentiation. Therefore, for a
reliable and robust Raman identification of pathogens, it is recom-
mended that growth conditions (e.g., growth media and growth
phase) [61,78], environmental factors (e.g., temperature, pH, and
moisture etc.) [77,79], and sample processing [80] should be all taken
into account to build Raman database and classification model.



Table 1
Summary of classification algorithms used for rapid Raman-based pathogen identification.

Sample type Target pathogens Raman techniques Algorithmsa Identification accuracies (%) Ref.

Pure culture Bacteria Raman ANN 80 [86]
Pure culture Bacteria Raman SVM 92 [88]
Pure culture Bacteria Raman SVM 83.6 [89]
Pure culture Bacteria Raman SVM 87.3 [69]
Meat Bacteria Raman SVM 90.6e99.5 [95]
Water Bacteria Raman SVM 85 [71]
Pure culture Bacteria Raman CNN 82 [63]
Pure culture Bacteria and fungi Raman CNN 95.64 [93]
Pure culture Bacteria Raman CNN 95 [96]
Pure culture Bacteria Raman GAN 100 [94]
Pure culture Virus SERS PCA-HCA 87.75 [97]
Pure culture Virus SERS SIMCA 95 [98]
Clinical Virus SERS LR 90 [99]
Water Virus SERS PCA-LDA 93.33 [100]
Pure culture Fungal spores Raman PCA-LDA 89.4 [101]
Clinical Fungi SERS PCA 98 [102]
Pure culture Fungi SERS FPCA-LDA 97.8 [103]

a ANN, Artificial neural networks; SVM, support vector machine; CNN, Convolutional neural networks; GAN, generative adversarial network; PCA, principal component
analysis; HCA, hierarchical cluster analysis; SIMCA, soft independent modeling of class analogy; LR, logistic regression; LDA, linear discriminate analysis; FPCA, fuzzy principal
component analysis.
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2.2.2. Classification algorithms for Raman-based pathogen
identification

Raman spectra usually contain a superposition of all bio-
molecules within the laser focus of a cell. The intrinsic complexity
requires advanced data processing to mine useful information from
spectral data. Moreover, the spectral profile of two different micro-
bial species may differ slightly because of subtle variations in the
essential components. To recognize these small spectral variations
with high accuracy and sensitivity, chemometric approaches have
become indispensable for Raman-based classification (Table 1).
Before chemometric analysis, raw spectral data should be pre-
processed including cosmic spikes removal, baseline correction, and
spectral normalization to promote its quality and reliability. Subse-
quently, unsupervised algorithms such as principal component
analysis (PCA) [61,75,81e83] and hierarchical cluster analysis (HCA)
[61,75,83e86] are used to reduce the dimensionality of spectra,
extract the distinct features, and cluster unlabeled spectra according
to their similarities in the dataset. After that, classificationmodel can
be built with chemometric algorithms such as LDA [82,83],
discriminant functional analysis (DFA) [61,84,86], partial least
squares discriminant analysis (PLS-DA) [87], SVM [69,72,88,89], and
random forests [90,91]. Presently, these traditional chemometrics
are increasingly challenged by the complexity of microbial spectral
database, especially for microbial spectra with low signal-to-noise
ratios (SNR). To address these challenges, deep learning algo-
rithms, such as convolutional neural network (CNN) [63,86,92,93]
and generative adversarial network (GAN) [94], are becoming a
promising solution and recently gain momentum in pathogen
identification (Table 1). For example, Ho et al. combined Raman
spectroscopy with CNN algorithm for a rapid identification of
pathogenic bacteria at strain level. The average identification accu-
racies of 30 isolated bacterial strains exceed 82% even on low SNR
spectra, which outperforms the most traditional algorithms such as
logistic regression (75.7%) and SVM (74.9%) (Fig. 4A) [63]. Moreover,
this approach can distinguish MRSA and MSSA with 89.1% recogni-
tion accuracy, allowing for targeted treatment of bacterial infections.
To use these algorithms for pathogen identification, the first step is
to establish and train a classification model using Raman spectro-
scopic database of known bacterial species. The trained model
should then be validated and even tuned using a biologically or
technically independent dataset. Finally, the obtained classification
6

model is used to identify unknow bacterial species from clinical or
environment settings.

2.2.3. SERS for a versatile pathogen capture and identification
Compared with normal Raman, SERS provides strongly

enhanced Raman signals, enabling the detection of pathogens even
using portable Raman devices with a low detection sensitivity
[104]. Generally, there are two strategies for SERS-based biosensing
of pathogens including label-free and label-basedmethods [105]. In
label-free methods, bare metal nanoparticles (NPs) are directly
used for SERS detection based on the intrinsic biological informa-
tion of pathogens. In label-based methods, metallic NPs are modi-
fied with different molecules to construct SERS biosensors for
multiple function. To capture pathogens, SERS biosensors can be
conjugated with specific pathogen recognition elements such as
antibodies [106,107], aptamers [108], and vancomycin [109]. In
addition, Raman reporter molecules with very strong SERS signals
are normally introduced into SERS biosensors to improve the
detection sensitivity of pathogens, such as 4-mercaptobenzoic acid
(4-MPBA) [110], Rhodamine 6G [111], 4-aminothiophenol [107], 4-
mercaptopyridine, and 5,5-dithiobis-2-nitrobenzoic acid [112].
Label-based SERS biosensors have enabled a highly sensitive and
multiplex detection of pathogens in complex matrices such as
clinical blood [109,110], food, and drink [106,108]. For instance, He
et al. developed an approach capable of simultaneous capture, SERS
detection, and inactivation of bacteria from blood using MBPA-
modified Ag NPs (Fig. 4B). Moreover, SERS biosensors can
combine with magnetic beads and microfluidic chip to isolate and
enrich the captured pathogens for identification.

SERS biosensors also provides an ultrasensitive tool for virus
detection and identification. Recently, Yeh et al. developed a VIR-
RION (virus capture with rapid Raman spectroscopy detection and
identification) biosensor for rapid virus capture and optical iden-
tification without labelling from clinical samples (Fig. 4C) [99]. In
this study, the viruses were enriched based on their size using
carbon nanotube herringbone patterns decorated with Au NPs.
These viruses were then identified using SERS in conjunction with
machine learning algorithm. This nondestructive approach pro-
vides an innovative system for virus isolation and identification
from clinical samples. In addition, Scully et al. combined tip-
enhanced Raman scattering (TERS) with coherent anti-Stokes



Fig. 4. Rapid identification of pathogens by normal Raman and SERS. (A) Raman spectroscopy combined with deep learning for rapid identification of pathogenic bacteria. (a)
Average Raman spectra of 30 pathogens. (b) CNN architecture used for pathogen identification from low-signal Raman spectra. (B) Schematic of multifunctional SERS chip of Ag NPs
modified with bacteria-binding 4-MPBA for bacterial capture, detection, and inactivation. (C) Raman spectroscopy used for virus identification. (a) Illustration of (i) size-based
capture and (ii) label-free SERS for viruses identification. (b) Schematics of the transmission TERS setup used for viruses detection. Reproduced with permission from
Refs. [63,99,110,113].
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Raman spectroscopy to map the virion surface structure of a single
virus particle (Fig. 4C), providing a way with nanometer resolution
and chemical specificity for viral studies [113].
2.3. Raman biosensor for phenotypic analysis of antimicrobial
resistance

2.3.1. Single-cell Raman-SIP for a rapid phenotypic AMR analysis
The emergence and spread of antibiotic resistance in pathogenic

bacteria pose a significant threat to public health worldwide.
Traditional growth-based methods such as broth dilution assay and
disk diffusion test for AMR surveillance are very time-consuming. It
typically takes days to weeks for pathogen isolation and antibiotic
susceptibility testing (AST) [114]. By comparison, SCRS combined
with deuterium substrates (e.g., D2O and deuterated glucoses)
provides a rapid means to circumvent the lengthy preculture and
detect ARB with phenotypic resistance in their natural habitat. As
described in section 2.1.2, when incubated with deuterium-labeled
substrates, metabolically activemicrobes can incorporate 2D into de
novo synthesized biomass, generating a new carbon-deuterium (C-
D) Raman band (Fig. 3B) [47,115]. Since this process is governed by
the general metabolic activity of bacterial cells, C-D Raman shifts
may serve as an indicator to monitor microbial metabolic activity
[115]. Under antibiotics treatment, antibiotic resistant and sus-
ceptible strains display totally different metabolic activities and can
thus be simply discriminated based on the intensity of C-D bands.

Recently, Yang et al. developed single-cell Raman combined
with D2O labelling (Raman-D2O) for rapidly sensing phenotypic
AST of pathogens in clinical urine samples (Fig. 5A) [47]. In this
study, infectious pathogens were recovered directly from clinical
Fig. 5. Single-cell Raman-D2O for phenotypic analysis of antibiotic resistance. (A) Single-
different time. (B) Schematic of rapid AST for clinical samples via single-cell Raman-D2O. (C)
single-cell Raman-rD2O. (D) Identification of antibiotic resistant transformants of E. coli DH
ampicillin treatment. Reproduced with permission from Refs. [46,47].
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urine samples and incubated in media containing D2O and antibi-
otics. After single-cell Raman detection, antibiotic susceptibility
readouts were reported according to the relative C-D ratio of
pathogens. The total assay time was shortened to only 2.5 h from
receiving urine samples to AST results. Yi et al. further extended the
applicability of Raman-D2O for AST of pathogens in more complex
blood samples [116]. Stimulated Raman scattering provides another
rapid way for AST by Raman imaging of multiple individual bac-
terial cells in one field of view [117,118]. In addition to ASTof clinical
pathogens, Raman-D2O based biosensor has also been applied to
detect ARB in various environments, such as plastic biofilms [37],
river water [37,119], and human gut [53].

These results demonstrated the great potential of single-cell
Raman-D2O for phenotypically surveilling ARB in wastewater
because it is cost-effective and easily applicable. In the future, with
the development of devices integrating automated sample prepa-
ration, Raman detection and intelligent data processing, Raman-
D2O will find a way for routine ARB surveillance in wastewater.
2.3.2. Single-cell Raman-SIP for phenotypic tracking of AMR spread
Environments such as wastewater is a huge reservoir of anti-

biotic resistance. The widespread of antibiotic resistance in both
clinical settings and environments threatens human health [120].
Horizontal gene transfer (HGT) allows ARGs exchanging across
various bacterial strains and even concentrating into one cell,
driving the evolution of superbugs resistant to all types of antibi-
otics [121,122]. Bacteria receiving ARGs and displaying phenotypic
resistance are more dangerous than those without expression. In
this regard, Raman-SIP-based biosensor provided an attractive way
for HGT tracking because of its high detection sensitivity,
cell Raman spectra of E. coli incubated with culture medium amended with D2O for
Workflow for phenotypic tracking of antibiotic resistance spread via transformation by
5a receiving bla plasmids based on the lower C-D ratios after 1 h of incubation under
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phenotypic characterization, rapidness, and culture-independence
compared with conventional plate culture and reporter gene
technology. Based on the different metabolic activities of antibiotic
resistant and sensitive bacteria in uptaking H to replace pre-labeled
D under antibiotic treatment, Li et al. developed Raman with
reverse D2O labeling (Raman-rD2O) as a more sensitive tool than
forwarding labelling in distinguishing phenotypically resistant and
susceptible bacteria (Fig. 5B) [46]. The rapid silence of C-D bandwas
established as a sensitive indicator capable of discriminating
phenotypically resistant transformants from a large pool of recip-
ient bacteria. By using single cell Raman-rD2O biosensor, the spread
efficiency of multiple plasmid-borne ARGs extracted from soils
against five clinically relevant antibiotics to E.coliwas revealed. This
approach is readily applicable to evaluate the spread risk of resis-
tome in wastewater via HGT to clinically relevant pathogens,
providing a means for target control of resistance spread.

3. Molecular tools for genotypic pathogen and antimicrobial
resistance analysis

3.1. Principle and advantages of molecular tools

Cultivation is a classical method for identifying pathogens (e.g.,
bacteria, viruses, fungi, and protozoa) and their antibiotic resis-
tance. Pure culture of microorganisms has always been considered
as the basis of research on infectious disease. However, it is a
lengthy and laborious process, due to the necessity of enriching and
isolating pathogens on selective media from complex environ-
mental microbial communities [123]. Moreover, low-abundance
pathogens in the environment increase the difficulties to enrich
and separate, although they may still pose a high risk of spread and
infection. Pathogens can be also in a VBNC state after exposure to a
hostile environment for a long time [124]. Therefore, cultivation
technique has many limitations for monitoring of pathogens and
Fig. 6. Advantages and disadvantages of different molecular to
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their antibiotic resistance in environments. Recently, more and
more culture-independent molecular tools, such as PCR, loop-
mediated isothermal amplification (LAMP), high-throughput
qPCR, metagenomic sequencing, and single-cell genomic
sequencing, have been applied to detect pathogens and their
antibiotic resistance in environments (Fig. 6) [125e127]. These
culture-independent molecular tools are efficient at detecting
genes of microorganisms that cannot grow in the lab, multiply very
slowly or are in a VBNC state in environments. They are also
operated in a high-throughput manner allowing capturing many
different types of genetic information from taxonomy to functional
genes such as ARGs, MGEs, virulence factor. Molecular methods
have been recruited as a standard approach in the GLASS launched
by WHO [17], and are thus of great potential for wastewater sur-
veillance to interpret pathogen and AMR profiles and understand
their prevalence. The advantages and disadvantages of different
molecular tools for the surveillance of pathogens and AMR are
summarized in Fig. 6.

3.2. PCR-based molecular tools for pathogens and antimicrobial
resistance analysis

PCR, as a gold standard technique of gene amplification, is the
most commonly used molecular tool for detecting the specific
segments of pathogen genomes (DNA or RNA). Multiplex PCR as-
says with many different primers can be designed to detect mul-
tiple pathogens and/or resistance genes at the same time. Presently,
the traditional agarose gel-based detection of PCR amplification has
no longer been able to meet the high demand of accurate quanti-
fication and rapid detection of target genes. Real-time quantitative
PCR (qPCR) makes up for this deficiency and can rapidly detect
target genes without electrophoresis and monitor DNA amplifica-
tion in real time [128,129]. SYBR Green and TaqMan are the two
commonly used methods in qPCR to quantify the concentration of
ols for surveillance of pathogens and antibiotic resistance.
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target genes by monitoring the real-time changes of fluorescence
during thermal cycling [130]. TaqMan probe has a higher specificity
than SYBR Green but is more costly. The high specificity of TaqMan
probe is more effective for analyzing diverse pathogens and AMR-
associated genes from complex environmental matrices [131]. In
the past years, qPCR has been widely employed to detect different
types of common pathogens in wastewater, such as Cryptospo-
ridium and Giardia, which are the major cause of diarrheal disease
in humans worldwide [132]. Shannon et al. detected thirteen
diverse pathogens during five stages of wastewater treatment (i.e.,
raw wastewater, primary effluents, mixed liquor, waste activated
sludge and final effluents) [131]. Surprisingly, some of pathogens
including K. pneumoniae, E. coli, E. faecalis, and C. perfringens were
detected throughout thewastewater treatment process, confirming
the risk of exposure to these stubborn pathogens. In addition,
Calder�on-Franco et al. investigated the ARGs harbored in intracel-
lular and extracellular DNA in wastewater environments using
qPCR, raising concerns about the spread of ARGs via extracellular
DNA during the wastewater treatment progress [128].

Reverse-transcriptase quantitative PCR (RT-qPCR) is an exten-
sion of qPCR technology. It has been demonstrated as an excellent
method for detecting RNA viruses (e.g., SARS-CoV-2 and norovirus)
pollution in wastewater [133,134]. During the Covid-19 pandemic,
RT-qPCR has beenwidely used to detect SARS-CoV-2 in both human
and environmental samples such as wastewater [135,136]. Medema
et al. found that the RNA signals of SARS-CoV-2 detected by RT-
qPCR in wastewater correlated significantly with the prevalence
of COVID-19 [135]. The surveillance of SARS-CoV-2 RNA concen-
trations at the inlet and outlet of WWTPs can serve to early warn
virus circulation in the population. Due to the low concentration of
viruses in the environment, concentration steps such as ultrafil-
tration, polyethylene glycol precipitation, and electronegative
membrane adsorption, are normally needed prior to direct RNA
extraction. Droplet digital PCR (ddPCR) is another new sensitive
method for nucleic acid detection based on Poisson distribution
statistics by fractionating DNA/RNA samples into tens of thousands
of nanodroplets for PCR amplification within each individual
droplet. Compared to traditional qPCR, the benefits of ddPCR
include absolute quantification of target DNA copies without the
requirement of running standard curves, reduced PCR bias by
removing the amplification efficiency reliance of qPCR, increased
signal-to-noise ratio allowing for sensitive and precise detection of
rare targets due to the highly diluted nucleic acid templates and
effective amplification in droplet [137]. ddPCR is a sensitive tool for
target DNA measurement, microbial quantification, and viral load
analysis. It has been applied to detect and quantify different path-
ogens in wastewater, such as norovirus, adenovirus, Shiga toxin-
producing E. coli [126,138], and the abundance of different types
of ARGs encoding resistance to tetracycline, sulfonamide, and
macrolides [139]. The high sensitivity and precision of ddPCR
enabled the quantification of viruses with low abundance in gray-
water that is hard for traditional qPCR.

In addition to PCR-based DNA measurement technology, LAMP
is also a simple, rapid, specific, and cost-effective nucleic acid
measurement technology. Different from PCR, LAMP can complete
amplification at a constant temperature (60e65 �C) without ther-
mal cycler [140]. This advantage endows it great ability for field
testing by using a paper-based device or microfluidic chip [127,141].
LAMP has beenwidely used for the rapid detection of bacterial DNA
of foodborne, airborne, and waterborne pathogens, such as Pseu-
domonas aeruginosa, Legionella pneumohila, Vibrio parahemolyticus,
and Vibrio cholerae [127,142,143]. Recently, LAMP was used for the
rapid and on-site detection of RNA viruses (e.g., Avian Influenza
Virus) by combining with reverse transcription [144]. Furthermore,
LAMP can rapidly detect ARGs [145,146], and the results showed a
10
98.2% agreement with those detected by qPCR assays. Moreover,
DNA-based nanosensor has also been used to specifically detect
pathogens like V. cholera, E. coli, MRSA, Aspergillus, Candida, and
Bacillus subtilis [147]. Specific genes of pathogens could interact
with bioreceptor and induce changes in the DNA molecules of
bioreceptor. Such changes can be converted to appropriate signals
by transducer and readily detected. There are many advantages of
this technology, such as excellent stability, low detection limit, user
friendly, and measurement in real time. However, the toxicity of
nanomaterials and difficulty in sensor regeneration limit the wide
application of DNA-based nanosensors [148]. Hybridization-based
method is another systematic technique for the detection of
target genes (e.g., resistance genes). It can be subdivided into those
based on arrays, line probe assays and fluorescent in situ hybridi-
zation (FISH) [149]. The hybridization-based method has been used
for the detection of pathogens and their carried ARGs in waste-
water. Santiago et al. developed a FISH method with SA23 probe
and used it to detect the prevalence of Salmonella and antibiotic
resistance in reclaimed wastewater even after UV disinfection, a
great matter of public health concern [150].

3.3. High-throughput qPCR for pathogens and antimicrobial
resistance analysis

With the rapid development of DNA sequencing, the number of
available genomic information on pathogens and AMR has been
growing rapidly. However, a comprehensive surveillance of the
great variety of pathogens and ARGs in environments by conven-
tional qPCR is quite time consuming, cost ineffective and burden-
some [151,152]. Thus, many previous works using conventional
qPCR only targeted a small fraction of pathogens and ARGs in
environmental matrices [153,154], rendering the results not
broadly representative. It is essential to simultaneously quantify
the abundance of a large number of pathogens and ARGs for a
comprehensive evaluation of the contamination level and health
risk.

The recently developed high-throughput qPCR (HT-qPCR),
which is capable of detecting PCR reactions of hundreds of different
primers targeting almost all major classes of ARGs and pathogens in
one chip, is becoming more and more popular for environmental
surveillance [151,155]. HT-qPCR has been used to quantify the
antibiotic resistome of a wide variety of environmental matrices,
including soil, sediment, wastewater, drinking water, freshwater,
air, snow, plant, food, etc [20,156e160]. Wastewater plays an
important role in accumulating, exchanging, and disseminating
pathogens and AMR in the environments [153]. By using HT-qPCR,
previous studies have found that the abundance of ARGs in
wastewater cannot be completely removed after WWTPs treat-
ment, instead, some of them may persist or even increase in
effluent [161e163]. Mao et al. found that the absolute abundance of
ARGs reduced by 89.0%e99.8% from the raw influent to the effluent,
but considerable ARG levels from (1.0 ± 0.2) � 103 to
(9.5 ± 1.8) � 105 copies/mL can still be detected in the effluents of
WWTPs [161]. An et al. further evaluated ARGs dynamics using HT-
qPCR during wastewater treatment process from a broad range of
11 WWTPs in China [19]. They found that the abundance and di-
versity of ARGs were significantly reduced after wastewater treat-
ment process, while seven ARGs mainly conferring resistance to
aminoglycosides and beta-lactams persisted in all WWTPs after
treatments. Yu et al. detected 261 ARGs in wastewater using HT-
qPCR, including those conferring resistance to multidrug, beta-
lactams, aminoglycoside, tetracycline, marcrolide-lincosamide-
streptogramin B (MLSB) [164], and found that extracellular ARGs
as an important source were transferred from WWTPs to the
receiving environment.
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Based on the idea of HT-qPCR detection of antibiotic resistome,
researchers further designed primers specifically targeting viru-
lence factor of pathogens and fecal markers to achieve a HT-qPCR
detection. An et al. firstly established and employed HT-qPCR to
simultaneously quantify 68 marker genes of 33 human pathogens
and 23 fecal markers of 10 hosts in marine recreational water
samples in Xiamen, China [151]. The established HT-qPCR assay
covered many common pathogens, including S. aureus, Salmonella,
Klebsiella pneumoniae, Legionella, Helicobacter pylori, V. cholera, and
P. aeruginosa, many of which have been listed as priority pathogens
by WHO [165]. Before the advent of HT-qPCR, identification of
multiple pathogens in the environment is commonly made using
metagenomic sequencing. Although the sequencing technology has
the high-throughput ability for pathogens surveillance, quantita-
tive information of target pathogens is difficult to obtain. In addi-
tion, 16S rRNA gene-based sequencing cannot recognize the genes
encoding the pathogenicity of microorganisms [166]. By compari-
son, HT-qPCR can more accurately identify pathogens based on the
genes encoding virulence factor. Moreover, the source of pathogens
in environments can be identified by monitoring the marker genes
specific for mammal hosts from different samples. Therefore, HT-
qPCR has a great potential to be employed for an extensive sur-
veillance of pathogens, antibiotic resistance and even their origins
in wastewater.

Although HT-qPCR is useful for the detection of a large numbers
of ARGs and pathogens, there are also some limitations. Firstly, HT-
qPCR depends on the known genes for primer design, thus the
unknown ARGs and virulence factors in environments cannot be
detected by this method [167]. The target gene pool still needs to be
expanded and improved constantly; Secondly, the uniform ampli-
fication conditions of HT-qPCR throughout the assaymay not be the
optimal conditions for each gene [168]; Thirdly, like other molec-
ular methods, it is unable to differentiate viable cells, dead cells and
extracellular genes of the detected pathogens, thus the actual
health risk to humans is unknown [155]. Advancements in
metagenomic/single-cell genomic sequencing and their integration
with phenotypic characterization may provide a good solution.

3.4. Metagenomic sequencing of pathogens and antimicrobial
resistance

Genomic sequencing, especially metagenomic sequencing, is
being increasingly used for pathogens and AMR surveillance.
Different from PCR that only targets selected genes, metagenomic
sequencing offers a vast information and highest resolution of all
known genes by sequencing the whole genome of all microbes
inhabiting in environments [169e171]. It thus can not only reveal
microbial community structure but also its functional genes such as
ARGs, MGEs, virulence factor and their microbial hosts in complex
environments, such as wastewater [125,172].

With more and more people living in urban areas, an increasing
proportion of population is connected to sewer systems [173].
Metagenomic sequencing of urban sewage has been employed for
global monitoring of antibiotic resistance in 60 countries across 6
continents including Europe, North-America, Oceania, Africa, Asia,
South-America [174]. The diversity and abundance of ARGs were
found to vary greatly by continents. This work also proposed the
use of metagenomic analysis of sewage as an economically
affordable and ethically acceptable option for a continuous sur-
veillance of AMR, including resource-poor countries [174]. It was
also employed to study urban sewage samples across 32 WWTPs
within 17 Chinese cities. Extensively shared resistome was
observed in Chinese urban sewage samples, and the shared resis-
tome was strongly associated with human gut microbiota,
demonstrating the potentially strong interaction between human
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health and urban health [18]. Particularly, hospital wastewater
represents a collection of fecal matter of patients receiving anti-
biotic treatment, thus contributing more to AMR and posing a great
exposure risk to people than other sources [175]. A study in Israel
using shotgun metagenomics revealed diverse ARGs conferring
resistance to antibiotics of high clinical relevance in the hospital
wastewater [176]. In another working using Illumina HiSeq-based
shotgun metagenomics, novel ARGs encoding carbapenemases
not yet found in clinical strains were identified, indicating that
hospital wastewater served as a reservoir of novel ARGs [177].

The problem of antibiotic-resistant infections is exacerbated by
the dissemination of ARGs via HGT. WWTPs are recognized as
hotspots for HGT of ARGs. Metagenomics revealed that ARGs car-
ried by MGEs such as class 1 integrons and plasmids were widely
found in wastewater [20,177]. The co-occurrence of pathogens and
resistance genes further increased the opportunities of unwanted
HGT events [177]. It was also employed to study ARGs in bacte-
riophages. A higher prevalence of ARGs on phage DNA than bac-
terial DNA was revealed in hospital wastewater, indicating the role
of bacteriophages as potential vehicles for horizontal transfer of
ARGs [178]. In addition, dissemination of ARGs between humans
and the environments they inhabit is a public health priority. By
using metagenomic and 16S sequencing, Pehrsson et al. investi-
gated the resistance exchange network and microbial community
between interconnected human fecal and environmental micro-
biota from two low-income human habitats in Latin America. They
identified MGEs-associated key ARGs across habitats which were
determined to be generally structured by bacterial phylogeny [179].
This work lays the foundation for surveillance of resistance gene
dissemination across interconnected habitats [179].

WWTPs are fundamental infrastructures to reduce chemical,
physical, and microbial contaminants in wastewater and improve
the water quality of effluent [6], and are thus called the city's gut.
However, the treated sewage and sludge still bear potential risks of
spreading antibiotic resistance and pathogenicity [180]. Meta-
genomic analysis was employed to evaluate the treatment effi-
ciency of WWTPs in removing ARGs. For example, Christgen et al.
revealed that anaerobiceaerobic sequence bioreactor was effective
in reducing the abundance of aminoglycoside, tetracycline, and b-
lactam ARGs [181]. However, the abundance of sulfonamide and
chloramphenicol ARGs were largely unaffected by treatment. Ju
et al. compared the removal versus enrichment of ARGs and
pathogens in municipal sewage sludge digesters. The results
showed that ARGs and pathogens could not be removed by
anaerobic digestion, and ARGs conferring multidrug resistance
tended to co-occur with pathogens [182].

In addition to the distribution and composition of ARGs in
wastewater, it is also important to elucidate the genetic location
(e.g., MGEs or chromosome) and microbial hosts for an in-depth
understanding of the dynamic spread of ARGs and ARB in waste-
water. However, the short reads from Illumina-based metagenomic
sequencing and the presence of numerous insertion sequences and
repetitive elements in MGEs hamper the effective assembly of short
reads and understanding of the genetic context of ARGs. This
problem can be resolved by using long read sequencing that spans
most insertion and repetitive sequences [183]. Che et al. combined
long read Oxford Nanopore and metagenomic sequencing to un-
cover the resistome context and track the host of ARGs in WWTPs.
Most of ARGs in WWTPs were found to be carried by plasmids, and
a higher prevalence of transposons and integrons were detected on
plasmids than chromosome, indicating a potentially important role
of these MGEs in promoting the spread of ARGs in wastewater [20].

Metagenomic sequencing was also used to explore the meta-
genome of viral pathogens. Over 200 known viruses and 51 novel
viruses were identified in untreated wastewater [184]. Reclaimed
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water, the end-product of wastewater treatment and an important
alternative urban water supply [185], was found to contain 1000-
fold more viruses than drinking water [186]. Viral metagenomics
was applied to sewage sludge from 5 large WWTPs in U.S. each
serving a population between 100,000 and 1,000,000. A total of 43
different types of human viruses were identified in sewage sludge,
including newly emerging viruses (Klassevirus, Coronavirus HKU1
and Cosavirus) associated with respiration and Enteroviruses [187].
Viral metagenomics was also used to obtain RNA virosphere in the
wastewater from Santiago in South America. The results showed
that 88% of sequences from RNA virosphere were unknown, while
known viral sequences weremainly fromviruses infecting bacteria,
invertebrates and humans [125]. Obviously, sewage viral meta-
genomics is useful for public health surveillance.

Metagenomic analysis can be also combined with metatran-
scriptomic analysis to comprehensively reveal the prevalence and
expression of ARGs. A total of 330 ARGs conferring resistance to 21
antibiotic classes were detected in the gut microbiome of human
and animal, but only around half of them were transcriptionally
active [188]. By applying metagenomic and metatranscriptomic
analysis in activated sludge from three WWTPs in Taiwan, most of
ARGs were found to be actively transcribed, and their transcript
abundance was correlated with ARGs abundance. Meanwhile,
plasmid-associated ARGs were found to display a higher tran-
scription probability than ARGs in chromosomes [189].

In addition to the above sequence-based metagenomics, func-
tional metagenomics, which screens expressed ARGs from meta-
genomic clones in microbial hosts on media with target antibiotics
[190], provides a way to identify completely novel ARGs. By using
this technology, a novel tetracycline resistance gene was identified
in pig manure [191]. Functional screening of plasmid and small-
insert libraries identified 80 ARGs, one of which was discovered
as a novel clade of chloramphenicol acetyltransferases. By
combining functional metagenomic with long read sequencing
technology, a broad resource for understanding the dispersal of
ARGs was provided in agriculture and clinical settings [192].

3.5. Single-cell genomic sequencing of pathogens and antimicrobial
resistance

Single-cell sequencing can provide insights into genomics by
deciphering the contribution of individual cells. It advances rapidly
and produces some new discoveries that bulk metagenomics fails
to achieve in recent years. For instances, single-cell sequencing is a
high-resolution approach enabling study of rare but important
species (bacteria, virus, protist) or event (HGT or mutation) that
may present a lower copy number than what metagenomic
sequencing can resolve. It may also distinguish high homology
sequencing derived from divergent species that metagenomics fail
to do [193], or identify cell-by-cell genomic variation to enable
evolutionary analysis of population. It also provides a potentially
unambiguous way to link ARGs, MGEs, virulence factor with mi-
crobial hosts. When combined with targeted sorting of bacteria
with phenotypic resistance, single-cell sequencing can potentially
identify novel ARGs encoding known or unknown resistance
mechanisms from the large majority of uncultivated ARB in
environment.

To obtain single-cell genomes, efficient isolation and sorting of
individual cells is the first critical step. The presently developed
sorting techniques include gradient dilution based on Poisson
distribution [194], optical tweezers [65,195], laser ejection and also
high-throughput methods such as flow cytometry and microfluidic
devices capable of droplet generation [196e199] When combining
these sorting techniques with fluorescence or Raman spectroscopy,
targeted sorting of cells of interested based on the specific
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fluorescence or Raman signals can be achieved. Another critical
step is multiple displacement amplification (MDA) which is now a
gold standard for amplification of single genomes to generate
enough genomic template for direct sequencing or a further PCR
amplification [200,201].

Presently, single-cell genome sequencing has been employed in
bacteria, virus, and protist. Some new insights, especially into novel
or rare taxa and genes that lacked representation in the known
sequence databases, were provided. The feasibility of single-cell
genomic sequencing of low-abundance microorganisms in com-
plex microbial communities has been validated [202]. Liu et al.
developed a novel microfluidic-based microdroplet platform to
isolate ARB and detected novel single-nucleotide polymorphisms of
fusA in a mutant [203]. In addition, an agarose dropletebased
microfluidic emulsion PCR was developed to detect rare patho-
genic E. coli O157:H7 from 100,000 of normal cells [198]. Recently,
Lan et al. developed an ultrahigh-throughput droplet microfluidics
approach to capture single cells and barcode individual genomes to
enable a sequencing pool of thousands of tagged genomes. This
approach has been applied in marine samples to link ARGs to their
host genera [199]. Single-cell genomic sequencing has also been
applied in eukaryotes studies. Single-celled protists from Tara
Oceans were obtained by flow cytometric sorting. The results
indicated that the genotype of uncultured stramenopiles showed a
specific spatial distribution and heterotrophic marine protists
performed diverse functions in ocean [204].

Single-cell genomics was further applied in viruses. Viruses are
the most diverse biological entities in earth, however, traditional
methods in virosome depend on cultivable virus-host systems.
Using E. coli phage as a model, viral particles were sorted through
flow cytometry. The sorted viruses were amplified through MDA
and the amplified products were then used for sequencing [205]. By
applying single-cell genomics and metagenomics to a hot spring
mat, hostevirus interactions based on DNA sequence were pre-
dicted. It was found that 26% of single cells contained at least one
viral contigs, and the copy number of viral genomes was lower
compared to their hosts, indicating that lysogeny is the predomi-
nant viral lifestyle in low mobility environments [197].

Single-cell RNA sequencing (scRNA-seq) is the future of genome
biology [206]. Transcriptome is a crucial constituent for the main-
tenance of bacteria identity which is highly heterogeneous even in
isogenic populations [207]. ScRNA-seq for eukaryotic cells has been
well developed and can provide a comprehensive gene expression
heterogeneity profile for tens of thousands of cells. For example,
using a high throughput scRNA-seq, cells in Arabidopsis were found
to be highly heterogeneous during root cell differentiation [208].
However, adapting scRNA-seq to microbes is highly challenging
because bacteria have extremely lower mRNA content than
eukaryotic cells. Recently, split-pool ligation-based transcriptome
sequencing has enabled a high-throughput characterization of
bacterial gene expression. Using this method, cell states at different
growth phases were discriminated, and a rare cell subpopulation
with prophage induction was revealed [209,210]. It is anticipated
that scRNA-seq contributes to reveal the underlying gene expres-
sion associated with antibiotic resistance.

Overall, there are still technical challenges associated with
single-cell genomic sequencing. DNA contamination is a chal-
lenging unresolved problem when sequencing and assembling
genomes after MDA. Methods have been reported for removing
irrelevant DNA from the isolated single cells by repetitive cell
sorting [211]. Setting a strict control treatment was also an effective
way to remove contamination induced by MDA reagents [212]. In
addition, because amplification bias such as over-representation in
one MDA reaction often occurs [213], reducing the reaction volume
of MDA has been adopted to reduce the amplification bias [214].



Fig. 7. Workflow for integration of phenotypic (Raman) and genotypic (molecular
methods) analysis to study microorganisms. Microbial samples obtained from WWTPs
were subjected to Raman detection (label free or SIP) for phenotypic characterization.
After identifying a cell of interest, the target cells were sorted by optical tweezers, laser
ejection or microfluidics. The sorted cells were then committed to downstream studies
such as genome sequencing and cultivation.
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Melting and limited re-annealing of MDA products was also used to
reduce the representation of abundant sequences [211].

4. Integration of phenotypic and genotypic analysis

Despite extensive sequencing-based characterization of micro-
biomes, there remains a dramatic lack of understanding of micro-
bial functions, because most of functional genes and whether they
can be expressed are unknow. For example, only 30e60% of genes
in human microbiome gene catalog can be annotated [215]. The
lack of understanding of bacterial functions and the underlying
genetic mechanisms calls for the integration of phenotypic with
genotypic analysis. SIP is a powerful tool for exploiting the
ecophysiology and functions of microbiomes based on the assimi-
lation of isotopes (C, N, O, H, S) into newly synthesized biomass
[44,216,217]. It not only allows in situ study of specific physiological
activities of microorganisms without prior knowledge of genetic
basis [218], but also provides a way to distinguish functional bac-
teria incorporating isotopes without knowing the bacterial meta-
bolic process [217].

DNA-SIP is a bulk approach that can identify bacterial popula-
tion assimilating stable isotopes by separating SIP-labeled nucleic
acids based on their different densities. The selected fractions can
be analyzed through gene sequencing to reveal the phylogenetic
and functional gene composition of the associated microbial pop-
ulation. Ouyang et al. applied DNA-SIP to investigate
sulfamethoxazole-degrading bacteria in soil microcosms, and
Actinobacteria was determined as a crucial player in yet-
uncultivated indigenous bacteria for antibiotics degradation [219].
Although DNA-SIP approach has been frequently performed, there
are few studies of combining SIP with metabolomics, so this is an
exciting area for future research [220].

Recently, SIP approach is also developed to combinewith single-
cell Raman-activated cell sorting to achieve a high-resolution
linking of phenotypic and genotypic analysis. The workflow is
shown in Fig. 7. As Raman measurement is nondestructive, bacteria
of interest are allowed for subsequent single-cell sorting and mo-
lecular analysis [115]. For example, by incubating colonic micro-
biota with different mucosal O-glycan monosaccharides in the
presence of D2O, members of the underexplored family Mur-
ibaculaceae, Lachnospiraceae, Rikenellaceae and Bacteroidaceae
were revealed as the major mucin monosaccharide foragers by
sequencing of sorted cells. Based on this information, a five-
member consortium using the above bacteria were built to impede
the growth of intestinal pathogen Clostridioides difficile [221]. Un-
der antibiotics treatment, single-cell Raman-D2O can be used to
discriminate phenotypically antibiotic resistant and susceptible
bacteria based on their metabolic activity. This approach has been
applied to identify ARB in river, and Raman activated cell ejection
was applied to isolate single ARB for the first time. Potential human
pathogens were identified in the sorted cells by 16s RNA
sequencing [119]. Wang et al. used Raman-D2O to detect ARB in
human gut [53]. To establish the link between phenotypes and
genotypes of the ARB, tens of antibiotic active cells were sorted and
the mini-metagenomic DNA of the sorted bacteria was amplified
and sequenced. The sorted ARB and their associated ARGs were
identified. This study revealed that bacterial genotype did not
necessarily lead to resistance phenotype due to the lack of gene
expression [53]. Recently, Raman-activated gravity-driven single-
cell encapsulation and sequencing (RAGE-Seq) was developed to
provide a high coverage of genome assemblies. RAGE-Seq has
successfully unraveled genome-wide antibiotic resistance muta-
tion map of single bacteria from urine [222]. Hence, it is important
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to study both genotype and phenotype to uncover the functionality
of ARB. These examples highlighted how key microorganisms with
specific metabolisms of interest can be identified without prior
knowledge of genetic basis underlying the functional ability.
Therefore, single-cell Raman SIP-activated soring opens a new
window to study ARB, especially the underexplored large majority
of unculured ARB in environments.

Moreover, Raman spectroscopy has the potential to identify the
species and antibiotic resistance of bacteria without SIP. Different
bacterial phenotypes can be characterized by the intrinsic molec-
ular compositions of individual cell, leading to subtle difference
among bacterial Raman spectra. By training a classification model
via machine learning such as convolutional neural network, Ho
et al. distinguished the methicillin-resistant and -susceptible iso-
lates of S. aureus. Antibiotic resistance and susceptibility diagnosis
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of clinical isolates was further achieved at accuracies of 65% in
clinical samples [63]. Raman-based bacterial classification was also
used to identify pathogens in water and food in spiked culture
systems [69,95], so it is a potentially powerful way to integrate
Raman classification and genotypic sequencing for a further in-
depth understanding of pathogens and AMR.

5. Conclusions and future outlook

With population and urbanization expanding, pathogens and
AMR are emerging as the major threat to public health, which is
true during the current pandemic. Wastewater, as the collector and
spreader of pathogen and AMR, is being increasingly discharged
with the intensifying human activities. It can be anticipated that
wastewater and WBE will play a more important role than ever
before for monitoring and early warning of public health. Here, by
pinpointing the current two major global health threats of patho-
gens (especially bacteria and virus) and AMR, we reviewed the
most recent technological advancements in Raman biosensor and
molecular methods for phenotypically and genotypically surveil-
ling of pathogens and AMR respectively, and also their integration
for a more holistic understanding of health risk.

In the future, technological breakthrough will determine the
depth and width that WBS can achieve, especially those previously
unachievable new insights into public health. Moreover, methods
standardization and surveillance range are also critical for indi-
cating the regional and global-scale public health. Here we put
forward some perspectives on technological development aiming
to enhance wastewater surveillance capacity to early and better
inform tackling strategy.

1) Multiplex phenotypic and genotypic surveillance

Important health risk-associated microbial phenotypes can be
antibiotic resistance, physiological states (dead, dominant, VBNC,
persistent, active), and pathogenicity. The genotypes can be
genome, resistome, mobilome, transcriptome and proteome. There
is a great necessity for multiplex phenotypic and genotypic sur-
veillance. As such, not only health risks but also the spread risks and
the underlying mechanisms can be illustrated. The resulting
comprehensive information is highly valuable for a more realistic
and in-depth risk evaluation and predication. For example, some
bacteria harboring multiple ARGs may not be a superbug, but these
ARGs, especially those located onMGEs (mobilome), still hold great
potentials to disseminate to other species which may become a
superbug phenotypically resistant to nearly all antibiotics. In this
case, it is important to know the mechanism accounting for the
species with expression of ARGs (transcriptome).

To integrate phenome and genome profiling, single cell-based
techniques such as single-cell Raman activated sorting and
sequencing techniques are highly promising. Presently, linkage of
microbial phenotypes detected by Raman with genotypes of single
(single-cell amplified genome) or multiple targeted cells (mini-
metagenome) has been developed and applied in some environ-
mental communities. However, this technique has not been
developed to a point that it can be most effective. The successful
applications were still very limited. Technique advances to obtain
high-quality DNA amplified from single targeted cells and improve
the throughput and automatic level are urgently needed for its
future robust applications. In comparison with single-cell DNA
sequencing (genome), single-cell RNA (transcriptome) and protein
(proteome) sequencing are more challenging due to the much
lower concentration of mRNA or protein than DNA. Integration of
single-cell Raman with multiomics is currently unachievable, but
14
worth great efforts to solve technical hurdles toward their appli-
cation in the complex wastewater matrix.

2) Rapid and automated online surveillance system

We have to respond faster. This is an urgent need because
bacteria/virus and AMR are disseminating at an unprecedented
speed and scale with the increasing waste disposal, more frequent
global travel and trades. Rapid and real time monitoring is partic-
ularly important to signal the occurrence for early warning and
track the dissemination trend to guide timely intervention strategy.
Despite the advantages of Raman spectroscopy for a rapid
cultivation-free identification of pathogens and AMR, combination
with automatic sampling, detection, advanced data processing and
output such as deep learning, are all needed to achieve real time
monitoring. For molecular methods, laboratory-based assays are
not enough for rapid and online surveillance, instead, miniaturized
and portable devices, such as nanopore sequencing and loop-
mediated isothermal amplification-based paper biosensors, show
great promise for rapid, on-site and sensitive monitoring of path-
ogen and AMR. Moreover, they are low-cost and easily operated,
endowing them great potentials to be popularized in more coun-
tries including low and middle-income countries.

3) Standardization of surveillance methods

Different laboratories are using their own methods (protocols,
bioinformatics algorithms) and database to identify pathogens and
AMR. To obtain comparable results, it is important to set stan-
dardization for both phenotypic and genotypic methods for path-
ogens and AMR monitoring. For this to become possible, methods
and database should be better curated to improve the consistence,
quality and availability of surveillance data. This should need in-
ternational organization such as WHO to coordinate.

4) Extension of surveillance to a broad range of pathogens and
AMR

The current surveillance of pathogens is usually confined to a
very limited number of microbial indicators. It is not enough to
cope with the rising health risks. It is suggested to extend the range
to more medically or health relevant species, such as the antibiotic-
resistant priority pathogens listed by WHO, and infectious
diseases-causing virus, especially those without efficient vaccine.
For AMR monitoring, it is suggested to extend from commonly
consumed antibiotics to last resort or newly introduced antibiotics
to determine the spread speed of these less abundant resistance.
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