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ABSTRACT 

This doctoral thesis addresses the application of environmental proteomics in the field of 

wastewater-based epidemiology (WBE). WBE involves the analysis of pollutants and 

biomarkers to obtain qualitative and quantitative data on the activities and health of inhabitants 

within a given wastewater catchment. After excretion from the human body, biomarkers, 

together with many other compounds, enter the sewer system. Therefore, sewage integrates 

a universe of biochemical signals representing the collective biochemical signals of the 

community it serves. Since its emergence in the early 2000s, WBE has been used as a tool 

for monitoring population-level substance use, including illicit or therapeutic drugs, 

pharmaceuticals, personal care products, caffeine, tobacco, alcohol, pesticides, flame 

retardants, or plasticizers. Most recently it has gained widespread public exposure during the 

COVID-19 global pandemic, where SARS-CoV-2 monitoring using RT-PCR reaffirmed early-

warning capabilities and the potential to reveal hotspots of infection. However, it was not until 

2019 that proteins were proposed as complementary biomarkers to small molecules for near-

real time, population wide, human biomonitoring of disease. Some protein biomarkers are 

already approved by the FDA (Food and Drug Administration) mainly for the study of cancer. 

They are usually found in blood serum or plasma, but two of them are detected in urine, which 

would expand the molecular epidemiology to provide information on the health of a community 

through the use of urban water fingerprinting.  

 

This study aims to identify and characterize protein biomarkers in untreated and treated 

wastewater using environmental proteomics to support population health monitoring, 

strengthen environmental surveillance, and assess the performance of wastewater treatment 

plants (WWTPs). Changes in community health and behavior are reflected in sewage protein 

profiles, which environmental proteomics can effectively analyze within the framework of WBE. 

 

We first developed a protocol to monitor proteins across different water matrices, focusing on 

both influent and effluent streams at WWTPs. This is the first step for the creation of test 

devices for the health and environmental monitoring based on proteins. We differentiated 

between the soluble and particulate fractions, with emphasis in the first group. A key 

advantage of the method is the use of the whole reviewed protein database to elucidate all 

potential biological contributors. 

 

Next, we studied influent samples from 10 WWTPs serving different population sizes and 

industrial activities. This enables a broad characterization of the wastewater proteome and the 

identification of potential biomarker signatures. Our results showed that the soluble fractions 



Abstract 

13 

are rich in Eukaryotic proteins, while bacteria-related proteins are most abundant in the 

particulate. Among the soluble proteins, amylases and albumins were proposed as markers 

of human populations and industrial activities, respectively. Thus, proteins present in 

wastewater carry information about the activities in the catchment areas. 

 

The objective of the treatment plants is the removal of the contaminants so the treated water 

can be discharged into the environment or used for other applications. While contaminant 

removal has been extensively studied for small molecules, the fate of macromolecules like 

proteins remains underexplored. We selected three treatment plants based on demographic 

and industrial characteristics. Samples from the inlet, the outlet and the receiving waters were 

analyzed. Findings revealed that most proteins were effectively removed during treatment, 

with the exception of some recalcitrant proteins, such as human keratins and amylases, or 

livestock albumin, which are usually the most abundant ones. In the receiving waters even 

those proteins were absent and the few that were identified do not pose environmental risks. 

 

As mentioned before, small molecules have been typically studied in wastewater. However, 

most of the studies are carried out in a targeted way for a few interesting compounds. In 

contrast, we employed a metabolomics approach more similar to the proteomics one, this 

means using non-targeted methods to broaden the number of possible compounds to 

annotate. Annotated compounds were classified by physicochemical characteristics and 

grouped in superclasses, allowing cross-site comparisons for pattern detection. We found that 

sites with larger human populations present higher levels of long-chain fatty acyls, 

organoheterocyclic compounds and benzenoids. Notably, these sites also had higher levels 

of human amylases, reinforcing the potential synergy between metabolomic and proteomic 

data in environmental surveillance. 

 

To date, most proteomics studies in water matrices have concentrated on specific organisms, 

mainly in bacteria. These studies represent the first comprehensive effort to elucidate the 

complete proteome across multiple water matrices, encompassing all possible biological 

sources. This led to the identification of proteins from livestock and other species for the first 

time in such contexts. Protein profiles were found across the different catchment areas and 

we attempted to correlate these with the metabolite’s profiles. This is a challenging task that 

has yet to overcome some obstacles, for example the lack of standardized quantification using 

internal standards as used for small molecules. This project opens new possibilities for the 

environmental surveillance using the wastewater proteome. Potential applications include pest 

monitoring, population size estimation, detection of illegal discharges, and assessment of 

habit- and health-related biomarkers.
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Wastewater-based epidemiology (WBE) 

Wastewater-based epidemiology (WBE) (Figure 1) analyzes pollutants and biomarkers to 

obtain qualitative and quantitative data on the activity and public health of inhabitants within a 

given wastewater catchment (Mao et al., 2021). This approach is based on the fact that 

molecules excreted by humans and animals, mostly in feces and urine, but also in saliva, 

sputum, mucus, vomit and phlegm (Zahedi et al., 2021), end up in the sewer system. These 

compounds reflect the entire population and carry information about human lifestyle and 

health, exposure to environmental pollutants, and industrial activities (Daughton, 2018; Rice 

& Kasprzyk-Hordern, 2019; Devault & Karolak, 2020). 

 

 

Figure 1. Wastewater-based epidemiology workflow. 

Background and evolution of WBE 

Every day people all over the world are exposed to a growing number of environmental 

pollutants. Pollution is considered a major environmental cause of illness and mortality in 

modern times. The primary sources of potentially hazardous chemicals, in addition to tainted 

air, food, and water, include a wide range of everyday items such as cosmetics, medications, 

food packaging, plastics, furniture, electronics, paints, lubricants, adhesives, and many more 

(Senta et al., 2020). Human biomonitoring (HBM) studies (Husøy et al., 2019) include the 

analysis of particular biomarkers in biological matrices from individuals in order to determine 

exposure to these substances. High costs, selection bias (the challenge of choosing 

individuals who are representative of the entire population), ethical approval requirements, 

and a lack of temporal dimension (individuals are sampled only once or occasionally over a 

24-hour period) are some of the drawbacks of this approach. Because of this, it is challenging 
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to track temporal trends in contaminant exposure and extrapolate the findings of HBM studies 

to the entire population (Senta et al., 2020). 

 

For these reasons, WBE has gained traction in recent decades. The first ever work presenting 

ideas for analyzing wastewater for illicit drug usage appeared in the 1970s (Hignite & Azarnoff, 

1977). However, the idea of determining the consumption of illicit drugs on the basis of 

analysis of wastewater was introduced by Daughton and Ternes in 1999 (Daughton & Ternes, 

1999) and it particularly garnered attention since 2001 due to using wastewater as a tool for 

tracking drug usage in communities (Daughton, 2001). Since the early 2000s, WBE has been 

applied to monitor population-level substance use, and has most recently gained widespread 

public exposure during the COVID-19 global pandemic, where SARS-CoV-2 wastewater 

monitoring reaffirmed early-warning capabilities and the potential to reveal hotspots of 

infection (Figure 2). These applications highlight the inclusive, minimally invasive and cost-

effective benefits of WBE (Bowes et al., 2024). It is also a near real-time tool since the analysis 

can usually be carried out in the following 24 hours to 7 days after the sampling.  

 

The optimization of the resources for preventing, avoiding, controlling, or mitigating human 

exposure risks, as well as for maintaining or promoting health, depends on timely evaluation 

of the overall health of small-area human populations. One new strategy is the ongoing 

monitoring of sewage for chemicals that indicate the general state of human health or any 

other long-term trends in community health. Initially termed Sewage Chemical-Information 

Mining (SCIM), this method monitors anthropogenic and natural chemicals entering sewers 

as a result of human activities, daily actions, and behaviors (Daughton, 2012; Daughton, 

2018). SCIM takes advantage of the constant availability of raw or untreated sewage water, 

which, besides, does not require institutional review boards approvals since it is essentially 

anonymous. Therefore, SCIM is applied to the group of individuals served by a specific 

treatment facility. While the term “community” is used, its definition would vary through time, 

which could become a disadvantage for the interpretation of the data (Daughton, 2018). 

BioSCIM is a derived concept that is specifically used for continuously measuring the state or 

time-trends in community-wide health. While, it uses of the same matrix, the difference relies 

in the specific study of biomarkers related to human disease, stress, or health. This data could 

help to compare different populations, arising possible correlations between exposures and 

diseases (Daughton, 2012). 
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Figure 2. Chronological steps of wastewater-based epidemiology. Figure adapted from Picó 
et al., 2024. 

 

WBE has been widely applied to chemical compounds to understand the use and misuse of 

illicit or therapeutic drugs within a community (Mastroianni et al., 2017; Boleda et al., 2009; 

Daughton, 2001; Tscharke et al., 2016; Zuccato et al., 2008), pharmaceuticals including 

antidepressants (Baker et al., 2014; Sheng et al., 2014), antibiotics (Subedi et al., 2017) and 

personal care products (Burgard et al., 2013; Gao et al., 2016; Nguyen et al., 2018), caffeine 

(Gracia-Lor et al., 2017), tobacco (Castiglioni et al., 2014; Mackuľak et al., 2015) and alcohol 

use (Ryu et al., 2016a), pesticide exposure (Rousis et al., 2017; Rousis et al., 2020), flame 

retardants (O’Brien et al., 2015), plasticizers (González-Mariño et al., 2017), pathogen (Choi 

et al., 2018; Fioretti et al., 2017), genetic biomarkers (Ahmed et al., 2020) and, recently, SARS-

CoV-2 virus detection (Barcelo, 2020).  
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Composition and treatment of wastewater 

The raw or untreated wastewater contains dissolved organic matter (DOM), which includes 

proteins, carbohydrates, fats, oils, and a range of chemicals such as surfactants and 

detergents, personal care products, pharmaceuticals, pesticides or industrial chemicals (Shon 

et al., 2006). Along with those, wastewater also contains natural organic matter (NOM), which 

comes from the breakdown and degradation of organisms, vegetables, and soil. The number 

and diversity of the compounds is increasing as organic molecules are continuously 

synthesized and introduced into the market. Additionally, there is a wide range of 

transformation products (TPs), including disinfection byproducts (DBPs) (Hertkorn et al., 

2013). 

 

Water quality is defined as the degree to which water is clean and whether it is suitable for a 

particular purpose such as drinking or disposal to the environment. It is often understood in a 

limited manner as a set of standards against which regulatory compliance can be assessed, 

usually achieved through water treatment. There are different treatments for the removal of 

pathogens and chemicals from wastewater, which can be used individually or in combination. 

In general, these treatments are classified in physical (sedimentation, filtration, inactivation by 

solar or UV radiation), biological (activated sludge, algae) and chemical (coagulation-

flocculation, inactivation by oxidants such as chlorine) (Zahedi et al., 2021) (Figure 3). Urban 

WWTPs are generally constructed with an approach that depends on the catchment areas. 

This makes every WWTP optimized for different types of compounds, although the final 

objective is in all the cases to allow human and industrial effluents to be disposed of without 

danger to human health or natural environment (Lindblom & Samuelsson, 2022). The most 

common WWTP design includes primary treatment, biological secondary treatment, sand 

filtration and sometimes an advanced treatment with phosphorus and nitrogen removal. In 

some situations, the wastewater treated effluent may be disinfected prior to discharge to a 

natural environment (Zhao et al., 2023). While this general approach is accepted to fulfill 

guidelines and regulations in stable conditions, it is necessary to understand if the 

performance of the plants is still satisfactory under challenging situations as the ones 

engendered by global change with the rise of temperatures, more torrential rains or longer 

periods of drought. 
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Figure 3. General overview of a wastewater treatment plant (WWTP). 

 

Wastewater treatment efficiency and the quality of wastewater treated effluents is evaluated, 

on the routine basis through measurements of parameters such as the chemical and biological 

oxygen demand (COD and BOD, respectively), total suspended solids, or total nitrogen and 

phosphorus (Directive - 91/271 - EN - EUR-Lex, n.d.). Some additional specialized tools, such 

as the measurement of the aromaticity using the specific UV absorbance, especially relevant 

in on-line analytical techniques, or specific methods to analyze a small number of hand-picked 

contaminants, typically using gas or liquid chromatography coupled to mass spectrometry, are 

also employed to meet with governmental environmental standards (Directive - 2013/39 - EN 

- EUR-Lex, n.d.). 

Proteins as biomarkers in wastewater 

In 2019, Rice & Kasprzyk-Hordern proposed using proteins as biomarkers in wastewater 

alongside small molecules, suggesting that combining WBE with clinical proteomics could 

enable near-real-time, population-wide human disease monitoring. Many of the protein 

biomarkers approved by the FDA (Food and Drug Administration) are used in oncology. Most 

of them are present in blood serum or plasma, but a couple of them are in urine. This is of the 

most interest as it would allow the expansion of molecular epidemiology towards WBE, since 

urban water is considered a pooled sample of the population, being the urine a high proportion 

of this sample (Rice & Kasprzyk-Hordern, 2019). This would lead to the proteomic monitoring 

of the population using an anonymous and representative sample.  

 

Rice & Kasprzyk-Hordern (2019) proposed five criteria (modified from Daughton (2012)) for 

selecting protein biomarkers: excreted in urine, specific for a disease, available biomarker-

disease information, stability and high urinary concentration. Using these criteria, the authors 

suggested the following biomarkers from the literature as initial targets of interest: prostate 

specific antigen (PSA), C-reactive protein (CRP), interleukin-6 (IL-6), interleukin-8 (IL-8), 

podocin (PDC), anterior gradient protein 2 (AGR2) and uromodulin (URM). They are all 

present in urine and the relationship biomarker-disease have already studied. 
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Nevertheless, it was not until 2020 that the first experimental study of proteins within 

wastewater was made by Carrascal et al. (2020). These authors were the first to successfully 

assess the wastewater proteome and, as a result, a significant number of human proteins 

were detected in this media. Using polymeric devices with polycaprolactonediol homopolymer 

cap units placed for 11 days in the influent water, the anoxic reactor (denitrification) and the 

effluent water, they reported the identification of 690 proteins from bacteria, plants and 

animals, including humans. The most represented taxonomy was bacteria with proteins like 

elongation factor Tu (EF-Tu), 60 kDa chaperonin (GroEL) and ATP synthase. However, the 

species with the highest contribution to the total number of proteins was Homo sapiens. 

Among the human proteins they identified uromodulin (Garimella & Sarnak, 2016), already 

proposed by Rice & Kasprzyk-Hordern (2019), and α-amylase (Mattes et al., 2014), and 

S100A8 (Wang et al., 2018), both of them previously proposed as human health markers. 

Furthermore, they concluded that the proteome profile was changing along the different sites; 

the influent site was dominated by human proteins, some of them persisting in the anoxic 

reactor, while the effluent was dominated by bacterial proteins presumably from the sludge 

(Carrascal et al., 2020). 

Environmental sciences 

The environment continually receives chemicals from agricultural production, industrial 

processes, and other human activities. This leads to the presence of complex mixtures of 

human-made chemicals and their transformation products in these spaces without knowing 

their effects on organisms and ecosystems (Nesatyy & Suter, 2007). In general, to assess the 

pollution status of a specific ecosystem, it is necessary to chemically analyze soil samples, 

water, sediment, and biota (Kolpin et al., 2002). However, there are some challenges to do 

this process: (i) the wide variety of chemicals, with different physicochemical properties, (ii) 

the low effect levels, concentration additivity or synergism, and (iii) the weather variability 

which influence the concentrations. The study of the biota present in an ecosystem is 

especially important because the effects on aquatic organisms are driven by internal 

concentrations of the chemicals bioavailable. For example, lipophilic compounds tend to 

accumulate in soil and lower organisms, leading to significant bioconcentration in top 

predators of the food chain (van Lipzig et al., 2005). The analysis of an organism’s proteome 

has arisen as a strategy to overcome these challenges. It would be possible to detect subtle 

changes in some proteins levels as a response to those environmental contaminants. This 

way new biomarkers of exposure could be discovered, helping to unmask mechanisms of 

toxicity. This is the principle of environmental proteomics. Over the years, this science has 
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investigated many organisms (microorganisms, plants, invertebrates, vertebrates) (Nesatyy & 

Suter, 2007). 

 

The investigation of a proteome allows the association of individual proteins or groups of 

proteins with disease or toxicity, making them useful as biomarkers. Therefore, the 

identification of proteins that are induced or suppressed allows to draw conclusions regarding 

the molecular mechanisms underlying stress response. This approach represented a 

paradigm shift in molecular biology as it was focused on generating an overview of the 

proteome (both qualitative and quantitative), instead of focusing on a single protein or protein 

family. In this way, the information could give a full understanding of an organism, especially 

when completing with genomic, metabolomic or histopathology data. Moreover, the focus of 

environmental proteomics can range from global to targeted protein analysis. In the first case 

the goal is to identify as much proteins as possible in the whole organism, while in the second 

case a sub-proteome (e.g. organelle or pathway) is elected to be studied (Nesatyy & Suter, 

2007). 

Analytical tools for wastewater analysis 

The advances in environmental sciences and more specifically in the analysis of wastewater 

are closely related to the advances of the available tools. Most biological samples mainly 

consist of a highly complex mixture of polar and non-polar biomolecules, which are required 

to be separated prior to their analysis. Common separation techniques include gas 

chromatography (GC) and liquid chromatography (LC) (Figure 4) (Noor et al., 2020). GC is 

based on the separation of the molecules while they move through a column filled with a 

gaseous mobile phase (called carrier gas) with a temperature gradient, which will affect the 

volatility of the molecules. This technique is mostly used for identification and quantification of 

volatile non-polar or slightly polar compounds, which makes it a good option for the analysis 

of some small molecules (Schauer et al., 2005). On the other hand, LC or high-performance 

liquid chromatography (HPLC) is used for a larger range of molecules, including non-volatile 

compounds and polar molecules, which it is suitable for small molecules, peptides and 

proteins. In both cases, chromatographs can be coupled to a mass spectrometer, which will 

analyze the compounds as they are released. 

 

Mass spectrometry (MS) is an analytical technique used for the identification and quantification 

of sample analytes in a gaseous state based upon their mass-to-charge ratio (m/z) in a 

vacuum environment. Mass spectrometers have the following parts: a source for the 

ionization, one or more mass analyzers, and a detector (Figure 5). 
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Figure 4. General schematic for gas and liquid chromatography. 

 

 

 

Figure 5. General schematic of a mass spectrometer. Figure adapted from Jiang et al., 
(2024). 

 

As a gaseous state of the sample is required, ionization is necessary to pass from liquid to 

gas. This occurs in the source and is performed pumping the liquid sample through a high 

voltage (1-4 kV) tip, where the stream is broken off in miniscule charged droplets and 

producing mono-charged ([M]+, [M+H]+) or multiple-charged ([M+nH]n+) ions (Sinha & Mann, 

2020). Depending on the sample type and target molecules, there are different types of 

ionization: electron ionization (EI) (Grilo & Mantalaris, 2019), chemical ionization (CI) 

(Bradbury & Plückthun, 2015), matrix-assisted laser desorption/ionization (MALDI) (Shah & 

Maghsoudlou, 2016), electrospray ionization (ESI) (Huang et al., 2012) or atmospheric-
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pressure chemical ionization (APCI) (Zhang et al., 2010). Among all the available ionization 

methods, ESI and MALDI are currently widely favored for the ionization of peptides and 

proteins because they are soft techniques and have high sensitivity for the types of molecules. 

 

The mass analyzer is the main part of a mass spectrometer. It carries out the separation of 

ions according to their mass-to-charge ratio using an electrical or magnetic field. In order for 

the ions to go through the mass analyzer without intermission but with efficiency, the process 

occurs in a vacuum environment at low (10-3 to 10-5 Torr) or very low (10-7 to 10-10 Torr) 

pressures. The most common types of mass analyzers include quadrupole (Q), ion trap, time-

of-flight (ToF), Fourier-transform (FT), and orbitrap. These mass analyzers can be used 

independently or combined. Some of the most frequent combination are quadrupole-time-of-

flight (Q-TOF), quadruple-Orbitrap (Q-Orbitrap), quadrupole-Orbitrap-linear ion trap (Q-

Orbitrap-LIT), triple quadrupole (QqQ), and time of flight/time of flight (ToF/ToF) (Noor et al., 

2020; Peters-Clarke et al., 2024). Quadrupoles and ion traps can isolate ion populations; 

however, ion traps can also accumulate these ions. TOF devices accelerate the ions through 

an electric field, and are based on the inverse relationship between the arrival time and the 

m/z (the faster the ion arrives to the detector, the lower the m/z, and vice versa). These three 

mass analyzers are usually used for small molecules. In proteomics, orbitrap is the main mass 

analyzer of choice. Orbitraps work as a trap, where the motion of the trapped ions is measured 

in frequency and then Fourier-transformed to m/z (Peters-Clarke et al., 2024).  

 

Fragmentation is the breaking of precursors or parent ions from the ion source into smaller 

products or fragment/daughter ions. For the fragmentation to occur additional energy is 

provided to the precursors in a collision cell (Noor et al., 2020). There are several techniques 

of fragmentation, the most common are: collision-induced dissociation (CID), electron capture 

dissociation (ECD), electron transfer dissociation (ETD) and higher energy collisional 

dissociation (HCD). These approaches differentiate in the activation method: collisional for 

CID and HCD, and electron-based for ECD and HTD (Peters-Clarke et al., 2024). Nowadays, 

HCD is built in the majority of the mass spectrometer and, therefore, is the fragmentation 

technique used in many studies. 

 

As a final step, the ions are sent to the detector. Here the m/z values and abundances are 

measured, however the quantity of ions is quite low, so an additional step is needed. This is 

the amplification of the signals using different multipliers. Some detectors are electron 

multiplier (EM), photomultiplier tube (PMT), microchannel plate (MP), and Faraday cup (FC); 

all of them are based on the counting of the ions (Jiang et al., 2024). Electron multipliers, 

including multichannel plate detectors, are commonly used detectors to identify proteins and 
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peptides and commercially used with quadrupole, ion trap and time of flight analyzers (Liu et 

al., 2014). However, orbitraps do not used any of the detectors mentioned before. In this case, 

detectors measure a voltage proportional to the current, from which frequency is extracted 

and then Fourier-transformed into m/z (Jiang et al., 2024). 

Mass spectrometry for small molecules 

Recent advances in water chemistry have improved our knowledge about the genesis, 

composition, and structure of DOM. High-resolution mass spectrometry (HRMS) is currently 

the election technology for its analysis. When coupled with nano-chromatography, HRMS 

produce consistent results (Hawkes et al., 2016) allowing both direct infusion and 

chromatographic separation. Research employing HRMS technology has investigated the 

changes in DOM across wastewater treatment plants (WWTPs), advanced wastewater 

treatment plants (AWTPs) and drinking water treatment plants (DWTPs) (Sanchís et al., 2021; 

Gonsior et al., 2014; Lavonen et al., 2015; Phungsai et al., 2016; Maizel & Remucal, 2017), 

proving the suitability of this tool with the defined objective of performance assessment. 

 

The polar/ionic analytes require specific chromatographic separation. Separation modes are 

usually reversed phase (RP) chromatography and hydrophilic interaction liquid 

chromatography (HILIC). In RP, a hydrophobic stationary phase is used for retention and a 

mobile phase consisting of a mixture of organic modifier and a water phase for elution. In 

HILIC, the analytical column is polar combined with a highly organic mobile phase in which 

water is introduced as the eluting solvent. The most commonly reported ionization source is 

electrospray ionization (ESI). Triple quadrupole mass analyzers are used the most and 

considered the reference technique to quantify illicit drugs and their metabolites. This 

technique is both sensitive and suitable for quantitative analysis, and selective for 

identification, and an excellent tool for targeted analysis (Huizer et al., 2021).  

 

The use of LC-MS/MS allows the detection of illicit drugs at the ppb-ppt. In this case, LC-

MS/MS identification is aided by preconcentration steps used to pull out trace amounts of 

drugs from dilute solutions. Techniques such as solid phase extraction (SPE) use chemical 

attractions such as lipophilic and/or ion exchange interactions to extract analytes from up to a 

liter of solution or more onto resins that can then be eluted in small volumes of solvent, 

effectively concentrating analytes by 2-4 orders of magnitude (Burgard et al., 2013). 

 

One of the last reviews about the techniques used for the study of small molecules was made 

by Senta et al. (2020). The authors resumed the analytical methods used for the determination 
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of human biomarkers of parabens, UV filters, phthalates, phosphorus flame retardants (PFRs) 

and bisphenol A (BPA) in WBE and similar studies. Except for two GC-MS methods for PFRs, 

all other methods were based on LC-MS/MS, which is nowadays the most common technique 

for the analysis of polar environmental contaminants. In most of these methods, electrospray 

ionization (ESI) and multiple reaction monitoring (MRM) mode on triple quadrupole (QqQ) or 

quadrupole-ion trap (QTRAP) mass spectrometers were employed for the detection and 

quantification of the target compounds. Q/ToF was also used in several configurations 

depending on the studied compounds. Except for one method on UV filters, which employed 

direct injection, all other methods included sample treatment step using SPE. Polymeric 

reversed-phase and mixed-mode strong cation-exchange sorbents (Oasis HLB and MCX, 

respectively) were used in most methods, however other types of sorbents, including mixed-

mode strong and weak anion exchange sorbents (Oasis MAX and WAX, respectively), as well 

as hydrophobic, end capped silica phase (Bond-Elut C18), were also employed. 

Mass spectrometry for proteomics 

In standard proteomics, RPLC is the most used LC (Zhang et al., 2010) for peptide and protein 

separation. At MS level, the proteome can be investigated either with top-down analysis of the 

intact proteins or by focusing on their digested peptides (bottom-up) (Figure 6). These 

techniques are complementary because none is able to provide complete information about a 

protein of interest on its own (Nesatyy & Suter, 2007; Rice & Kasprzyk-Hordern, 2019). 

 

As showed in 6, the workflow for bottom-up proteomics is composed of the following steps: 

protein extraction from cells or tissues, digestion of these proteins into peptides, analysis of 

the peptide extract by LC-MS/MS, and lastly peptides are identified from the MS/MS spectra 

and proteins inferred from the peptides identifications with the assistance of a protein 

database. There are different versions of each steps depending on the purpose of the 

experiment (Jiang et al., 2024). Some of the drawback of this approach are incomplete 

proteolytic digestion, peptides non-suitable for ionization, non-useful fragmentation spectra, 

or lack of sequence information in databases. This can limit the ability of bottom-up proteomics 

to examine issues that are important for biological functions, such as PTMs or site-specific 

mutations of individual proteins. On the contrary, top-down proteomics measures intact 

proteins following a similar but different workflow: proteins are extracted from cells or tissues 

and directly analyzed by LC-MS/MS, afterwards spectra are identified by comparing with 

databases (Figure 6). One advantage of this approach is the capacity of identifying 

proteoforms, but the protein coverage is lower than in bottom-up (Jiang et al., 2024). Other 

limitations of the top-down approach are: low sensitivity due to the high number of charges 

and large m/z of intact proteins that can be out of the mass spectrometer range, less 
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separation resolution which leads to coelution complicating MS spectra and decreasing ion 

intensities (Cupp-Sutton & Wu, 2020), the need of higher activation methods such as ETD, 

ECD or UVPD which are not available in all the instruments (Lanzillotti & Brodbelt, 2023), low 

solubility of certain proteins and the lack of robust, user-friendly data processing tools (Melby 

et al., 2021; Brodbelt, 2022). The selection of the approach will depend on the study’s 

objective, however top-down has not been used in wastewater so far.  

 

 

Figure 6. Top-down and bottom-up proteomics workflows. 

 

ESI is the ionization methods of choice for the identification, quantitation and characterization 

of a protein. After ionization, there are two acquisition strategies: data-dependent acquisition 

(DDA) and data-independent acquisition (DIA) (Figure 7). In DDA, an MS1 is acquired 

iteratively, and from that spectra some signals are chosen (based mostly on the charge and 

the intensity) to be fragmented and measured an MS2. The drawback is that the analysis are 

not always reproducible as the chosen signals for MS2 can be different each time even if the 

sample is the same, moreover low abundance signals are less likely to be chosen. In DIA, the 

MS2 are independent of the charge and intensity of the MS1 signals. In this approach, the 

mass range is divided in sections and each section subjected to fragmentation. Therefore, 

each MS2 will be a mixed of different signals. This process is repeated in each cycle time 

(Jiang et al., 2024; Peters-Clarke et al., 2024).  
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Figure 7. Mass spectrometry acquisition strategies for shotgun proteomics. 

 

There are a number of protocols for the quantification of peptides. One of the simplest is the 

label-free quantification (LFQ), since no modification has to be made in the workflow. LFQ 

consists in the calculation of the area under the extracted ion chromatogram of each peptide-

specific signal. The disadvantage of this protocol is that it provides a relative quantification, 

and not an absolute one (Jiang et al., 2024). This makes it unsuitable when studying public 

health in wastewater, as this matrix is very complex and variable, thus it is a challenged to 

decide a standard that will not be already present in wastewater (Rice & Kasprzyk-Hordern, 

2019). Other quantification methods used in proteomics, that could be applied to wastewater, 

are stable isotope labeling (mTRAQ or dimethyl labeling), peptide labeling with isobaric tags 

(TMT and iTRAQ), labelled peptides (AQUA), labelled proteins (PSAQ), and concatemers 

formed by linking several peptides of interest together like a synthetic protein (QConCat) (Rice 

& Kasprzyk-Hordern, 2019; Jiang et al., 2024). However, as the study of proteins in 

wastewater is very recent, these methods have not been applied for now. 

In
te

n
si

ty

Retention time

MS1 MS2

In
te

n
si

ty

Mass/charge

In
te

n
si

ty

Mass/charge

In
te

n
si

ty

Mass/charge

Data-dependent acquisition (DDA)

Data-independent acquisition (DIA)

In
te

n
si

ty

Retention time

MS1 MS2

In
te

n
si

ty

Mass/charge

In
te

n
si

ty

Mass/charge

In
te

n
si

ty

Mass/charge



1. Introduction 

31 

Proteomics of wastewater 

The technological aspects of environmental proteomics involve protein isolation, fractionation, 

data acquisition, and identification based on available sequence information and gene 

ontology (Figure 8). Current proteomic techniques would allow a large-scale characterization 

of peptides and proteins in sewage and treated water. The detection approach based on LC-

MS/MS is well-established and has already been applied to the discovery and validation of 

biomarkers of kidney disease (Bringans et al., 2017), Alzheimer's (Korecka & Shaw, 2021), 

and Parkinson's disease (Cilento et al., 2019) in clinical studies. However, one of the main 

issues that can be encountered is the sample preparation, including protein digestion, which 

is relatively time-consuming and may be unsuitable for real-time surveillance in early warning 

systems (Devianto & Sano, 2023). 

 

Figure 8. Workflow of a bottom-up protein identification using mass spectrometry. 

 

There are some drawbacks on the use of proteins from wastewater as biomarkers. For 

example, quantification of expected protein levels in wastewater might prove challenging 

because protein levels vary from ng to mg/l in urine. If a theoretical 100 times dilution of urine 

in wastewater is assumed, the estimated levels of proteins should range between pg and µg/l 

(Rice & Kasprzyk-Hordern, 2019). Another disadvantage is the stability of proteins under 

wastewater conditions. In aqueous environment, most proteins are present in a folded state 

stabilized by various interactions, such as hydrogen bonding, disulfide bonding, van der Waals 

interaction, and salt bridge. The secondary structure of a protein has charged groups on the 

surface, residues with hydrophilic chains facing water and hydrophobic chains buried in the 

folded protein (Ahmad, 2022). Nevertheless, the fluctuations of temperature and pH may lead 
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to the denaturation or unfolding of proteins by the disruption of the secondary and tertiary 

structures (Butreddy et al., 2021). Protein unfolding and denaturation may lead to the 

degradation of proteins by proteases already present in the wastewater from urine and feces, 

or produced by microorganisms. The decay rate of protein markers in wastewater is an 

essential aspect, and the degradability of protein markers should be understood upon the 

implementation of WBE. 

Sludge proteomics 

Until now, the proteomics studies made in wastewater samples have been related to the 

sludge and their composition. The sludge is a byproduct originated from the bacteria used in 

the biological reactor(s), which is the primary method used for treating municipal wastewater 

in industrialized countries before its discharge to receiving waters. This byproduct requires 

disposal. However, it needs to be stabilized before, frequently by biological treatments such 

as anaerobic and aerobic digestion. The optimization of the treatments previous to the 

disposal has made necessary a better understanding of the origin and composition of this 

sludge (Park et al., 2008a). 

 

The sludge originates from microbial metabolism, cell lysis, and organic matter adsorbed from 

influent wastewater, providing a polymeric matrix in which microorganisms are embedded. 

While various organic compounds constitute it, such as polysaccharides, proteins, DNA, humic 

acids, etc., proteins are known to be the most abundant organic matter in this extracellular 

matrix (Park et al., 2008a). These extracellular proteins mostly consist of enzymes and 

structural proteins. Their major functions in wastewater treatment include the formation of 

microbial aggregate, pollutant migration and transformation via adsorption and catalysis, and 

resistance to toxic substances by strongly binding heavy metals, organic matter, and 

nanoparticles. On the other hand, extracellular enzymes supply an external digestion system, 

playing an important role in the degradation of the organic small molecules, organic colloidal 

fraction and particulate biomass, which are taken up and utilized as carbon and energy 

sources by microorganisms. In addition, extracellular proteins can reduce the effects of toxic 

substances because hydroxyl, carboxyl, phosphate and amide groups in extracellular proteins 

provide binding sites for antibiotics, heavy metals, and nanoparticles (Zhang et al., 2015; 

Zhang et al., 2019). 

 

In 2015, Zhang et al. took samples from anaerobic, anoxic and aerobic sludges of a 

wastewater treatment plant (WWTP) to characterize the extracellular polymeric substance. As 

mentioned, one of the main components of this substance were proteins, which were involved 
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in biological processes, such as catalytic activity, binding activity, structural molecule activity, 

transporter activity, and so on. The original localizations of these proteins were all around the 

cell (membrane, organelles, macromolecular complex; meaning that they originated from cell 

lysis) and the extracellular region. Some of the groups were further classified: catalytic proteins 

had transferase and hydrolase activities, while binding proteins were implicated in organic 

cyclic compounds, heterocyclic compounds, ion, small molecules, ions, and carbohydrate 

derivatives binding, among other (Zhang et al., 2015). 

 

Other researchers have tried to identify the proteins constituting the sludge. One of the studies 

indicated that some proteins have amyloid-like properties, being rich in cross β-sheet and 

extremely resistant to chemical and thermal denaturation. This type of proteins represents a 

5-40% of the sludge biovolume. Although the biological roles of amyloids are still poorly 

understood, it is proposed they increase the overall hydrophobicity of biofilms, increase their 

stiffness and even be an antimicrobial peptide. Another find is that some proteins, including 

those amyloid-like proteins, are glycosylated with carbohydrates containing vicinal hydroxyl 

groups (e.g., neutral sugar), carboxyl (e.g., sialic acid) and sulfate ester groups. Glycosylation 

seems to make the proteins more chemical and thermal resistant (Lin et al., 2018). 

 

In 2019, Zhang et al. focused on the bacterial proteins identified to the moment. They classified 

the proteins in 3 functions: (1) microbial attachment and aggregation; they are important for 

resisting environmental stress and for sludge-water separation; some important proteins are: 

chaperonins, binding proteins, metabolism-related proteins, a-synthesis proteins, HesF from 

Anabaena sp., adhesion and penetration protein autotransporter, type I pili and curli amyloid 

fibers from Escherichia coli; (2) biodegradation; enzymes such as cellulosomal proteins 

(degradation of any substrate), non-cellulosomal proteins (degradation of particular 

substrates) and Clocel_3197 (degradation of soft biomass) from Clostridium cellulovorans; 

and (3) response to environmental stress (Zhang et al., 2019). 

Limitations of wastewater proteomics 

Short-term events (such as work-commuters, tourists, festivals or rainfall) and long-term 

events (e.g., seasonal changes with wet and dry weather) affect the molecules’ presence in 

wastewater either by diluting/concentrating them or by affecting directly the treatment plant 

performance. Those changes cannot be controlled and sometimes not even predicted (mostly 

the short-term ones) (Huizer et al., 2021). Because of this, how samples are collected is a 

very important first step, as it could alter the conclusions of the study.  
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The most common sampling in WBE studies is 24-hour composite. This has the advantage to 

attenuate the influent flow and composition variations that can occur during the time of 

sampling. This kind of sampling can be done in three ways: 1) flow-proportional: a subsample 

volume proportional to the flow in the sewer at a constant time interval is taken and then 

subsamples are weighted individually to form a composite sample; it is the more reliable and 

the chosen method most of the times; 2) volume-proportional: it takes samples more frequently 

during higher flows and less frequently during lower flows remaining the sampling volume 

constant, however, this cannot provide a true average concentration since only the frequency 

changes and individual samples are not weighted properly according to the flow in the sewer; 

3) time-proportional: both frequency and sampling volume are constant and therefore does 

not provide a true average concentration as well (Huizer et al., 2021). 

 

Once the data is acquired, it has to be analyzed. The most common objective is to determine 

the concentration of the molecules and then link them with the population. The data about the 

population usually comes from surveys, drug abuse treatment centers or hospital visits, 

telephone hotlines, arrests, seizures or trafficking. Nevertheless, in all this data there are 

sampling bias and time lags, and it also relies in the people’s honesty in the case of the 

surveys, which are also expensive to do (Burgard et al., 2013). Additionally, the per capita 

estimate is used to know the number of individuals present in the catchment area, but once 

again this data is usually out of date, and the catchment area and the political boundary do 

not have to be the same (Daughton, 2012; Burgard et al., 2013).  

Data analysis 

Protein identification is relatively straightforward with different vendors or freely available 

search engines. It starts with the comparison of the experimental MS/MS spectra against the 

theoretical ones obtained from the chosen reference database. The spectra associated with a 

peptide will be called peptide spectrum match (PSM) and will be paired with a score of how 

good the fitting is (Jiang et al., 2024). Afterwards, proteins are inferred by grouping together 

the PSMs that explain them better, and are also associated a fitting score. However, some 

proteomes are very complex and can include many homologous proteins; there can also be 

several proteomes implicated and those homologous proteins can come from the same 

organism or a different one. In result, this can lead to misidentification during the search (Feng 

et al., 2022). As a general practice, those proteins with the same peptides are reported as 

protein groups, so at least one of the members will be the correct one (Peng et al., 2023).  

 

The composition of wastewater can vary widely. Moreover, this composition is unknown as it 

can change from treatment plant to treatment plant and even from day to day in the same 
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facility. Because the organisms present in the wastewater are not known it is almost 

mandatory to use in the search a database with all the known organisms in order to not miss 

identifications. This carries the problem of the homologous proteins, which give place to 

degenerate peptides. These are those peptides shared among multiple proteins and, 

therefore, cannot be uniquely attributed to any protein (Feng et al., 2022). This is a problem 

that is also encountered in metaproteomics (study of microbial communities’ proteins). Since 

the curation of microbial databases seems impossible due to the high number of different but 

similar microorganisms, some authors are exploring other solutions. Feng et al. (2022) 

developed an algorithm, called MetaLP, where the taxonomic abundance from metagenomics 

sequencing is used as prior information for the search. However, apart from microorganisms, 

animals, plants and other organisms can be found in wastewater, so taxonomic abundance 

may not be that simple to comprehend in this matrix. 

 

Nowadays, the way to control the quality of PSMs and proteins is the associated score of 

fitting. There are various statistical approaches, but the most used is the false discovery rate 

(FDR), which corresponds to the expected fraction of false positive matches. For the 

calculation of the FDR a decoy database (shuffled or reversed sequences) is used against the 

target one (database of our choice). There are two approaches: Käll’s method (Equation 1a), 

and Elias and Gygi method (Equation 1b), whose difference is the way they treat the 

databases and calculate the FDR. FDR is measured in percentage and is usually applied in 

the range 1-3% (Jiang et al., 2024; Uszkoreit et al., 2024).  

 

𝑎) 𝐹𝐷𝑅 =
𝐷𝑒𝑐𝑜𝑦 𝑃𝑆𝑀𝑠 + 1

𝑇𝑎𝑟𝑔𝑒𝑡 𝑃𝑆𝑀𝑠
 

𝑏) 𝐹𝐷𝑅 =
2 × 𝐷𝑒𝑐𝑜𝑦 𝑃𝑆𝑀𝑠

𝑇𝑎𝑟𝑔𝑒𝑡 + 𝐷𝑒𝑐𝑜𝑦 𝑃𝑆𝑀𝑠
 

 

Equation 1. Calculation of the FDR by Käll’s method (a) and Elias and Gygi method (b). 

 

Apart from the database search, there are another two approaches to carry out the 

identification of MS/MS spectra. The first one is the library matching, where the spectra 

identified in database searched in previous experiments are joint in a spectral library. This 

library, instead of the sequence database, is then used to match the experimental spectra. 

The disadvantage of this approach is that if a peptide does not have any associated spectra 

in the library, it cannot be identified (Noor et al., 2020). The second approach is used when 

there is no or limited information in databases and it is called de novo sequencing. Here, 
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peptides’ sequences are interpreted from the spectra and then subjected to sequence 

alignment to find the organism of origin or the closest one (Noor et al., 2020). 

 

 

WBE is widely applied in the study of small molecules, however the study of the proteins in 

wastewater is an emerging field. In this aspect, there is a lack of specific tools for this purpose, 

as well as barely information about the proteins in this matrix, except for the studies made in 

sludge. The thesis aims to start filling these gaps, combining the development of proteomics’ 

techniques and databases with the need to find new biomarkers for human health and lifestyle, 

or environmental surveillance. First, a method to analyze different types of water matrixes will 

be developed following already stablished proteomics methods. Then, this method is used to 

characterize samples from different treatment plant, first in their entry and, afterwards, in their 

exit to understand the performance of the WWTPs. Samples from the receiving waters are 

also analyzed. Finally, one of the long-term objectives in the application of proteomics to 

wastewater is to find biomarkers, which could complement the information already given by 

small molecules. For this reason, samples were used for the study of both small molecules 

and proteins. Overall, this project opens new paths for the study of wastewater using 

proteomics techniques. 
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The primary objective of this study is to identify and characterize protein biomarkers of 

exposure to possible hazardous compounds in untreated and treated wastewater through 

environmental proteomics, with the aim of monitoring population health, enhancing 

environmental surveillance, and evaluating the performance of wastewater treatment plants 

(WWTPs). Variations in population health and behavior are reflected in the protein profiles of 

sewage, which can be effectively assessed using environmental proteomics within the 

framework of wastewater-based epidemiology (WBE). 

 

This issue was addressed through the following specific objectives: 

 

1. Development of novel non-target strategies for protein monitoring in different water 

matrices including urban sewage, wastewater treatment plants (WWTPs) effluents 

(treated water) and water at different stages of its treatment: 

 

Sánchez-Jiménez E, Abian J, Ginebreda A, Barceló D, Carrascal M. Shotgun 

proteomics to characterize wastewater proteins. MethodsX. 2023 Sep 26;11:102403. 

doi: 10.1016/j.mex.2023.102403 

 

Wastewater has been analyzed for small molecules for several decades. In consequence, the 

techniques used have evolved over time, and today there is a wide spectrum of protocols 

depending on the sample type and the analysis’ aim: filtration and separation methods, use of 

internal standards, and targeted and non-targeted mass spectrometry, among others. 

However, there is a lack of a methodology to perform a large-scale characterization of the 

wastewater proteome, both in solution and in the particulate. In this context, there is a pressing 

necessity for the development of methods for the study of proteins in wastewater. These 

methods should include procedures for the separation of the soluble and particulate fractions 

of wastewater, the clean-up of the sample, the digestion of the extracted proteins, and 

performing high-resolution mass spectrometry. Since some of the small molecules’ analysis 

are made in the treatment plants themselves with basic instrumentation, the methodology 

developed for the study of the proteins should be simple and prompt to automatization in order 

to also be carried out in the facilities. 

  

https://www.sciencedirect.com/science/article/pii/S2215016123003990?via%3Dihub
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2. Characterization of potential protein biomarker signatures for early epidemiological 

alerts and event follow up by correlating population and human health, habits, and 

activities with sewage protein profiles at different geographical sites: 

 

Carrascal M, Sánchez-Jiménez E, Fang J, Pérez-López C, Ginebreda A, Barceló D, 

Abian J. Sewage Protein Information Mining: Discovery of Large Biomolecules as 

Biomarkers of Population and Industrial Activities. Environ Sci Technol. 2023 Aug 

1;57(30):10929-10939. doi: 10.1021/acs.est.3c00535 

 

Wastewater-based epidemiology has been revealed as a powerful approach for surveying the 

health and lifestyle of a population. Classically, the characterization of wastewater has been 

restricted to the measurement of indirect parameters (chemical and biological oxygen 

demand, total nitrogen, among others) and small molecules of interest in epidemiology or for 

environmental control. Despite the fact that metaproteomics has provided important 

knowledge about the microbial communities in wastewater, practically nothing is known about 

other non-microbial proteins transported in this media. In this regard, Carrascal et al. (2020) 

was the first study in identifying non-microbial proteins, being the human the species with the 

higher number of identified proteins. However, this study focused on the proteins attached to 

a polymer probe and not on the ones soluble in the wastewater. Proteins have been proposed 

as potential biomarkers that complement the information provided by other available methods. 

Despite this, little is known about the range of molecular species and dynamics of proteins in 

wastewater, and the information hidden in these protein profiles is still to be uncovered. 

 

3. Assessment of the efficiency of wastewater treatment by monitoring samples at WWTP 

influent, effluent and receiving waters: 

 

There is scarce knowledge about how treatments used for the processing of the wastewater 

affect big biomolecules like proteins. Until now, the efficiency removal has been studied for 

small molecules, such as illicit drugs, pharmaceutics, personal care products, alcohol or 

tobacco. The reason is that wastewater treatment plants are built according to the population 

size to which they serve and to enhance the efficiency in the removal of the contaminants that 

are regular in that serving site. It is necessary to analyze the proteins that enter (influent) and 

exit (effluent) the treatment plants serving different sizes of populations and industrial activities 

to assess the efficiency of wastewater treatment in this kind of biomolecules. It is also 

important to investigate the receiving bodies of the treated water to elucidate the possible 

effect in the environment or the organisms. 

 

https://pubs.acs.org/doi/10.1021/acs.est.3c00535
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4. Expanding the Omics toolbox: Complementary metabolomic profiling of wastewater 

influent: 

 

Commonly only few metabolites are studied in the so-called targeted approach. The 

identification of new compounds using non-targeted methods can be difficult and time-

consuming, and it requires information that sometimes is not available in the public databases. 

A halfway and recent strategy is to use a suspect list to prioritize some compounds before 

acquiring the rest in non-targeted mode. Because of the mentioned pitfalls there are few non-

targeted studies in metabolomics. Despite being time-consuming it is essential to carry out 

this type of strategy to enlarge the identification of new compounds which are constantly 

produced by the industry. Furthermore, the metabolite profile of sites with different population 

sizes and industrial activity can complement the proteomics studies, allowing the 

determination of the compounds’ origin due to the species information from the proteins. This 

objective was accomplished through an internship in the University of California Davis with a 

grant from the Spanish National Research Council (CSIC).  
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Samples collected from various wastewater treatment plants (WWTPs) were used along the 

studies conducted in this thesis. The sampling sites and times varied depending on each 

objective (Table 1). 

 

Table 1. Sampling sites used in the different objectives of this work. 

WWTP 
Objective 

1 2 3 4 

Banyoles  ✓  ✓ 

Besòs ✓ ✓ ✓ ✓ 

Figueres  ✓   

Girona ✓ ✓ ✓ ✓ 

Granollers  ✓   

Igualada  ✓   

Manresa  ✓   

Mataró  ✓   

Olot  ✓  ✓ 

Vic ✓ ✓ ✓ ✓ 

 

The methods and protocols used for the preparation and analysis of the samples are specified 

and explained in detail in each Results chapters. 

Sampling sites. 

Objective 1. 

In order to optimize the method used for the analysis of the samples three sites were selected: 

Besòs and Vic from Barcelona province, and Girona from the province with the same name. 

Samples were collected on the same day in three different seasons: winter (14th of December 

2020), spring (19th of April 2021) and summer (26th of July 2021). The sampling was carried 

out at the entrance of each WWTP. 
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Objectives 2 and 4. 

For the characterization of the proteins present in the soluble fraction of the wastewater, 10 

municipalities were studied, all located in the provinces of Barcelona and Girona. The 

sampling sites, shown in Figure 9 and detailed in Table 2, were Besòs (Barcelona), Granollers, 

Igualada, Manresa, Mataró and Vic from Barcelona province, and Banyoles, Figueres, Girona 

and Olot from Girona. The sampling was conducted at the entrance of each WWTP in three 

dates: 14th of December 2020, 19th of April 2021 and 26th of July 2021, corresponding to 

winter, spring and summer campaigns, respectively. Samples were collected simultaneously 

across all sites during each campaign. 

 

 

Figure 9. Location of the sampling sites marked with a yellow star. 

 

For the objective 4, five WWTPS of this collection were used: Banyoles, Besòs, Girona, Olot 

and Vic (see Table 1). These locations were selected based on the human population (Table 

2) and the different industrial activities. 
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Table 2. Code, equivalent population, served population and designed flow per each sampling 

site. 

WWTP Code 
Equivalent 
population1 

Served 
population2 

Designed flow 
(m3/day)3 

Banyoles DBAY 53400 28000 12000 

Besòs DBSS 2843750 1502000 525000 

Figueres DFIG 110640 53000 17000 

Girona DGIR 206250 159000 55000 

Granollers DGRA 121500 100000 30000 

Igualada DIGU 285666 67000 20000 

Manresa DMAS 196167 93000 53500 

Mataró DMAT 451250 190000 57000 

Olot DOLO 99166 46000 17000 

Vic DVIC 340000 55000 25000 

 

1 The equivalent population is the maximum population the treatment plant was designed for. 

(Source: Agència Catalana de l’Aigua) 

2 The served population is the actual number of individuals living in the site the treatment plant 

served. (Source: https://www.epdata.es/) 

3 The designed flow is the maximum flow the treatment plant was designed for. In practice, 

this flow will vary every day. (Source: Agència Catalana de l’Aigua) 

Objective 3. 

Once the protein composition of the wastewater influent was uncovered, three sampling sites 

were chosen to address the efficiency of the WWTPs in removing proteins. The sampling sites 

were Besòs (representing a highly populated city), Vic (an industrial city) and Girona (a city 

with both a high human population and some industrial activity). For this purpose, three 

sampling campaigns were conducted, with samples collected over three consecutive days at 

each site:  

- Spring: 25th to 27th of April 2022 (Besòs), 7th to 9th of April 2022 (Girona), and 8th to 

10th of May 2022 (Vic). 

- Summer: 14th to 16th of September 2022 (Besòs), 30th of August to 1st of September 

2022 (Girona) and 5th to 7th of September 2022 (Vic). 

https://www.epdata.es/
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- Winter: 13th to 15th of February 2023 (Besòs), 24th to 26th of January 2023 (Girona) 

and 30th of January to 1st of February 2023 (Vic).  

 

In these campaigns, both the influent and the effluent were collected. The effluent samples 

were taken according to the hydraulic retention time: 16 hours for Besòs, 24 hours for Girona 

and 48 hours for Vic. 

 

To investigate whether the proteins detected in the effluent are present in the rivers Girona 

and Vic sampling sites were selected. In both cases, the treated water goes to a river, Ter and 

Riera de Rimentol (which joins later to the Gurri river) for Girona and Vic, respectively (Figures 

10 and 11). For each site samples were collected at three key points: upstream (before the 

WWTP), effluent (directly from the WWPT outlet) and downstream (after the WWTP discharge 

point). The collection was made on May 31st 2023 in Girona and June 21st 2023 in Vic. 

 

 

Figure 10. Collection points of the upstream (yellow), effluent (blue) and downstream (green) 

in the Girona WWTP. 

Sample collection. 

An automated refrigerated collector was used. This equipment allows the collection of samples 

every several minutes during a certain time keeping the samples refrigerated through all the 
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time at 4 ºC to limit biological activity. Samples were collected every 15 min during 24 hours, 

mixing all the collected water. This way the samples used in this study are twenty-four-hours 

composite samples representing a whole day. 

 

After collection, samples were transported at 4 ºC to the laboratory within the following 24 

hours. There, part of the samples were immediately filtered or ultracentrifuged previous to the 

storage in the freezer (-40 ºC) for further analysis in the following week. The original samples 

that were not processed were kept at 4 ºC. 

 

 

Figure 11. Collection points of the upstream (yellow), effluent (red) and downstream (green) 

in the Vic WWTP. 
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4.1 SHOTGUN PROTEOMICS TO 

CHARACTERIZE WASTEWATER 

PROTEINS 
 

Objective 1: Development of novel non-target strategies for protein 

monitoring in different water matrices including urban sewage, wastewater 

treatment plants (WWTPs) effluents (treated water) and water at different 

stages of its treatment.  
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There was not an established method for the study of proteins in wastewater samples before 

this study commenced. Previous approaches were aimed at the analysis of the sludge inside 

the treatment plants and only focused on bacterial proteins. The first characterization of the 

wastewater proteome was carried out by Carrascal et al. (2020) using polymeric probes. In 

this section, a protocol is developed for the study of both fractions found in wastewater: soluble 

and insoluble or particulate. There are modifications to adapt the method depending on the 

fraction. This protocol was published in the journal MethodsX on September 26 2023 with doi: 

10.1016/j.mex.2023.102403 (see supplementary material Wastewater_Protocol.pdf). Next, 

the article is reproduced as published. 

ABSTRACT 

Classically, the characterization of wastewater components has been restricted to the 

measurement of indirect parameters (chemical and biological oxygen demand, total nitrogen) 

and small molecules of interest in epidemiology or for environmental control. Despite the fact 

that metaproteomics has provided important knowledge about the microbial communities in 

these waters, practically nothing is known about other non-microbial proteins transported in 

the wastewater. The method described here has allowed us to perform a large-scale 

characterization of the wastewater proteome. Wastewater protein profiles have shown to be 

very different in different collection sites probably reflecting their human population and 

industrial activities. We believe that wastewater proteomics is opening the doors to the 

discovery of new environmental and health biomarkers and the development of new, more 

effective monitoring devices for issues like monitorization of population health, pest control, or 

control of industry discharges. The method developed is relatively simple and combines 

procedures for the separation of the soluble and particulate fractions of wastewater and their 

concentration, and conventional shotgun proteomics using high-resolution mass spectrometry 

for protein identification (Graphical abstract). 

- Unprecedented method for wastewater proteome characterization. 

- Proteins as new potential biomarkers for sewage chemical-information mining, 

wastewater epidemiology and environmental monitoring. 

- Wastewater protein profiles reflect human and industrial activities. 

 

Keywords: Wastewater, Proteomics, Compartmentalized proteome, Wastewater-Based 

Epidemiology (WBE), Sewage Chemical-Information Mining (SCIM), High-Resolution Mass 

Spectrometry (HRMS). 

 

https://www.sciencedirect.com/science/article/pii/S2215016123003990?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2215016123003990?via%3Dihub
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Graphical abstract. Overview of the process followed for the development of the method. 

BACKGROUND 

The analysis by mass spectrometry of small molecules in wastewater is a widely adopted 

approach for population monitoring by governmental institutions. Typical applications are, for 

example, monitoring the consumption of tobacco, alcohol or drugs by a community and, more 

recently, the COVID prevalence using polymerase chain reaction (PCR) (Picó & Barceló, 

2021). Current development of mass spectrometry allows extending this approach to large 

molecules such as proteins, as it has been stressed by several authors (Picó & Barceló, 2021; 

Rice & Kasprzyk-Hordern, 2019). This would open the window to the monitorization of human 

health biomarkers already known in clinics, as well as environmental biomarkers. All of this in 

the context of the sewage chemical-information mining (SCIM) (Daughton, 2018). 

 

Previously, we reported for the first time on the peptide and protein components absorbed in 

a support submerged in wastewater at a wastewater treatment plant (WWTP) (Carrascal et 

al., 2020; Perez-Lopez et al., 2021). We detected proteins from prokaryotic to higher 

eukaryotic organisms, covering plant, animal, and human proteomes as well. We were able to 

identify not only major components (albumins, keratins), but also less abundant ones that are 

known as disease biomarkers. In this study, we used polymer probes to trap the proteins; 

although an effective method, it required many days to collect the samples and the proteins 

could be biased by the polymer affinity and the biofilms’ formation. Therefore, we centered on 

developing a strategy that allowed the study of the proteome directly in wastewater samples 

collected in the inlet of WWTPs (Carrascal et al., 2023). Here we offer an improved method 

based on it, where we establish the recovery of the soluble and particulate fractions and the 

process followed for obtaining the peptides. 

Community
wastewater

Data analysisResults

Sample processing

Sample analysis
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LABORATORY EQUIPMENT 

Apparatus 

- Bullet Blender Homogenizer: model Storm 24, Next Advance. 

- Centrifuge: model Allegra 25R, Beckman Coulter. 

+ Centrifuge rotors: TS-5.1-500 (swinging) and TA-15-1.5 (fixed angle), Beckman 

Coulter. 

- Centrifuge: model MiniSpin, Eppendorf. 

+ Centrifuge rotor: F-45-12-11 (fixed angle), Eppendorf. 

- Digestor: model Digest Pro-MS, Intavis. 

- Electrophoresis gel tank: model Mini-Protean Tetra Cell, Biorad. 

- Electrophoresis power supply: model PowerPac 1000, Biorad. 

- High resolution mass spectrometer (HRMS): Q Exactive TM HF, Thermo Scientific. 

- Thermomixer: model F2.0, Eppendorf. 

- Ultracentrifuge: model 90SE, Sorvall Discovery. 

+ Ultracentrifuge rotor: SW-28 (swinging), Beckman Coulter. 

- Ultra High-Performance Liquid Chromatographic (UHPLC) system: UltiMate 3000 

RSLCnano, Thermo Scientific TM. 

- Vacuum concentrator: Savant SpeedVac SPD130DLX, Thermo Scientific. 

Reagents 

- 0.1 mm Zirconium silicate beads (11079101z, BioSpec). 

- 10% Sodium dodecyl sulfate (SDS, 71,736–500ML, Sigma-Merck). 

- 30% Acrylamide/Bis Solution 37.5:1 (2.7% crosslinker) (161-0158, Biorad). 

- Acetonitrile (ACN, 10,001,334, Fisher Scientific). 

- Ammonium bicarbonate (ABC, A6141-25 G, Sigma-Merck). 

- Ammonium persulfate (APS, GE17-1311-01, Sigma-Merck). 

- 𝛽-mercaptoethanol (M3148-25ML, Sigma-Merck). 

- Bovine serum albumin (BSA, A8022-50 G, Sigma-Merck). 

- Bromophenol blue (GE17-1329-01, Sigma-Merck). 

- Dithiothreitol (DTT, D5545-1 G, Sigma-Merck). 

- Glycerol (GE17-1325-01, Sigma-Merck). 

- Glycine (G8898-500 G, Sigma-Merck). 

- Iodoacetamide (IAA, I1149-25 G, Sigma-Merck). 

- Methanol (MeOH, 15,624,740, Fisher Scientific). 
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- MilliQ H2O (Millipore). 

- Phosphate-buffered saline (PBS, P4417-100TAB, Sigma-Merck). 

- SimplyBlue SafeStain (LC6060, Thermo Fisher). 

- Sodium hydroxide (NaOH, S8045-500 G, Sigma-Merck). 

- Tetramethylethylenediamine (TEMED, 10,549,960, Fisher Scientific). 

- Trifluoroacetic acid (TFA, 302,031-100ML, Sigma-Merck). 

- Tris (GE17-1321-01, Sigma-Merck). 

- Trypsin (V5280, Promega). 

- Tween-20 (P1379-500ML, Sigma-Merck). 

Materials and buffers 

- 0.5 ml LoBind tubes (10,316,752, Fisher Scientific). 

- 1.5 ml LoBind tubes (10,708,704, Fisher Scientific). 

- Amicon Ultra-15 Centrifugal Filter Unit 10 kDa cut-off (UFC901024, Sigma-Merck). 

- Analytical column: 25 cm x 75 μm, C18, 1.6 μm, Odyssey (DY-25075C18A, 

Ionopticks). 

- Elution plate (40.020, Intavis). 

- Reaction plate (40.010, Intavis). 

- Ultracentrifuge tubes 38.5 ml (082,326,823, Izasa Scientific). 

- Trap column: Acclaim PepMap100 100 μm x 2 cm nanoViper C18 5 μm 100 Å 

(164,564, Thermo Scientific). 

- Extraction buffer: ACN/milliQ H2O (1/1, v/v) 0.25% v/v TFA. 

- Lysis buffer: 4% SDS, 0.1 M DTT, 100 mM Tris-HCl pH 7.5. 

- Reconstitution buffer: 5% MeOH 0.5% TFA. 

- Resolving buffer (4x): 1.5 M Tris-HCl pH 8.8. 

- Running buffer (10x): 0.25 M Tris-HCl, 1.92 M Glycine, 1% SDS pH 8.3. 

- Sample buffer (5x): 0.1 M Tris-HCl, 44% Glycerol, 6% SDS, 0.03% bromophenol blue. 

- Stacking buffer (4x): 0.5 M Tris-HCl pH 6.8. 

PROCEDURE 

Sampling 

Twenty-four-hour composite water samples were collected at the WWTP inlet using 

refrigerated automatic wastewater samplers that took water samples every 15 min during this 

period. Samples are collected in the 24 h prior to the beginning of the experiment and stored 

at 4 °C. 
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Separation of the soluble and particulate fractions 

- Place 30 ml of the water sample in an ultracentrifuge tube. 

- Ultracentrifuge at 24,000 rpm (∼100,000 x g) for 60 min at 4 °C, Accel = 9, Decel = 9. 

- Separate the supernatant from the pellet by pouring the supernatant in a new tube. 

- At this point, the procedure can be stopped to continue later on. In this case, store both 

the supernatant and the pellet at -70 °C. 

Protein extract preparation 

Concentration of the soluble fraction (Casanovas et al., 2017) 

- Add 2.5 ml of 0.1 M NaOH to the Amicon filter unit and centrifuge in the Beckmann 

centrifuge (TS-5.1-500) at 4000 x g 13 °C for 10 min. 

- Add 2.5 ml of milliQ H2O to the filter and centrifuge at 4000 x g for 15 min at 13 °C. 

- Immerse the filter in Tween-20 5% overnight. 

- Wash extensively the Tween-20 from the filter by immersing it in milliQ H2O for 1-2 min 

and gently shaking. Discard the water and repeat this wash four more times. Make 

sure there is no Tween left (no bright soapy bubbles when the filter is shaken to remove 

the water). Otherwise, repeat the wash. 

- Add 12 ml of milliQ H2O to the filter and centrifuge at 4000 x g for 15 min at 13 °C. (x 

2) 

- Transfer 10 ml of the supernatant from the ultracentrifugation (Step 2.1) to the Amicon 

filter unit. 

- Centrifuge at 4000 x g for 15 min at 13 °C. 

- Transfer the concentrated sample left in the filter (about 500 μl) to a 1.5 ml LoBind 

tube. 

- Evaporate the sample in the vacuum concentrator until dry. 

- At this point or before evaporation, the procedure can be stopped to continue later on. 

In this case, store samples at -70 °C. 

Lysis of the particulate fraction (Casas et al., 2017) 

- In case the pellet from the ultracentrifugation is stored at -70 °C (Step 2.1), thaw it at 

4 °C. 

- Reconstitute the pellet in 30 ml of cold PBS. 

- Ultracentrifuge at 100,000 x g for 60 min at 4 °C, Accel = 9, Decel = 9. 

Note: For the Sorvall ultracentrifuge, we use 24,000 rpm (103,864 x g). 

- Remove the supernatant to waste. 
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- Add 250 μl of lysis buffer to the pellet in the ultracentrifuge tube and sonicate in a bath 

for 5 min. 

- Transfer to a new 1.5 ml LoBind tube. 

- Add 250 μl of lysis buffer to the ultracentrifuge tube and sonicate in a bath for 5 min. 

- Transfer to the previous 1.5 ml LoBind tube. 

- Incubate in the Thermomixer for 60 min at 95 °C and 800 rpm. 

- Let the sample cool down at room temperature. 

- Add 500 μl of the sample to 250 μl of Zirconium Silicate beads. 

- Let it in the Bullet Blender 3 min at level 8. 

- Centrifuge in the Beckman centrifuge (rotor TA-15-1.5) for 10 min at 18,000 x g and 

22 °C. 

- Transfer the supernatant to a new 1.5 ml LoBind tube (approx. 400 μl). 

- At this point, the procedure can be stopped to continue later on. In this case, store 

lysed samples at -70 °C. 

Concentration of the soluble and particulate fractions with SDS-page gels 

- Prepare two SDS-PAGE gels (12% resolving, 5% stacking). Use 10 and 5-well combs 

for the soluble and the particulate fractions, respectively. 

- Add 40 μl of the sample buffer 1x with 5% of 𝛽-mercaptoethanol to the dried soluble 

sample. 

- Add 7 μl of glycerol and 2 μl of bromophenol blue to a 25% aliquot (approx. 100 μl) of 

the particulate sample. 

- Incubate samples in the Thermomixer at 95 °C for 10 min. 

- Let samples cool down at room temperature and spin down. 

- Load the samples in the gels: 

+ Soluble fraction: 40 μl per well in a 10 wells gel. 

+ Particulate fraction: 110 μl per well in a 5 wells gel. 

+ Standard: 1 μg of BSA per well. 

- Run the electrophoresis at 50 V until samples are stacked at the head of the gel 

(approx. 50 min). 

- Wash the gel with milliQ H2O for 5 min. (x 3) 

- Stain the gel with SimplyBlue for 1 hour. 

- Wash the gel with milliQ H2O for 1 hour. 

- At this point, the procedure can be stopped to continue later on. In this case, store the 

gel at 4 °C. 
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In-gel digestion with trypsin (Casanovas et al., 2009)  

- Excise the bands of concentrated proteins taking as a reference the beginning of the 

BSA band with a scalpel as shown in Figure 13, cut them into small pieces (ca. 1 mm3) 

and place them in different wells of the Digestor reaction plate (use more than one well 

per sample if necessary). 

- Place the reaction plate, the elution plate and the reagents into the Digestor. 

- Run the method with the following steps: 

+ Wash gel slices with 100 μl of 20 mM ABC pH 7.8 and incubate for 15 min. (x 

2) 

+ Wash with 100 μl of ACN and incubate for 15 min. (x 2) 

+ Reduce with 60 μl of 10 mM DTT for 50 min. 

+ Alkylate with 60 μl of 55 mM IAA for 30 min. 

+ Wash with 100 μl of 20 mM ABC pH 7.8 and incubate for 15 min. (x 3) 

+ Wash with 100 μl of ACN and incubate for 15 min. (x 3) 

+ Add 40 μl of trypsin 3.1 ng/μl and incubate for 10 min. 

+ Add 60 μl of 20 mM ABC pH 7.8 without removing the trypsin and incubate for 

7 h at 37 °C. 

+ Extract peptides with 50 μl of ACN/milliQ H2O (1/1, v/v) 0.25% v/v TFA 

incubating for 15 min. (x 2) 

+ Add 40 μl of ACN/milliQ H2O (1/1, v/v) 0.25% v/v (TFA) and incubate for 15 

min. 

+ Add 40 μl of ACN and incubate for 15 min. 

- Transfer digested samples to new 0.5 ml LoBind tubes and evaporate to dryness. 

Analysis by liquid chromatography coupled to high resolution mass 

spectrometry (LC-HR-MS) 

- Reconstitute samples in 50 μl of 5% MeOH 0.5% TFA. 

- Inject 10% of each sample. 

+ LC parameters: 

· Sampler temperature: 8 °C. 

· Column temperature: 35 °C. 

· Solvents: 0.1% formic acid (A) and acetonitrile 0.1% formic acid (B). 

· Gradient: 
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Time (min) Flow-rate (μl/min) %B 

0 15 3 

3 0.3 3 

93 0.3 45 

95 0.3 95 

99 0.3 95 

101 0.3 3 

105 Stop run  

 

+ MS parameters: 

· Spray voltage: 1500 V. 

· Data-dependent mode: 10 MS/MS scans of the 10 most intense signals 

detected in the MS scan. 

· Fragmentation: HCD (27%). 

· Full MS (range 375-1600) acquired in the Orbitrap with a resolution of 60,000. 

· MS/MS spectra (range 200-2000) obtained in the Orbitrap with a resolution of 

15,000. 

Database search with proteome discoverer 3.0.1.27 

- Processing workflow parameters: 

+ Min. precursor mass: 350 Da. 

+ Max. precursor mass: 5000 Da. 

+ Database: Swiss-Prot (February 2023). 

+ Min. peptide length: 6. 

+ Precursor mass tolerance: 20 ppm. 

+ Fragment mass tolerance: 0.02 Da. 

+ Dynamic modifications: Acetyl in N-term, oxidation in M, Met-loss in M and Met-

loss + Acetyl in M. 

+ Static modifications: Carbamidomethyl in C. 

+ Percolator (FDR targets): 

· Target FDR (Strict): 0.001 (0.1%). 

· Target FDR (Relaxed): 0.005 (0.5%). 

- Consensus workflow parameters: 

+ Precursor ions quantifier: 

· Peptides to use: Unique. 
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· Precursor abundance based on: Intensity. 

· Normalization mode: Total peptide amount. 

+ Peptide validator: 

· Target FDR (Strict) for PSMs: 0.001 (0.1%). 

· Target FDR (Relaxed) for PSMs: 0.005 (0.5%). 

· Target FDR (Strict) for Peptides: 0.001 (0.1%). 

· Target FDR (Relaxed) for Peptides: 0.005 (0.5%). 

+ Minimum peptide length: 6. 

+ Protein FDR validator: 

· Target FDR (Strict): 0.01 (1%). 

· Target FDR (Relaxed): 0.05 (5%). 

 

For the complete list of parameters see Supplementary Material 

(4.1_PD30_SearchParameters.docx). 

 

Table 3. Collection sites. Population equivalent, population served and water treated at the 

different WWTPs. 

WWTP 
Population (thousands) 

Water treated 
(m3/d) 

Equivalenta Servedb 

Besòs 2944 1502 322,238 

Girona 206 159 43,556 

Vic 340 55 22,384 

 

a The equivalent population is the population the wastewater treatment plant was designed 

for. Agència Catalana de l’Aigua (21/11/2022), 

https://aca.gencat.cat/ca/laigua/infraestructures/estacions-depuradores-daigua-residual/. 

b The served population is the actual number of people that live in the area whose wastewater 

the treatment plant receives. https://www.epdata.es/. 

c https://sarsaigua.icra.cat/. 

APPLICATION 

Data presented here correspond to the analysis of 24-h composite wastewater samples 

collected between April and May 2022 at the inlet of 3 different wastewater treatment plants 

(WWTPs) serving cities of different population and diverse industrial activities (Table 3). 

 

https://aca.gencat.cat/ca/laigua/infraestructures/estacions-depuradores-daigua-residual/
https://www.epdata.es/
https://sarsaigua.icra.cat/
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Figure 12. Outline of the sample fractionation and fraction processing. 

 

 

Figure 13. Bands excised taking the BSA reference for the soluble fraction (a, 10 wells gel) 

and the particulate fraction (b, 5 wells gel). 

The soluble and particulate fractions were separated by ultracentrifugation and the particulate 

fraction was disrupted and homogenized mechanically. Solubilized proteins were 

concentrated in a small band at the head of a polyacrylamide gel (Figure 12). This band was 

submitted to the conventional procedures in shotgun proteomics, namely, in-gel digestion and 

LC-MS/MS analysis followed by database identification (Figure 14). The mass spectrometry 

proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 

(Jarnuczak & Vizcaíno, 2017) partner repository with the dataset identifier PXD042445. 

 

The number of identifications ranged between 244 and 386 for the soluble part and between 

488 and 935 in the particulate (Table 4). The proteins and the origin of these proteins in each 

fraction is very different (Figure 15). While in the particulate fraction Bacteria proteins 

dominate, in the soluble fraction the number of Eukaryotic proteins increases up to 42% of 

total protein. In the case of the soluble fractions, the 3 most abundant proteins are amylase 

enzymes from humans with the double of Peptide-Spectrum Matches (PSMs) than the next 

most abundant protein. These human amylases are followed by amylase enzymes from 

murids, human albumin and by albumins from livestock (cow, pig, sheep or rabbit). In contrast, 

in the particulate fraction, though the most abundant protein is a human elastase (with 4 times 

less PSMs than the most abundant soluble proteins), it is followed by a mix of proteins from 

human and different kinds of bacteria. 

Gel
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Ultracentrifugation

Samples

ConcentrationSoluble
fraction

Particulate
fraction Bead

lysis

BSA BSA BSA
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Figure 14. Outline of the protein digestion and peptide analysis. 

 

 

Table 4. Number of proteins and peptides identifications by site and fraction (see 

Supplementary Material 4.1_Particulate_Identifications.xlsx and 

4.1_Soluble_Identifications.xlsx for detailed information). 

WWTP 
Proteins Peptides 

Soluble Particulate Soluble Particulate 

Besòs 265 935 1183 1894 

Girona 244 791 1024 2030 

Vic 386 488 1277 1091 

 

 

 

Figure 15. Distribution of the number of Bacteria and Eukaryotic proteins in the particulate 

and soluble fractions. 
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Figure 16. Distribution by sites of total proteins (right) and albumins (left) from Human, murids 

and different livestock species. Abundance calculation was made considering only protein 

unique peptides. 

The data allows to characterize the contribution of different species to the wastewater 

proteome at each site (Figure 16). In cities with a high population density like Besòs 

(Barcelona) human proteins are dominant, while in more rural areas, such as Vic, livestock 

proteins can be more abundant than human proteins. The major contributor to livestock 

proteins is albumin as reflected in the small difference between total protein and albumin 

abundances in Figure 14 for farm animals. This albumin probably comes from the spillage of 

animal blood and tissue in the wastewater, thus reflecting the activity of the meat industry in 

these areas. 

CONCLUSIONS 

Wastewater proteomics is an emerging field within sewage chemical information mining and 

wastewater-based epidemiology. Until now, the study of wastewater was focused on small 

molecules. To our knowledge, this is the first method developed for the large-scale 

characterization of proteins in this kind of matrix, overcoming issues such as the heterogeneity 

and complexity of the wastewater, and the interferences from other molecules. We have 

shown that proteins in wastewater transport information on the human and industrial activities 

in the urban and rural areas from which these discharges originate. 

 

The method described here has slight modifications relative to our previous works (Carrascal 

et al., 2023) in order to optimize the efficiency and simplify the resources needed for the 

analysis. Work is in progress to extend the approach to quantitative targeted methodologies. 
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We believe this method is an effective discovery tool in the search of community biomarkers 

and a first step to the development of specific test devices for health and environmental 

monitoring. 



 

 

 

 

 

 

4.2 SEWAGE PROTEIN 

INFORMATION MINING: DISCOVERY 

OF LARGE BIOMOLECULES AS 

BIOMARKERS OF POPULATION AND 

INDUSTRIAL ACTIVITIES 
 

Objective 2: Characterization of potential protein biomarker signatures 

for early epidemiological alerts and event follow up by correlating 

population and human health, habits, and activities with sewage protein 

profiles at different geographical sites. 
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Until now, wastewater studies were focused on small molecules, both elucidating which ones 

arrive at the treatment plant and which ones exit and go to the receiving waters. Moreover, as 

commented in the previous chapter, the protein studies were carried out inside the WWTP 

and did not include all the organisms. In this section, the wastewater proteome is characterized 

across ten wastewater treatment plants (WWTPs), describing for the first time the differences 

attributable to human activity in the various locations analyzed. This study was published in 

the journal Environmental Science & Technology on July 18 2023 with doi: 

10.1021/acs.est.3c00535 (see supplementary material Wastewater_Proteome.pdf). The 

article is reproduced below. 

ABSTRACT 

Wastewater-based epidemiology has been revealed as a powerful approach for surveying the 

health and lifestyle of a population. In this context, proteins have been proposed as potential 

biomarkers that complement the information provided by currently available methods. 

However, little is known about the range of molecular species and dynamics of proteins in 

wastewater and the information hidden in these protein profiles is still to be uncovered. In this 

study, we investigated the protein composition of wastewater from 10 municipalities in 

Catalonia with diverse populations and industrial activities at three different times of the year. 

The soluble fraction of this material was analyzed using liquid chromatography high-resolution 

tandem mass spectrometry using a shotgun proteomics approach. The complete proteomic 

profile, distribution among different organisms, and semiquantitative analysis of the main 

constituents are described. Excreta (urine and feces) from humans, and blood and other 

residues from livestock were identified as the two main protein sources. Our findings provide 

new insights into the characterization of wastewater proteomics that allow for the proposal of 

specific bioindicators for wastewater-based environmental monitoring. This includes human 

and animal population monitoring, most notably for rodent pest control (immunoglobulins (Igs) 

and amylases) and livestock processing industry monitoring (albumins). 

 

KEYWORDS: environmental proteomics, sewage epidemiology, water fingerprinting, mass 

spectrometry 

1. INTRODUCTION 

Sewage chemical-information mining (SCIM) (Daughton, 2018), of which wastewater-based 

epidemiology (WBE), also known as sewage epidemiology, is the more relevant branch, has 

arisen as a complementary alternative to provide comprehensive health and environmental 

https://pubs.acs.org/doi/10.1021/acs.est.3c00535
https://pubs.acs.org/doi/10.1021/acs.est.3c00535
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information on communities. Under this approach, sewage is regarded as an integrated pooled 

sample of the entire population served by a certain wastewater system; thus, its monitoring 

provides an average picture of its health status and activities (Daughton, 2018; Rice & 

Kasprzyk-Hordern, 2019; Sims & Kasprzyk-Hordern, 2020). 

 

The success achieved through SCIM has been closely related to instrumental development, 

especially on mass spectrometry (MS) for the analysis of small and large molecules, and more 

recently by the introduction of techniques for the analysis of genetic material (Picó & Barceló, 

2021). Some successful applications of SCIM include the consumption of illegal drugs 

(Mastroianni et al., 2017; Thomas et al., 2012), pharmaceuticals and personal care products 

(Burgard et al., 2013; Gao et al., 2016), tobacco (Castiglioni et al., 2014) and alcohol use (Ryu 

et al., 2016a), the exposure to toxicants like pesticides (Rousis et al., 2017), and Bisphenol A 

(Lopardo et al., 2019), and with regard to biological response, oxidative stress (Ryu et al., 

2016b) or the monitoring of coronavirus prevalence during the recent COVID-19 outbreak 

(Alygizakis et al., 2021; Barceló, 2020). 

 

In this context, several authors have stressed the potential relevance of proteins in wastewater 

as health and environmental biomarkers (Rice & Kasprzyk-Hordern, 2019; Picó & Barceló, 

2021). Early studies already evidenced the presence of enzymatic activity in the effluent of 

wastewater treatment plants (WWTPs) (Westgate & Park, 2010), and human keratins and 

pancreatic elastase were identified among a few other bacterial proteins in sludge using the 

proteomic technology available at that moment (Park et al., 2008b). The presence of human 

proteins in sludge evidenced its resistance to degradation in wastewater and through the 

WWTP treatment and raised the question of their effect in the receiving waters (Westgate & 

Park, 2010). More recently, using ELISA analyses, quantitation of human immunoglobulins A 

and G in wastewater was reported and proposed as a tool for community serology (Agan et 

al., 2022). Besides these works, most sewage proteomic studies have focused on the 

characterization of the microbiome in either sludge (Kuhn et al., 2011) or wastewater 

(Westgate & Park, 2010; Zhang et al., 2019), and the information on other human, animal, or 

vegetal proteins remains scarce at best. 

 

The current status of proteomics technologies allows sensitive and extensive analysis of very 

complex protein mixtures such those in wastewater. Disentangling the wastewater proteome 

would open the window to a new class of potential markers for SCIM purposes and would be 

the first step for developing new specific, targeted analytical methods to monitor anthropogenic 

activities and community health status in a non-intrusive way. 
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With this aim, in preliminary studies (Carrascal et al., 2020; Perez-Lopez et al., 2021), we used 

passive sampling polymeric devices and liquid chromatography coupled to high-resolution MS 

shotgun proteomic methods, to expand, for the first time, the proteomic profiling of wastewater 

beyond prokaryotes to eukaryotes higher organisms, covering plants, animals, and human 

proteomes. For the latter, we were able to identify not only the major proteome constituents, 

such as albumins and keratins, but also other less abundant proteins (for example, S100A8, 

uromodulin, and defensins), which are known as potential disease biomarkers. This seminal 

work can thus be regarded as a first attempt to disentangle the entire wastewater proteome, 

and, simultaneously, it highlighted the experimental and analytical challenges involved in its 

characterization. 

 

In our previous work, the heterogeneity and complexity of the water samples drove us to use 

semi solid polymer probes in order to trap wastewater protein and allow their analysis 

minimizing interferences. While the method was effective, it required letting the probe 

submerged for many days. Further, the set of proteins trapped was very probably biased by 

the polymer affinity or the formation of biofilms in their surface. Consequently, we focused on 

developing strategies for the characterization of the proteome directly from wastewater using 

existing automatic infrastructure for water collection at WWTP entrances. Here, we present 

our results on the characterization of the soluble fraction of the wastewater proteome (filtered 

through 200 nm pore) from 10 different municipalities in Catalonia covering a wide range of 

population sizes and influent characteristics (relative contribution of domestic and industrial 

load). 

 

The objectives of the present study were: (a) the deep proteomic characterization of the 

wastewater soluble fraction and (b) to describe the observed protein pattern and their possible 

correlation with human activity in order to identify potential biomarkers that could be validated 

for new applications for SCIM or WBE or become monitoring targets for the improvement of 

WWTP operation and management. 

 

Consequently, first we will describe the collection of proteins identified, their origin, distribution 

and possible correlation with anthropogenic activities, and then we will discuss the potential 

utility of some of the more abundant and ubiquitous human and animal protein families 

identified in wastewater. 
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2. MATERIAL AND METHODS 

2.1. Sample collection 

Twenty-four-hour composite wastewater samples were collected at the inlets of 10 wastewater 

treatment plants (WWTPs) located in the Girona and Barcelona provinces in Catalonia (Figure 

17). These WWTP receive influents from different municipalities with populations ranging 

28,000 (Banyoles) to 1,500,000 (Besòs) as well as diverse activities (Table 5). Samples were 

collected in the framework of the Catalonian Net for SARS-CoV-2 surveillance (Guerrero-

Latorre et al., 2022). An automatic water sampler was used at all sites. The samples were 

then transferred to the laboratory at 4 °C. 

 

 

Figure 17. Location of the 10 WWTPs where samples were collected. 

 

Three collection campaigns were conducted on the 14th of December 2020, and on the 19th 

of April and 26th of July 2021 (winter, spring, and summer campaigns, respectively). For the 

study of the particulate fraction, samples were collected on three different days at the entrance 

of WWTP Besòs and Vic in May 2022. 
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Table 5. Collection sites. Population equivalent, population served, and water treated at the 

different WWTPs. 

WWTP 
Population (thousands) 

Water treated1 
(m3/d) 

Equivalent1 Served2 

Banyoles 53 28 12,000 

Besòs 2,844 1,502 525,000 

Figueres 111 53 17,000 

Girona 206 159 55,000 

Granollers 122 100 30,000 

Igualada 286 67 20,000 

Manresa 196 93 53,500 

Mataró 451 190 57,000 

Olot 99 46 17,000 

Vic 340 55 25,000 

1 Agència Catalana de l’Aigua (21/11/2022), 

https://aca.gencat.cat/ca/laigua/infraestructures/estacions-depuradores-daigua-residual/ 

2 https://sarsaigua.icra.cat/ and https://www.epdata.es/ 

 

Data on water inflow measured on the day of collection were provided by the WWTP operators 

(see supplementary material 4.2_WWTP_Physicochemical.xlsx). 

2.2. Sample preparation 

Soluble Proteins. The collected samples were filtered immediately after arrival at the 

laboratory. For this, up to 100 ml of 24-h composite wastewater sample was centrifuged at 

4000 × g (10 °C, 20 min), and the supernatant was filtered through 0.2-μm filters (VWR, North 

American, USA). The filtered samples were lyophilized using a freeze-dryer (TELSTAR 

LyoAlfa 6, PA, USA). 

 

For the analysis, lyophilized samples were reconstituted in 20 ml MilliQ water and 

concentrated using a 10 kDa cutoff device (Amicon®, NMWL 10 kDa), with a filter that was 

previously passivated to minimize protein adsorption. Passivation was performed by washing 

the filter with 2.4 ml of NaOH 0.1M that was eliminated by centrifugation at 4000 × g (13 °C, 

10 min), followed by a second wash with 2.5 ml milliQ water and centrifugation. Finally, filters 

were immersed overnight in Tween-20 (5% in MilliQ water), extensively washed with MilliQ 

https://www.epdata.es/
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water, and centrifuged at 4000 × g (13 °C, 5 min). Samples were concentrated to 

approximately 400 μl, then evaporated to dryness using a SpeedVac. Proteins in the sample 

were cleaned and concentrated in the heads of sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) gels (5% stacking and 12% resolving) at 50 V for 40–50 min. 

Bovine serum albumin (BSA) was used as a reference marker. After electrophoresis, the gels 

were stained with Coomassie Blue and scanned. The bands of concentrated proteins were 

excised and digested with trypsin using an automatic device (DigestPro MS, Intavis), as 

previously described (Casanovas et al., 2009). 

 

Proteins in Particulate. The three 24-h composite wastewater samples from each WWTP 

were combined, and up to 30 ml was processed. First, samples were centrifuged at 600 × g 

(15 °C, 15 min), and the supernatants were ultracentrifuged at 112700 × g (4 °C, 20 h, accel=9, 

desel=9) (Sorvall Discovery 90SE with rotor SW-28). Thereafter, the pellets were washed with 

phosphate-buffered saline using ultracentrifugation under the same conditions as described 

before. 

 

After washing, the pellets were lysed with beads as described by Casas et al. (2016). Briefly, 

pellets were reconstituted in 500 µl of denaturing lysis buffer containing 4% SDS, 0.1 M DTT, 

and 100 mM Tris-HCl pH 7.5 through sonication in a bath (Ultrasons, J.P. Selecta) and 

incubated in a Thermomixer (Eppendorf, model F2.0) at 95 °C (800 rpm, 1 h). Samples were 

then homogenized in a Bullet Blender (Next Advance Storm, NY, USA) for 3 min at speed 

level 8 using 250 μl zirconium silicate beads (0.1 mm diameter, BioSpec, 11079101z). After 

homogenization, the beads were pelleted by centrifugation at 18000 × g (10 min) and pellet 

lysates were recovered from the supernatant. 

 

Approximately 100 μl of each sample (25% of the total) was concentrated using SDS-PAGE 

gels (5% stacking and 12% resolving) at 50 V for 40 – 50 min. BSA was used as a reference 

marker. After electrophoresis, the gels were stained with Coomassie Blue and scanned. The 

bands with concentrated proteins were excised and digested with trypsin using an automatic 

device (DigestPro MS, Intavis), as previously described (Casanovas et al., 2009). 

2.3. LC-HRMS/MS and database search 

The LC-HRMS/MS system consisted of an Agilent 1200 Series Gradient HPLC (consisting of 

a capillary nanopump, binary pump, thermostatic micro injector, and micro-switch valve) 

coupled to an Orbitrap-Velos High-Resolution Mass Spectrometer (ThermoFisher) equipped 

with a nanoESI ion source. 
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For the analysis, the tryptic digests of the sample extracts were evaporated until dry and re-

dissolved in 50 µl of 0.5% TFA 5% methanol with gentle agitation in a Thermomixer (5 min, at 

22 °C, 900 rpm). Five microliters of this solution were injected into the HPLC system. 

 

Separation was performed on a 15-cm long, 100 µm i.d. C18 column (Nikkyo Technos Co.) 

preceded by a C18 preconcentration cartridge (Agilent Technologies). Separation was done 

at 0.4 µl/min using a 120-min gradient from 3-35% solvent B (solvent A: 0.1% formic acid, 

solvent B: acetonitrile 0.1% formic acid). 

 

The Orbitrap-Velos was operated in positive ion mode with a spray voltage of 1.7 kV. 

Spectrometric analysis was performed in data-dependent mode (Gao & Yates, 2019), 

acquiring a full scan followed by 10 MS/MS scans of the 10 most intense signals detected in 

the MS scan. Full MS (range 400-1650) was acquired in the Orbitrap with a resolution of 

60.000. MS/MS spectra were obtained in a linear ion trap. 

 

MS/MS spectra were searched using SEQUEST (Proteome Discoverer v2.5, ThermoFisher) 

with the following parameters: peptide mass tolerance, 20 ppm; fragment tolerance, 0.8 Da; 

enzyme, trypsin, and allowance of up to two missed cleavages; dynamic modification, 

methionine oxidation (+16 Da); and fixed modification, cysteine carbamidomethylation (+57 

Da). Searches were performed using UniProt (rev. 10-21). Final results were filtered using 

peptide rank 1, peptide confidence high (0.1% FDR), and search engine rank 1 (Nesvizhskii, 

2010). 

 

The MS analysis of the particulate samples was performed as described above, except for the 

use of a different chromatographic system that consisted of a C18 column trap (nanoEaseTM 

M/Z Symmetry C18 100 Å, 5 µm, 180 µm × 20 mm, Waters Corporation) connected to a 25 

cm long, 75 µm i.d. C18 column (nanoEaseTM M/Z HSS C18 T3 100 Å, 1.8 µm, 75 µm × 250 

mm, Waters Corporation). The separation was done at 0.4 µl/min in a 180-min gradient from 

2 – 40% solvent B (solvent A: 0.1% formic acid, solvent B: acetonitrile 0.1% formic acid). The 

HPLC system was composed of a µBinary Solvent Manager, µSample Manager, and Trap 

Valve Manager from the Acquity UPLC M Class (Waters Corporation).  

 

MS/MS spectra of the particulate extracts were searched using SEQUEST (Proteome 

Discoverer v1.4, Thermo Fisher) software with the same parameters as above. The search 

included a reanalysis of the MS data from the soluble extracts and extracts from the material 

found in the polymeric probes used in our previous work (Carrascal et al., 2020). The database 

used for searching was UniProt (rev. 08-22). The mass spectrometry proteomics data have 
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been deposited to the ProteomeXchange Consortium via the PRIDE (Jarnuczak & Vizcaíno, 

2017) partner repository with the dataset identifier PXD038781.  

2.4.   Data treatment and semiquantitative analysis 

Overall descriptions of the soluble wastewater proteome were obtained from the protein 

identification output of a Protein Discoverer Multiconsensus analysis, including all protein 

identifications from the different sites and campaigns. For discussion purposes, only proteins 

assigned as master proteins, with at least two peptides pointing to them, were considered. 

Estimation of the relative abundance of proteins was based on normalized spectral counts 

(NSCs). NSCs correspond to the total peptide sequence matches (PSM) obtained using 

Protein Discoverer and normalized to the mass of the protein to consider that the number of 

tryptic peptides produced by a protein increases with its size, and thus also the total PSMs 

measured. 

 

The comparison of the soluble and particulate proteomes of the material in this study and that 

of the material found in the polymeric probes (Carrascal et al., 2020) was performed as 

described above. They included all soluble extracts, two replicates of particulate samples from 

the Vic and Besòs WWTPs, and all the probe-derived sample analyses from the inlet of the 

WWTPs (site 1 of the three WWTP samples in our previous work). Owing to the high number 

of archives to process, a multiconsensus protein identification was performed considering five 

data groups: soluble data combined by campaign, combined particulate data, and combined 

probe data.  

 

For the semiquantitative determination of proteins such as amylases and albumins, we 

selected peptides with an unambiguous match to the protein (no other proteins in the Protein 

Group) and with at least two PSMs. Unselected peptides pointing to a protein in the 

unambiguous set were then recovered and added to that set. Protein areas were calculated 

as the sum of all selected peptides pointing to the protein and were normalized to the 

wastewater flow measured at the WWTP inlet when the sample was collected. 

 

To ensure reproducibility and traceability, Protein Discoverer output data were processed and 

documented using Jupyter notebooks and Python. 
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3. RESULTS AND DISCUSSION 

3.1. Wastewater Proteome 

The non-targeted shotgun proteomics study of these water samples allowed us to identify a 

total of 4318 peptides (1% FDR, >1 PSM) that indicated 827 proteins (1% FDR, >1 peptide) 

(see supplementary material 4.2_Soluble_Identifications.xlsx). The most abundant proteins 

were animal amylases and albumins (Table 6). Based on NSCs, eukaryotic proteins (mainly 

from mammals and birds) are the major components of wastewater, followed by bacterial 

proteins. Small amounts of viral proteins were also detected. Human proteins constituted 46% 

of the collection, followed by pig, chicken, cow, and rodent proteins (14, 9, 8, and 7%, 

respectively). Plant proteins made up >50% of all non-Chordata eukaryotes (Figures 18−20, 

Table 6). 

 

It is noteworthy that due to the remaining uncertainty in the spectrum-peptide matching 

process and the limitations of the protein inference approaches in shotgun proteomics, some 

artifactual assignments are expected in our protein collection, which has not been manually 

curated. This may be, for example, the case of the suspicious assignment of a pancreatic α-

amylase protein (AMYP) to the common ostrich (Struthio camelus, STRCA) protein, as shown 

in Table 6. Although the assignment cannot be discarded a priori (there are ostrich farms in 

Catalonia), this is the case for a protein assigned on the basis of two forms of the same unique 

peptide sequence (oxidized and not oxidized) with a 94% identity with the human sequence. 

The probability of an incorrect assignment is reduced as the number of unique peptides 

pointing to a specific protein increase. 

 

The most represented phylum in the collection was Chordata, and the major contributors to 

the proteins in this phylum were humans and livestock. Humans were represented by 243 

proteins. The most abundant human proteins were pancreatic enzymes headed by α-

amylases, making these proteins the main markers of human presence in wastewater. Several 

blood proteins (albumin, immunoglobulins [Igs], and complement proteins) and skin-derived 

proteins were also present in notable amounts. A DAVID gene ontology analysis (Sherman et 

al., 2022) revealed several enriched functional terms such as those related to the immune 

response (Igs, calprotectin, lactoferrin, lipocalin, and dermcidin) or the anti-inflammatory 

response (meprin A, orosomucoid, and the serpin family). The most abundant non-human 

proteins detected in wastewater were albumin from cattle (and ovalbumin from poultry). 

Albumin from commensal rodents (rats and mice) was one of the most important proteins 

detected. 
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Table 6. The 20 most abundant proteins in the wastewater samples. STRCA: Ostrich; FELCA: 

Cat. 

Access Protein name 
Entry name1 

Coverage 
[%] 

# 
Peptides 

# Protein 
unique 

peptides 

# 
NSCs 

Gene Species 

P04746 
Pancreatic alpha-
amylase 

AMYP HUMAN 88 62 7 10924 

P0DUB6 Alpha-amylase 1A AMY1A HUMAN 86 58 9 10470 

P19961 Alpha-amylase 2B AMY2B HUMAN 88 60 1 9594 

P08835 Albumin ALBU PIG 93 119 91 8846 

P01834 
Immunoglobulin 
kappa constant 

IGKC HUMAN 93 13 2 7712 

P01012 Ovalbumin OVAL CHICK 75 32 22 7159 

P02769 Albumin ALBU BOVIN 92 118 70 5480 

P01846 
Ig lambda chain C 
region 

LAC PIG 97 9 9 4773 

P19121 Albumin ALBU CHICK 88 85 84 4393 

P02768 Albumin ALBU HUMAN 90 87 14 4309 

P83053 
Pancreatic alpha-
amylase 

AMYP STRCA 33 22 2 3013 

P00687 Alpha-amylase 1 AMY1 MOUSE 23 15 2 2878 

P0DOX7 
Immunoglobulin 
kappa light chain 

IGK HUMAN 60 14 2 2786 

P01009 Alpha-1-antitrypsin A1AT HUMAN 60 35 17 2675 

P00690 
Pancreatic alpha-
amylase 

AMYP PIG 51 24 7 2627 

P14639 Albumin ALBU SHEEP 88 71 28 2540 

P00689 
Pancreatic alpha-
amylase 

AMYP RAT 28 14 2 2410 

P07478 Trypsin-2 TRY2 HUMAN 63 12 8 2283 

P07724 Albumin ALBU MOUSE 39 24 1 2173 

P49064 Albumin ALBU FELCA 32 26 5 2172 

P09571 Serotransferrin TRFE PIG 94 104 91 2159 

1 UniProtKB/Swiss-Prot entry name. The two terms of the entry name (gene_species) have 

been separated for convenience. 
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Overall, our data showed two main sources of proteins in wastewater: excreta (urine and 

feces) from humans, and blood and other residues from livestock. 

3.2. Wastewater Proteome is Compartmentalized 

In an earlier study in which we used polymeric probes to capture proteins from wastewater, 

we found high levels of bacterial proteins in the samples (Carrascal et al., 2020) (see 

supplementary material 4.2_Sol+Part+Probes_Identifications.xlsx). In contrast, in the filtered 

wastewater, bacterial proteins were relatively minor components, and the most abundant 

proteins differed from those found in the probes (Figures 18 and 21). 

 

These differences can be explained by the formation of biofilms in the probes that become 

enriched in bacterial proteins. In addition, the fact that the samples were passed through a 0.2 

μm filter suggests that most of the bacterial protein mass was transported in bacterial cells. A 

preliminary analysis of the particulate fraction of the wastewater samples confirmed this finding 

(see supplementary material 4.2_Sol+Part+Probes_Identifications.xlsx). We analyzed 

material from two different WWTP sites: a major urban area (Besòs) and a rural community 

(Vic). In both cases, bacterial proteins were the major components (Figure 18, bottom), 

although the distribution of the species was different. Although the bacteria-eukaryote 

distribution in the wastewater particulate was found to be similar to that of the polymeric 

probes, these two fractions showed some differences in the dominant proteins found in each 

of them (Figure 21, insert). A more in-depth study is required to confirm whether these 

differences are due to the potential selectivity of the polymeric probes or simply reflect the 

different origins of these samples. 

 

Another interesting example of protein compartmentalization is human elastase 3A (CL3A), a 

protein that we are considering as a potential biomarker for the human population. Human 

elastase is a well-known component of sewage and WWTP sludge (Kuhn et al., 2011). This 

is a recalcitrant protein with a high concentration in feces (Westgate & Park, 2010), which we 

have described as the major component retained in our polymer probes. In contrast to most 

other Chordata proteins, which were located preferentially on the filtrates, CL3A was found in 

higher relative amounts in the particulate fraction, where it was the major component (second 

position in the particulates from Vic and Besòs). Other proteins found in large amounts, mostly 

in particulate fractions, were keratins. Whereas EFTU and 60 kDa heat shock proteins (CH60) 

would be the most abundant and pervasive markers of bacterial presence, for mammals this 

position would be occupied by keratins. 
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Figure 18. Distribution of Bacteria and Eukaryotic proteins in the soluble fraction of 

wastewater and comparison with the particulate fraction (bottom). The sunburst graphs were 

prepared from the Unipept analysis of all peptides identified in the soluble fraction of 

wastewater samples. Comparison of particulate and soluble fractions was obtained from the 

multiconsensus analysis of all available samples, as described. 

Although we aimed to describe the characteristics of filtered wastewater in this work, these 

preliminary results on the particulate fraction reveal that this is only a partial view of the full 

wastewater proteome. Comprehensive and in-depth analysis of this proteome is, however, 

complicated. Our attempts to directly analyze the full wastewater composition (without the 

previous separation of the soluble and particulate fractions) were unsuccessful, likely due in 

part to inefficient trypsin digestion, probably caused by the interference of other compounds 

in the water. Therefore, we believe that parallel, separate analyses of the different wastewater 



4.2 Sewage protein information mining 

75 

compartments using sample fractionation methods, as those described here, may be the best 

strategy for a complete description of the wastewater proteomes. Knowledge of the protein 

distribution between these two compartments will further aid in the future development of 

methods to monitor potential biomarkers. 

3.3. Semiquantitative Analysis of the Wastewater Proteome 

Characterizes Human Activity Around the WWTPs 

Wastewater collected from a community reflects its population and domestic and industrial 

activities (Daughton, 2018; Rice & Kasprzyk-Hordern, 2019). To test the potential of the 

wastewater proteome as a potential biomarker, we performed a comparative analysis of the 

protein composition at different collection sites and estimated the protein abundances 

considering the corresponding wastewater inflows. 

 

For this purpose, protein semiquantitative data were calculated from the sum of the areas of 

their unique peptides in the ion chromatograms. Only those proteins unambiguously assigned 

by the search program (at least with a unique peptide pointing to it and with no other 

homologous members in the protein group) were considered. This procedure causes a bias in 

the set of proteins represented because those highly conserved between species produce 

only a few unique peptides or none in the worst case. Thus, highly conserved proteins are at 

risk of not being included in the set of quantified proteins. In return, this strict filtering prevents 

the contribution of peptides from similar proteins to the area of the one measured. As 

discussed previously, incorrect species assignment cannot be discarded for less represented 

species. This may be the case for the two proteins assigned to Pongo abelii, a species with 

high homology to humans, or the assignments to Danio rerio and Dictyostelium discoideum, 

two species that frequently appear in proteomic searches because of the assignment of 

proteins from other related species, but with genomes that have not been annotated to the 

same degree as those of these model species. 

 

Using this approach, we obtained reliable quantitative data from a set of 489 proteins (between 

350 and 401 proteins could be quantified in the different samples), representing a total of 112 

species (26 from more than one protein Table 7). 
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Table 7. Species represented by at least two proteins in the set of proteins selected for 

semiquantitative analysis. 

Species Proteins Species Proteins 

Homo sapiens 169 Capra hircus 3 

Sus Scrofa 59 Felis catus 2 

Bos taurus 55 Prunus dulcis 2 

Gallus 37 Bacteroides vulgatus 2 

Rattus norvegicus 9 Bacillus amyloliquefaciens 2 

Mus musculus 9 Lachnospira eligens 2 

Triticum aestivum 8 Equus caballus 2 

Oryctolagus cuniculus 7 Danio rerio 2 

Canis lupus familiaris 7 Clostridioides difficile 2 

Solanum tuberosum 5 Pongo abelii 2 

Ovis aries 4 Malus domestica 2 

Pseudomonas aeruginosa 4 Solanum lycopersicum 2 

Hordeum vulgare 3 Dictyostelium discoideum 2 

 

The distribution of the major proteins in the different campaigns was highly variable (Figure 

19). However, on average, they showed some characteristic traits that may indicate a 

relationship with the human population and industrial farming activities at each site, especially 

on the distribution profiles of pig, cow, and chicken proteins. A preliminary analysis of the data 

led us to select some protein groups (amylases, albumins, and Igs), with quantitative profiles 

that suggested that they could be potential biomarkers for further studies. 

3.4. Amylases as Mammal Population Indicators 

The most abundant protein in the wastewater soluble fraction was human pancreatic α-

amylase. Rodent, pig, and chicken amylases were detected in lower amounts. Amylases are 

the major protein components in feces, together with elastases, and are present in minor 

proportions in urine (Candiano et al., 2010; Marimuthu et al., 2011). Pancreatic amylases and 

elastases are secreted in the pancreatic juice together with other lipases, nucleases, and 

proteases for the digestion of food. The main role of pancreatic enzymes in the intestine 

reflects their high stability against hydrolytic degradation. An example is pancreatic elastase, 
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which has been detected in WWTP sludge, evidencing its resistance to the wastewater 

environment and WWTP treatment. In blood and sera, α-amylase maintains its enzymatic 

 

Figure 19. Distribution of proteins by species of origin in the different sampling sites by 

campaign (top) and with all campaigns combined (bottom). 

activity unaltered for at least a week at room temperature (Foo & Rosalki, 1986), so that protein 

sequence information can be expected to be preserved still longer. Thus, due to their high 

abundance in wastewater, their probable resistance to protease action and the species-

specific information carried in their sequences, amylases may be potential markers of human 

population and, as such, a potential tool to normalize the abundances of other biomarkers. 

One important uncertainty in WBE studies is the estimation of the number of inhabitants 

served by a WWTP (Daughton, 2012; Rico et al., 2017; Hsu et al., 2022). The wastewater 

physicochemical parameters frequently used for this purpose [chemical oxygen demand 

(COD), biological oxygen demand (BOD), total nitrogen or phosphorus] are highly unspecific 



4.2 Sewage protein information mining 

78 

and census does not reflect population dynamics and is often outdated (Rico et al., 2017). In 

recent years, molecules excreted in human feces or urine have been evaluated and used as 

markers of population. Most of them are small molecules, such as creatinine, cholesterol, 5-

hydroxyindoleacetic acid, caffeine, prostanol, or drugs widely used by the population. Human-

specific protein forms such as amylases have the advantage of being virtually free of the 

contribution from other non-controlled exogenous sources and thus to provide more accurate 

measurements. 

 

Figure 20. Human amylases represented versus the population assisted by the corresponding 

WWTP. Images include errors and regression lines obtained for the three amylases measured 

at all sites, except Besòs (left) and all sites (right, top), as well as the correlation for the major 

amylase (alpha-amylase 1A, P0DUB6) and the 95% confidence interval zone (Besòs not 

included) (right, bottom). 

Amylase presence in wastewater greatly increased when comparing cities with large 

populations (Barcelona, Besòs WWTP) with small- and medium-sized cities (Figure 20, top-

right). However, although a trend was observed between the amylase levels and the estimated 

population served by the WWTPs, the correlation was poor (Figure 20, left and bottom-right). 

Unfortunately, we did not have data from WWTPs serving populations in the middle range 

between Mataró and Besòs to obtain a more precise view. 

 

The degree of correlation between population and amylase levels may be affected by 

inaccuracies in the population data. The population data used correspond to the available 

official figures (Table 5). However, this parameter is not exempt from uncertainty, as the actual 

population may be subjected to large fluctuations over time (for example, seasonal tourism) 

or may not reflect the actual population channeling their sewage into the WWTP. Another 
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factor to consider is the robustness of the biomarker as different protein degradation dynamics 

in the specific biological and physicochemical environments of the different zones could affect 

the measured levels of amylase in water. Further research is required to deconvolute these 

factors. 

 

 

Figure 21. Comparison of the Eukaryote (blue) and Bacterial (orange) proteins in the 

wastewater soluble and particulate fractions and those found bound to the polymeric probes 

described in a previous work (Carrascal et al., 2020). Insert: details on the bacterial proteins. 

Abundance estimation (#NSC) was normalized to the most abundant component in each 

fraction. Diagonals are the histograms of the protein distribution in each fraction (soluble, 

particulate, and probes, from top-left to bottom right). 
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Since factors like changes in water flow due to precipitations that affect the levels of amylases 

in wastewater would be common to other proteins in wastewater, amylases could be useful to 

correct for these factors the amount of other human protein biomarkers or the amount of these 

pancreatic enzymes from other species. A potential application of great interest would be their 

use to monitor rodent populations in urban areas. Rat pests are a human health hazard 

because of the diseases they can transmit through the bacteria that infect them, and the 

transmission of fleas, ticks, and mites. In addition, they threaten the integrity of infested 

structures, and once established, their elimination is difficult. In large cities, rats live in the 

sewers. If no control action is taken, these animals can live between 2 and 3 years and 

procreate up to five times a year with an average of 4−8 offspring; thus, their number varies 

rapidly over a few months (Feng & Himsworth, 2013). Various strategies are currently being 

used to monitor these pests, generally based on animal counts and extrapolation to the total 

population (Byers et al., 2019). The number of animals in a large city is often referred to as 

the number of rodents per inhabitant. For example, it is estimated that in the city of Barcelona, 

there may be one rat per eight inhabitants (Ansede, 2018), and some estimates speak of up 

to 0.25 per inhabitant in the city of New York (Auerbach, 2014). However, there is no 

standardized method to determine their numbers, estimate population density, or understand 

population dynamics. 

 

As in humans, rat amylases are secreted into the pancreas and excreted mainly in feces; 

therefore, their quantification in wastewater relative to human amylases may allow the 

detection of rodent population peaks. Murine amylases were found in water in 100−500-fold 

lower amounts than human amylases. The ratio of murine to human amylases varies with the 

site and is generally higher in small cities in predominantly rural areas (Banyoles, Olot, and 

Vic) and smaller in large urban industrialized areas (Besòs/Barcelona, Mataró) (Figure 22). 

Interestingly, a peak in the murine-to-human amylase ratio was observed in the July campaign 

in Igualada. This sample also showed a marked increase in the rat-to-mouse amylase ratio 

despite the fact that in all other samples the ratio remained relatively constant (Figure 22). 

Whether this could reflect an increase in the rat population at this site is difficult to determine 

from a single event but these preliminary findings have prompted us to conduct additional 

studies that are now underway for this particular application. 

 

Currently, work is underway to develop a targeted-MS method that allows a more precise 

quantification of human and rodent amylases in wastewater. Knowledge of the best tracking 

subjects (those more abundant, unique, and species-specific peptides) should facilitate future 

development of immunoaffinity-based sensors for this purpose. The validation of this approach 

would be the source of new tools for pest surveillance that can provide integrated information 
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on the area of origin and conduction of the waste in parallel with other more local methods 

already in use (photo trapping, rat traps...). 

 

 

Figure 22. Murine (rat and mouse) and human amylases in the different sites. The red line 

indicates the murine to human ratio, and the red dashed line marks the mean ratio. 

3.5. Albumins as Livestock Industry Markers 

Albumins were found in high quantities in the analyzed water samples. The presence of 

albumin in wastewater probably results from industrial discharge of animal blood. Serum 

albumins are 60−70 kDa proteins with a high sequence homology among many primates 

(>90% identity) and other mammals (>50%). Differences between homologous albumins are 

widely distributed throughout their chains, resulting in significantly different sets of tryptic 

peptides after enzymatic digestion. Thus, considering albumins from humans, livestock, 

poultry, common human pets (cat and dog), and murids (rat and mouse), there are always 

between 24 and 42 different peptides potentially identifiable by our proteomics approach (>6 

AA), which are unique to any pair of these species (Figure 23). Considering the full set, any of 

these albumins would theoretically yield between 21 and 38 unique canonical tryptic peptides, 

which can allow species-specific identification and quantification. 

 

Feces and blood disposed of by slaughterhouses are of great concern as water pollutants 

(Savin et al., 2022; Bustillo-Lecompte & Mehrvar, 2015). Albumin is the largest protein 

component in sera (approximately 50−60% weight in humans). This high abundance and the 

differences in albumin sequences between species open the possibility of developing MS-

based strategies for specific monitoring of the levels and sources of biological contamination 

downstream of the release point and at the WWTP. This could be a powerful monitoring tool 

not only for environmental studies assessing the status of a water body but also for regulatory 

agencies in the surveillance of controlled and uncontrolled discharges of animal residues in 

rivers and wastewater systems. Currently, occasional discharge can be indirectly detected by 
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routine monitoring of the organic load content in wastewater (for example, BOD, COD, and 

TOC); however, these methods do not provide information on the contributing molecules or 

their origin (Bustillo-Lecompte & Mehrvar, 2015). 

 

Figure 23. Number of tryptic sequences that are different between any pair of the represented 

albumins (left), that are different from any other (unique in this albumin set) (center) and unique 

sequences that were detected in our samples (right). Calculation of unique sequences 

considers only canonical tryptic peptides, whereas the experimental data includes sequences 

with missed cleavages. 

In our study, we identified between 1 and 84 unique peptides for the different albumins 

considered above, which are, in some cases, higher than the expected canonical tryptic 

sequences because they also include peptides with missed cleavages (incompletely digested 

peptides). The number of unique peptides detected was highly dependent on the 

concentration of a specific protein in the sample. Thus, pig albumin is more representative, 

whereas no unique mouse peptide passed the data treatment quality filters (Figure 23). 

 

As albumins are the major contributors to animal protein mass in the wastewater proteome, 

the albumin profile distribution was highly similar to that shown for the total protein distribution 

(Figure 19). In concordance, the profiles of farm animal albumins were found to be significantly 
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different among the sites (Figure 24). To determine the correlation between these albumins 

and the presence of the corresponding species at a given site, we compared the number of 

official livestock units in each area with measured albumin values (Figure 25). We found that 

livestock units and albumin abundance were significantly different from each other; for 

example, wastewater samples from areas with a relevant number of pig farms, such as 

Figueres, Igualada, and Manresa, contained significantly low amounts of pig albumin. As 

animal blood and tissues are the major containers of albumins, these proteins probably mark 

the presence in the sewage of animal residues from the meat industry (for example, 

slaughterhouses), whereas livestock units reflect the number of animals raised in the region. 

For example, in Mataró, where the most important Spanish company in the poultry processing 

sector is located, there is a significant difference between the poultry livestock units and the 

measured Gallus albumin levels. Similarly, pig albumin appears to be the main albumin in Vic, 

Olot, and Banyoles, cities in which the pork industry is of great importance. 

 

 

Figure 24. Albumin profiles from farm animals in the three campaigns. 

3.6. Human Immunoglobulins 

Another important family of proteins found in samples is human Igs. Recently, human Igs were 

proposed as health biomarkers, although their presence, distribution, and detectability in 

wastewater had not been assessed (Barceló, 2020). More recently, measurement of specific 

Igs in wastewater was proposed as a window for community serology and an ELISA method 

was developed in the context of COVID surveillance (Agan et al., 2022). Igs are large 

heterodimeric glycoproteins composed of two heavy and two light chains, each of which is a 
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combination of different variable and constant domains encoded by 176 genes. There are five 

Ig isotypes named based on their α, Δ, ϵ, γ, and μ heavy chains (IgA, IgD, IgE, IgG, and IgM, 

respectively), each containing one of the two classes of light chains (κ and λ). Both heavy and 

light chains were subdivided into highly homologous subtypes, each with a different entry in 

the UniProt database. This greatly complicates proteomic quantitation by measuring the areas 

of unique peptides. Thus, many of the Ig tryptic sequences identified in our samples indicated 

two or more different Ig sequence accessions; consequently, they were not selected for 

measurement. This led to a situation where we had no unique peptides to quantify the λ chain, 

or where the areas of the γ chain, which makes the major Ig in the blood, were relatively small 

and unreliable, as were calculated from a minor unique peptide. As multiple protein 

assignments of the identified peptides were always to subtypes of the same chain, we 

measured each Ig chain, considering all its subtypes together. This enabled us to measure 

three heavy chains and two light chains (Figure 26). Sequences pointing to the J-chain, a 

component of IgA and IgM, and variable sections of the heavy chains not related to a specific 

Ig were also measured. 

 

Figure 25. Comparison of the average albumin profiles with the livestock units in the county 

in which the WWTP is located (IDESCAT data for 2021, https://www.idescat.cat/). 

 

https://www.idescat.cat/
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The Ig chain profiles were similar among the different sites and through the different 

campaigns (not shown), whereas the areas varied greatly, likely correlating with the human 

population served by the corresponding WWTP site. As observed in the profiles for other 

proteins, Ig abundance changed significantly between campaigns, as reflected in the length 

of the corresponding error bars (Figure 26). Girona showed the highest difference, with an 

8105-fold change between two campaigns, whereas Besòs (Barcelona) had the lowest 

maximum difference, with a fivefold change. As in the case of amylases, these variations could 

be partly a reflection of changes in the population at the site. This hypothesis is supported by 

the profiles of the human-Igs-to-amylases ratio, which, by comparison, were relatively constant 

between sites and campaigns (Figure 26, right). Thus, the greatest variation in the Igs/amylase 

ratio was 11-fold (Mataró), and the smallest maximum difference was only 1.4-fold (Besòs). 

On average, a 932 ± 2396 Ig maximum fold change was calculated between campaigns, 

whereas this average was 4 ± 3-fold for the Ig/amylase ratio, >2.5 orders of magnitude lower. 

These results further support the interest of abundant human proteins such as amylases to 

normalize the abundance of other human proteins in wastewater. 

 

In summary, our shotgun analysis reveals the high abundance of antibody molecules in 

wastewater, and the capability to discern between different Ig types and chains as well as to 

determine their profile, thus providing new knowledge for further development on SCIM 

methods based on these molecules. 

3.7. Wastewater Origin can be Differentiated by a Small Group of 

Biomarkers 

We have shown that wastewater proteomes exhibit protein profiles that are characteristic of 

the site and time frame. Protein profiles contain information on human activities in a given 

area, as revealed when considering livestock activities. This opens a window for monitoring 

diverse activities or site statuses through the determination of these protein patterns. Based 

on these premises, we tested the possibility of automatically differentiating wastewater origin 

by employing its proteome profile. For this purpose, we performed different classification and 

clustering analyses, which produced poor outputs (Figure 27, top left). Wastewater is a highly 

complex matrix, and many of its components contribute little to distinguishing features that 

facilitate discerning between samples. Instead, they introduce noise, acting as confounding 

factors in the classification. In contrast, a linear discriminant analysis (LDA) using the albumin 

subproteome showed clear differentiation over the first component of the sites with dominant 

poultry farming (Figueres, Mataró, and Manresa) from the others. The latter, in turn, are 
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distributed along the second component, differentiating those with a predominance of cattle 

from those with a predominance of pigs (Figure 27, top-right). 

 

 

Figure 26. Distribution of human Igs in wastewater from the different municipalities (top), total 

human Igs abundance per site and campaign (bottom left), and human Ig/amylase ratios at 

the different sites and campaigns (bottom, right). 

To optimize the classification, we used a protein set derived from the genes represented by 

the proteins with higher loads in discriminant factor analysis. This set was composed of 24 

proteins expressed by ALB, SERPINB14, SERPINA1, SERPINA3-1, AMY1A, Amy2, TF, and 

Alpi genes in humans and other animals (Table 8). Analysis of this set produced a significantly 

more resolved separation of different clusters (Figure 27, bottom). 
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Figure 27. LDA of the full proteome profiles (top-left), the albumin profiles (top right), and of a 

pre-selected group of protein markers (bottom). 

In summary, the present study greatly extends the knowledge we achieved in the 

comprehensive characterization of the wastewater proteome reported in our preliminary 

research (Carrascal et al., 2020). Here, we focused on the potential relevance of these protein 

profiles as new SCIM tools. To this end, analytical methods based on LC-HRMSMS shotgun 

proteomics were developed for both the dissolved and particulate materials contained in 

wastewater samples collected at the inlet of 10 WWTP serving municipalities in a broad range 

of population sizes. 

 

Our data provide a comprehensive description of wastewater proteins, their distribution among 

different organisms, and a semiquantitative analysis of many of them. The data presented 

encompassed both prokaryotic (bacteria and, to a lesser extent, viruses), non-Chordata 

(plants), and Chordata eukaryotic organisms (including birds, mammals, and humans), which 

notably expands the scope of previous studies performed in wastewater and sludge, 

specifically focusing on the bacterial proteome (Westgate & Park, 2010; Zhang et al., 2019). 
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Table 8. Wastewater-origin discriminant proteins used for LDA-supervised classification. 

Accession Name Species Gene 

P02769 Albumin Bos taurus ALB 

P0DUB6 Alpha-amylase 1A Homo sapiens AMY1A 

P08835 Albumin Sus scrofa ALB 

P19121 Albumin Gallus ALB 

P02768 Albumin Homo sapiens ALB 

P01012 Ovalbumin Gallus gallus SERPINB14 

P09571 Serotransferrin Sus scrofa TF 

P00689 Pancreatic alpha-amylase Rattus norvegicus Amy2 

P01009 Alpha-1-antitrypsin Homo sapiens SERPINA1 

P02789 Ovotransferrin Gallus gallus TF 

Q29443 Serotransferrin Bos taurus TF 

P02787 Serotransferrin Homo sapiens TF 

Q9TTE1 Serpin A3-1 Bos taurus SERPINA3-1 

P14639 Albumin Ovis aries ALB 

P49064 Albumin Felis catus ALB 

P49065 Albumin Oryctolagus cuniculus ALB 

P50447 Alpha-1-antitrypsin Sus scrofa SERPINA1 

P49822 Albumin Canis lupus familiaris ALB 

P15693 
Intestinal-type alkaline 

phosphatase 1 
Rattus norvegicus Alpi 

P34955 Alpha-1-antiproteinase Bos taurus SERPINA1 

P27425 Serotransferrin Equus caballus TF 

P12725 Alpha-1-antiproteinase Ovis aries SERPINA1 

A6YF56 Albumin Mesocricetus auratus ALB 

Q5XLE4 Albumin Equus asinus ALB 

 

We describe two main differential sources of proteins: excreta (urine and feces) from humans, 

and blood and other residues from livestock. The results highlighted significant differences 

between the proteomes in the soluble (filtered) phase and the particulate material, dominated 

by Chordata and bacterial proteins, respectively. Our findings also provide new insights into 
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the wastewater proteome that allow pointing out the possible practical use of some potential 

bioindicators in relation to wastewater-based environmental monitoring and WWTP 

management. Some relevant examples include amylases for mammalian population 

monitoring (applicable, for instance, to rodent pest surveys) and albumins as indicators of the 

cattle processing industry. Finally, in our previous work, we noted the presence in wastewater 

of endogenous human molecules, which are known disease biomarkers. Although we did not 

focus on human epidemiology, this study provides useful additional information on the 

presence of these and other endogenous human molecules of possible interest for WBE. The 

requirements that a protein must meet to be used as biomarker in WBE have been discussed 

in depth elsewhere (Rice & Kasprzyk-Hordern, 2019) including a well-defined 

disease−biomarker correlation, their excretion in high amounts and their stability both in vivo 

and in the wastewater media. Currently, the number of potential candidates is still small and 

none has been demonstrated yet (Rice & Kasprzyk-Hordern, 2019). Some limitations of the 

proteomics approach such as the need for specialized equipment and trained personnel have 

likely contributed to the situation. However, we can hope that once a potential biomarker is 

deemed worthy of further investigation, methods other than MS can be used for further 

validation and large-scale application. 

 

Collectively, our prospect of the wastewater proteome is far from complete and raises new, 

unexpected scientific questions about the observed protein profiles. This is a consequence of 

our still limited knowledge about the numerous factors involved in protein dynamics along their 

route from the emission site to the sampling site as well as the actual emission rates of these 

proteins over time. Still, the enormous potential of proteins as health and environmental 

biomarkers compels an exhaustive characterization of possible confounding factors in order 

to develop accurate, robust applications for these molecules. 

 

In conclusion, we have demonstrated for the first time the feasibility of wastewater proteome 

mining using modern proteomic technologies and have provided a protein database of value 

for future SCIM studies. We have shown that proteins in wastewater carry unique and specific 

information about their origin and we anticipate that these characteristics will open new 

avenues for the future development of new applications for environmental surveillance and 

monitoring.



 

 

 

 

 

 

4.3 FROM SOURCE TO STREAM: 

EVALUATING WASTEWATER 

TREATMENT PLANT PERFORMANCE 
 

Objective 3: Assessment of the efficiency of wastewater treatment by 

monitoring samples at WWTP influent, effluent and receiving waters.  
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Treatment plants are built according to the population size to which they serve to enhance the 

efficiency in the removal of the contaminants. The efficiency of the removal of contaminants 

is controlled by classical parameters such as the chemical and biological oxygen demand 

(COD and BOD, respectively), total suspended solids, total nitrogen and phosphorus. Also, 

many studies about the behavior of the small molecules (such as illicit drugs, pharmaceutics, 

personal care products, alcohol or tobacco) during the different steps undergone along the 

treatment process are available. However, there are no studies about how these treatments 

affect big biomolecules like proteins. Although some confirm the presence of proteins after 

some of the treatments or in the effluent, these proteins can be either from the sewages 

themselves or from the sludge used for those treatments. In this chapter the proteins present 

in the entry, exit and receiving bodies of the treatment plants are studied. Three sites with 

different population sizes and industrial activities were chosen to broaden the scope of the 

protein types. Only two of the wastewater treatment plants (WWTP) end up in rivers, while the 

third one goes to the sea where the sampling is more complex, leaving this site out for that 

part of the study. This is a collaborative project in which the samples were also analyzed for 

the characterization of small molecules by the group of Water Quality from the Catalan Institute 

for Water Research (ICRA Girona). Some of their results are included for the interpretation of 

the proteomics results. 

ABSTRACT 

Contaminants in wastewater are removed through multiple stages at the treatment plants. 

Afterwards, the processed water is discharged into the environment. Numerous studies have 

assessed the removal efficiency of these systems for small molecules, like pharmaceuticals, 

endocrine disruptive compounds and other substances related to human activity and health. 

However, the efficiency of the protein removal remains unknown. In this study, we analyzed 

the influent, effluent and receiving waters of three WWTPs, each serving different populations 

and industrial activities. Both proteins and a series of small molecules were characterized in 

the samples. The protein composition in the influent was consistent with previous findings from 

our research group. Following treatment, most of the proteins were effectively removed; 

however, the WWTP in Girona showed the lowest percentage of protein removal. Overall, 

treatment efficiency is higher in spring and lower in winter. The protein profile in the receiving 

waters was similar to the effluent one. Regarding the small molecules, 94 compounds were 

analyzed with removal efficiency varying across substances. In a first attempt in integrating 

proteomic and chemical data, we observed similar trends in the occurrence of antibiotics and 

albumins, allowing us to distinguish antibiotics used for non-human purposes like the 

treatment of livestock. In conclusion, proteins are effectively removed during wastewater 
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treatment, and the remaining ones are not hazardous for the environment. Moreover, 

proteomics can complement the information from other omics by providing insight into the 

origin of the small molecules. 

 

1. INTRODUCTION 

 

Every WWTP adapt the sequence of treatments in order to remove as many contaminants as 

possible before discarding the treated waters into (most of the times) the environment, which 

would at the same time meet the corresponding governmental guidelines. This adaptation will 

depend on the specific wastewater composition for that catchment area. The first stage of 

sewage treatment is known as primary treatment or physical treatment, and its objective is to 

eliminate larger suspended particles from the water through methods such as screening, grit 

chambers, air flotation, and filtration. The next phase, secondary sewage treatment or 

biological treatment, involves microbial oxidation, decomposition, and transformation 

processes to convert organic matter (and some inorganic substances) into microbial biomass. 

Thus, pollutants in the sewage can be degraded, transformed, and purified by creating a 

controlled environment and facilitating microbial metabolism. The tertiary treatment stage, also 

known as deep treatment, has gained widespread use in recent years. It incorporates 

technologies such as conventional treatment, membrane bio-reactor (MBR) technology, and 

liquid membrane (LM) treatment technology (Zhao et al., 2023). 

 

Despite these treatments, industries and agriculture runoffs, even after processing, are often 

discharged into rivers or other water bodies. Numerous studies have detected pesticides, 

surfactants, estrogens, pharmaceuticals, personal care products and even abuse drugs in 

these waters. These substances have been linked to alterations in species composition, 

abundance or biomass, and endocrine disruption measured by alterations in enzymatic activity 

or specific protein production (González et al., 2012). This means that the removal of 

contaminants by WWTPs is in some cases not complete; as a consequence, contaminants 

can enter into the environment via sewage effluents and become a potential risk to the 

receiving waters and in the production of drinking water. 

 

Sometimes, contaminant concentrations detected downstream to the discharge point are 

similar or slightly higher to those found upstream. Skees et al. (2018) reported the presence 

of illicit drugs, benzoylecgonine (a metabolite of cocaine), prescribed neuropsychiatric drugs, 

sedatives-hypnotics anxiolytics, antidepressants, and opioids in the influent of the WWTP. 

Additionally, they also detected in the effluent illicit drugs, sedatives-hypnotics anxiolytics, 
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antidepressants, and prescribed opioids (Skees et al., 2018). When they collected samples 

from the Bee Creek, the immediate receiving water body, they found several neuropsychiatric 

and illicit drugs that were going to end up in the Clarks River. Similar results were obtained for 

the Llobregat River in Spain by González et al. (2012). These compounds can accumulate in 

aquatic organisms and have unpredictable effects on human health through bioaccumulation 

in the food chain. They also pose toxicological risks to both the environment and organisms. 

These substances are biologically active, and their long-term effects are not fully known (Zhao 

et al., 2023). 

 

Zhao et al. (2023) have recently assessed the efficiency of each step of the treatment in five 

different WWTP in China for the removal of illicit drugs. Their results showed that the 

anaerobic-oxic (A/O) combined with MBR treatment process was the most efficient, followed 

by oxidation ditch and anaerobic-anoxic-oxic (A2/O) processes. The A2/O combined with MBR 

was found to be the least effective (Zhao et al., 2023). However, this comprehensive study 

has not been conducted yet for proteins. It is known that proteins represent a large portion of 

organic nitrogen and carbon in wastewater treatment effluents. Westgate & Park (2010) 

showed that some proteins persisted through secondary treatment, while others were 

produced during biological treatment. This leads to proteins comprising a significant fraction 

of effluent organic-N (and carbon). Previously, Park et al. (2008a, 2008b) found human-

derived proteins, such as human pancreatic elastase, in the extracellular matrix of activated 

sludge flocs and from anaerobically digested sludge product. The presence of sewage-derived 

polypeptides in settled sludge was an indication that these proteins are resistant to 

degradation in secondary aerobic treatment, and raised the question of whether these protein 

enzymes may also have been present in the dissolved phase of activated sludge that was 

discharged into receiving waters. In 2020, Carrascal et al. (2020) used polymer probes 

immersed in the influent, anoxic reactor and effluent waters of a Spanish WWTP to study the 

proteins in each step. They identified a total of 690 proteins from bacteria, plants and animals, 

including humans. Bacterial proteins pointed at 175 genera distributed in 22 bacterial classes, 

but human was the species contributing the greatest number of identified proteins. Some of 

these human proteins were already known disease biomarkers: S100A8, uromodulin (also 

proposed by Rice & Kasprzyk-Hordern (2019)) and defensins. These proteins were found in 

influent and were removed throughout the treatment. Therefore, the authors concluded that 

proteins were efficiently removed at the effluent (Carrascal et al., 2020). 

 

Microbial extracellular proteins also play key roles in wastewater treatment. In general, 

extracellular proteins consist of enzymes and structural proteins, whose major functions in 

wastewater treatment include the formations of microbial aggregate, pollutant migration and 
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transformation, and resistance to toxic substances. They also contribute to pollutant removal 

in wastewater treatment via adsorption and catalysis, strongly binding heavy metals, organic 

matter, and nanoparticles through hydroxyl, carboxyl, phosphate and amide groups. Besides, 

extracellular enzymes supply an external digestion system, playing an important role in the 

degradation of the organic small molecules, organic colloidal fraction and particulate biomass 

(Zhang et al., 2019). These proteins can, however, become exogenous refractory proteins, 

i.e. these proteins are hard to biodegrade and may persist in the aquatic environment. High 

molecular weight proteins are especially refractory and can interact with microbial cells, 

altering physiological processes, enhancing biofilm formation, modifying microstructure, 

disrupting quorum sensing, and triggering excessive polysaccharide production. These effects 

can negatively impact downstream ecosystems (Cui et al., 2019).  

 

In this study, we unravel the soluble proteins present in the effluent compared with the inlet of 

three WWTP with different sizes of populations and industrial activities with the aim of 

determining the efficiency of the treatment plants in the removal of proteins. These results are 

compared with metabolomic data, specifically with compounds related to human activities in 

order to find possible tendencies and proteins that could be used as biomarkers together with 

the small molecules. Next, the upstream and downstream composition of two of the WWTPs, 

which end up in rivers, were determined in order to elucidate the origin of the proteins present.  

2. MATERIAL AND METHODS 

2.1. Sample collection 

An automatic water sampler was used to collect twenty-four-hour composite wastewater 

samples at the inlet and outlet of 3 wastewater treatment plants (WWTPs) according to their 

hydraulic retention time: Besòs (16 hours), Girona (24 hours) and Vic (48 hours). Three 

collection campaigns were conducted in spring, summer, and winter to evaluate possible 

seasonal variations. Additionally, twenty-four-hour composite samples were collected at the 

rivers Ter (Girona) and Riera de Rimentol (Vic) before and after the corresponding wastewater 

treatment plants (WWTPs), called upstream and downstream, respectively. The collection was 

made on May 31st 2023 in Girona and June 21st 2023 in Vic. The samples were then 

transferred to the laboratory at 4 °C.   
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2.2. Sample preparation 

2.2.1 Proteomics 

Samples were prepared following a modified method from Sánchez-Jiménez et al. (2023) 

depending on the type of sample. All the samples were ultracentrifuged immediately after 

arrival at the laboratory. For this, up to 90 ml of 24-h composite wastewater sample was 

ultracentrifuged at 24000 × g (4 °C, 60 min), and the supernatant collected in a new tube. 

Influent and effluent samples were kept at -40 ºC until further preparation. On the other hand, 

samples from the rivers and their corresponding effluents (called river samples from now on) 

were frozen at -80 ºC and lyophilized in the freeze dryer Modulyo. 

 

For the analysis, 10 ml (for influent) or 50 ml (for effluent) were concentrated using a 10 kDa 

cutoff device (Amicon®, NMWL 10 kDa), with a filter that was previously passivated to 

minimize protein adsorption as described in Sánchez-Jiménez et al. (2023). At the same time, 

for the analysis of the river samples, the lyophilized were reconstituted in 15 ml of MilliQ water, 

filtered through a 0.2 μm polyethersulfone membrane and concentrated using a 10 kDa cutoff 

device (Amicon®, NMWL 10 kDa), with a previously passivated filter. All the samples were 

concentrated to approximately 400 μl, then evaporated to dryness using a SpeedVac. 

 

Proteins in the samples were cleaned and concentrated in the heads of sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (5% stacking and 12% 

resolving) at 50 V for around 60 min. Bovine serum albumin (BSA) was used as a reference 

marker. After electrophoresis, the gels were stained with Coomassie Blue. The bands of 

concentrated proteins were excised and digested with trypsin using an automatic device 

(DigestPro MS, Intavis). The process is detailed in Sánchez-Jiménez et al. (2023). 

2.2.1 Metabolomics 

The group of Water Quality from the Catalan Institute for Water Research (ICRA Girona) 

processed at the same time the samples for metabolites using two previously developed and 

validated methods (Gros et al., 2012; Gros et al., 2013; Jakimska et al., 2013). Briefly, the 

samples were filtered through 1 μm glass fiber filters (GFF, Whatman) and 0.45 μm 

polyvinylidene fluoride (PVDF, Merck Millipore) filters. For the analysis of wastewater influents 

and effluents, 25 ml and 50 ml were measured, respectively. Before extraction, isotopically 

labeled standards were added as internal standards to each sample at a concentration of 25 

ng/ml (Sigma-Aldrich and Toronto Research Chemicals). Samples were pre-concentrated 

using solid-phase extraction (SPE) with Oasis HLB (60 mg, 3 ml, Waters Corporation) 
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cartridges for pharmaceutically active compounds (PhACs) and antibiotics analysis (Gros et 

al., 2012; Gros et al., 2013) and Strata-X 33 µm (200 mg, 6 ml, Waters Corporation) cartridges 

for pesticides and endocrine disrupting compounds (EDCs) (Jakimska et al., 2013). 

2.3. LC-HRMS/MS analysis and data treatment 

2.3.1 Proteomics 

The LC-HRMS/MS system consisted of a Waters NanoAcquity UPLC (a binary pump, a 

thermostatic micro injector, and a trap valve) coupled to an Orbitrap Exploris 480 Mass 

Spectrometer (ThermoFisher) equipped with a nanoESI ion source. 

 

For the analysis, the tryptic digests were evaporated until dry and re-dissolved in 50 µl (inlet 

and outlet) or 11 µl (river samples) of 0.5% TFA 5% methanol with gentle agitation in a 

Thermomixer (5 min, at 22 °C, 500 rpm). In the case of the inlet and outlet samples, 5% of 

each sample was injected into the LC-MS system, while the 50% of the river samples were 

injected. 

 

Separation was performed on a 10-cm long, 100 µm i.d. C18 column (Waters) preceded by a 

C18 trap column (Waters). Separation was done at 0.5 µl/min using a 120-min gradient for 

inlets samples, and 30-min gradient for outlets and river samples. The gradient runs from 2 to 

35% solvent B (solvent A: 0.1% formic acid, solvent B: acetonitrile 0.1% formic acid) with a 

previous 3-min trapping at 2% solvent B. 

 

The Orbitrap Exploris 480 was operated in positive ion mode with a spray voltage of 1.8 kV. 

Spectrometric analysis was performed in data-dependent mode, acquiring a full scan followed 

by 20 (inlets samples) or 15 (outlets and river samples) MS/MS scans of the 20 or 15 most 

intense signals detected in the MS scan. Full MS (range 400-1600) spectra were acquired in 

the Orbitrap with different resolutions to enhance the number of identifications: 60000 (inlets 

samples) and 120000 (outlets and river samples). All MS/MS spectra were acquired in the 

Orbitrap with a resolution of 15000. 

 

MS/MS spectra were searched using SEQUEST (Proteome Discoverer v3.0, ThermoFisher) 

with the following parameters: peptide mass tolerance, 20 ppm; fragment tolerance, 0.02 Da; 

enzyme, trypsin, and allowance of up to two missed cleavages; dynamic modification, 

methionine oxidation (+16 Da), methionine loss (-131 Da), acetyl N-terminal (+42 Da) and 

methionine loss plus acetyl in N-terminal (-89 Da); and fixed modification, cysteine 
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carbamidomethylation (+57 Da). Searches were performed using the UniProt database (rev. 

12-2023 for inlets and outlets samples, and rev. 06-2024 for river samples). Final results were 

filtered using 1% False-Discovery-Rate (Nesvizhskii, 2010).  

 

Overall descriptions of the soluble wastewater proteome from the influent, the effluent and the 

receiving bodies were obtained from the protein identification output of a Protein Discoverer 

Multiconsensus analysis for each one, including all protein identifications from the different 

sites and campaigns. Estimation of the relative abundance of proteins was based on 

normalized spectral counts (NSCs). NSCs correspond to the total peptide sequence matches 

(PSM) obtained using Protein Discoverer and normalized to the mass of the protein to consider 

that the number of tryptic peptides produced by a protein increases with its size, and thus also 

the total PSMs measured (Carrascal et al., 2023). For the comparatives with the small 

molecules the abundance (normalized) calculated by the software was used, as it is more 

similar to the data obtained from metabolomics. 

2.3.2 Metabolomics 

The group of Water Quality from the Catalan Institute for Water Research (ICRA Girona) was 

also responsible for the LC-HRMS/MS analysis and treatment of the data for the metabolites. 

Briefly, micropollutant detection and quantification was carried out using ultra-high-

performance liquid chromatography (UHPLC), using a Waters Acquity Binary Solvent 

Manager system, coupled to a quadrupole linear ion trap tandem mass spectrometer (5500 

QTRAP, AB Sciex). Chromatographic separation under positive electrospray ionization was 

achieved using an Acquity HSS T3 column, while for negative electrospray ionization mode, 

an Acquity BEH C18 column was used. For quantitative and detection purposes, two selected 

reaction monitoring (SRM) transitions were monitored for each compound. Data acquisition 

and processing were performed using SCIEX 3.1.5 software. 

3. RESULTS 

3.1 Influent and effluent proteome 

Samples from the influent and effluent of 3 WWTPs in three different campaigns and 3 

consecutive days each time were collected. After concentration, clean-up in SDS-PAGE gels 

and gel digestion, peptide extracts were analyzed by LC-MS/MS and the raw data searched 

using Proteome Discoverer 3.0. This approach allowed the identification of 10946 peptides 

(1% FDR, >1 PSM) that pointed to 2085 proteins (1% FDR, >1 peptide) (see supplementary 

material 4.3_Proteome.xlsx). The number of identified proteins in each sample is in Table 9. 
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Table 9. Number of identified proteins in influent (In) and effluent (Out) with >1 PSM and >1 

peptide. 

WWTP Besòs Girona Vic 

Campaign Day In Out In Out In Out 

Spring 1 491 - 611 - 764 - 

2 532 - 559 - 779 - 

3 446 - 386 - 842 - 

Summer 1 687 15 783 - 818 - 

2 635 13 872 26 921 - 

3 486 - 682 45 1010 - 

Winter 1 130 14 942 189 1146 36 

2 267 15 1232 22 1191 - 

3 169 14 1214 108 1095 39 

 

In most of the campaigns, proteins are removed completely after treatment, at least below the 

limit of detection of the mass spectrometer (see Table 9 and Figure 28). The sample with the 

least percentage of proteins removed is Girona on the day 1 of the winter campaign, only 80% 

of the proteins were cleaned in the process. In general, it is seen that the treatment process 

is more efficient in spring and less efficient in winter. 

 

The most abundant proteins in the influent were, as expected, human and animal amylases 

followed by albumins (Table 10) based on the number of normalized spectral counts (NSCs). 

On the other hand, the most abundant proteins in the effluent are keratins, followed by some 

chaperonins and enzymes (Table 11). Notice that the most abundant protein in the effluent 

has more than 25 times less NSCs than the most abundant one in the influent. 
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Figure 28. Number of identified proteins in each WWTP (Besòs, blue; Girona, orange; Vic, 

green) in the influent (dark color) and the effluent (light color) in each campaign and day. 

3.2 Influent and effluent metabolome 

In total 94 compounds were analyzed (see supplementary material 4.3_Metabolome.xlsx), 

among them there were: 52 pharmaceuticals, 25 antibiotics, 4 pesticides, and 13 endocrine 

disruptive compounds (EDCs). Each superclass is divided in different classes, the number of 

compounds per class are specified in Table 12. 

 

These compounds were targeted according to their significance on human health and habits, 

and their environmental importance. Therefore, not all the compounds are going to be 

discussed here, only the ones related to human health. These compounds’ classes are 

marked with an asterisk in Table 12. 

 

Among the analgesics and anti-inflammatories compounds (see Figure 29A, left), the most 

abundant is acetaminophen in spring and summer. However, in winter its quantity is reduced 

and it is substituted by ibuprofen and naproxen. In general, it seems to be a tendency where 

these compounds are higher in Besòs. Although in less quantities (sometimes an order of 

magnitude lower), there are other important classes, such as diuretics, antihypertensives and 

lipid regulators (Figure 29B, left). Several compounds were analyzed for each class, but there 

is one from each that stands out: hydrochlorothiazide (a diuretic; higher in summer than spring 
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and winter), valsartan (an antihypertensive; it is more abundant in Besòs than in Girona and 

Vic) and gemfibrozil (a lipid regulator; it does not have a clear pattern along the seasons or 

sites). In total, 13 different psychiatric drugs were analyzed (see Figure 29C, left). Their 

quantities were not as high as other compounds, but some of the most abundant were O-

desmethylvenlafaxine and venlafaxine, which were present in the three campaigns, mainly in 

summer.  

 

Table 10. The 20 most abundant proteins in the influent samples. STRCA: Ostrich; PONAB: 

Orangutan. 

Access Protein name 

Entry name1 

Coverage 
(%) 

# 
Peptides 

# 
Protein 
unique 

peptides 

# 
NSCs 

Gene Species 

P04746 
Pancreatic alpha-
amylase 

AMY2A HUMAN 93 64 10 22374 

P0DUB6 Alpha-amylase 1A AMY1A HUMAN 93 65 12 20719 

P19961 Alpha-amylase 2B AMY2B HUMAN 93 62 2 19945 

P01012 Ovalbumin 
SERPINB
14 

CHICK 89 35 26 12974 

Q1KYT0 Beta-enolase ENO3 PIG 91 75 9 11718 

Q3ZC09 Beta-enolase ENO3 BOVIN 88 68 3 10679 

P08835 Albumin ALB PIG 92 123 95 10582 

P02769 Albumin ALB BOVIN 90 108 59 9626 

P83053 
Pancreatic alpha-
amylase 

AMYP STRCA 35 21 3 9485 

P25704 Beta-enolase ENO3 RABIT 79 64 1 8885 

P01009 
Alpha-1- 
antitrypsin 

SERPINA
1 

HUMAN 63 41 20 8413 

P02768 Albumin ALB HUMAN 89 93 17 8115 
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P13929 Beta-enolase ENO3 HUMAN 82 58 4 8032 

P01834 
Immunoglobulin 
kappa constant 

IGKC HUMAN 93 15 4 7983 

P00687 Alpha-amylase 1 Amy1 MOUSE 40 25 8 7694 

P00690 
Pancreatic alpha-
amylase 

AMY2 PIG 61 31 16 7313 

P00689 
Pancreatic alpha-
amylase 

Amy2 RAT 36 19 5 7238 

Q5E956 
Triosephosphate 
isomerase 

TPI1 BOVIN 98 46 9 7146 

Q5NVH5 Albumin ALB PONAB 80 77 3 6360 

Q29371 
Triosephosphate 
isomerase 

TPI1 PIG 75 35 6 6000 

1 UniProtKB/Swiss-Prot entry name. The two terms of the entry name (gene_species) have 

been separated for convenience. 

 

For antibiotics (Figure 30), 10 different classes encompassing 25 compounds were studied. 

The most abundant antibiotic was doxycycline (a tetracycline), followed by sulfapyridine (from 

sulfonamide class). Interestingly, doxycycline was an order of magnitude higher in Vic in the 

spring season compared with the rest of samples, while sulfapyridine was more abundant in 

Besòs during spring. Moreover, the tetracycline was present in high quantities in Besòs in 

summer and ciprofloxacin (a fluoroquinolone) was mostly used in winter in Besòs. 

 

Among the endocrine disruptive compounds (Figure 31), we focused on hormones, caffeine 

and the corrosion inhibitor 1H-benzotriazole due to their high abundance. Caffeine was the 

most abundant compound of this superclass, followed very close by 1H-benzotriazole. Both 

of them have the same pattern, being much higher in spring than summer and winter. Caffeine 

seems to tend to increase over the three days. 
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Table 11. The 20 most abundant proteins in the effluent samples. ALBFT, VARPS, LEPCP, 

POLSJ, DELAS: Bacteria; CANLF: Dog. 

Access Protein name 

Entry name1 

Coverage 
(%) 

# 
Peptides 

# 
Protein 
unique 

peptides 

# 
NSCs 

Gene Species 

P00761* Trypsin TRYP PIG 35 7 5 832 

P04264 
Keratin, type II 
cytoskeletal 1 

KRT1 HUMAN 54 32 3 277 

P13645 
Keratin, type I 
cytoskeletal 10 

KRT10 HUMAN 39 23 8 224 

P09093 
Chymotrypsin-like 
elastase family 
member 3A 

CELA3A HUMAN 54 11 8 214 

P35908 
Keratin, type II 
cytoskeletal 2 
epidermal 

KRT2 HUMAN 48 26 16 203 

P35527 
Keratin, type I 
cytoskeletal 9 

KRT9 HUMAN 49 22 21 158 

P02769 Albumin ALB BOVIN 59 42 22 129 

Q21ZD1 Chaperonin GroEL 1 groEL1 ALBFT 57 30 7 118 

P07478 Trypsin-2 PRSS2 HUMAN 12 2 1 109 

C5CPP8 Chaperonin GroEL groEL VARPS 41 24 0 106 

P04259 
Keratin, type II 
cytoskeletal 6B 

KRT6B HUMAN 30 14 0 105 

B1XXY9 Chaperonin GroEL groEL LEPCP 46 22 1 103 

Q6EIY9 
Keratin, type II 
cytoskeletal 1 

KRT1 CANLF 13 10 0 102 

A1WL05 Chaperonin GroEL groEL VEREI 38 23 0 96 

Q12FH7 Chaperonin GroEL groEL POLSJ 51 24 1 94 
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P04746 
Pancreatic alpha-
amylase 

AMY2A HUMAN 43 18 0 92 

P02538 
Keratin, type II 
cytoskeletal 6A 

KRT6A HUMAN 30 13 1 90 

P02533 
Keratin, type I 
cytoskeletal 14 

KRT14 HUMAN 36 15 2 89 

P08779 
Keratin, type I 
cytoskeletal 16 

KRT16 HUMAN 45 19 8 88 

A9BXL3 Chaperonin GroEL groEL DELAS 25 15 1 84 

1 UniProtKB/Swiss-Prot entry name. The two terms of the entry name (gene_species) have 

been separated for convenience. * Enzyme used for in-gel digestion. 

 

Table 12. Number of compounds in each class per superclass. 

Superclass Class Nº Class Nº 

Pharma- 
ceuticals 

Analgesics/anti-inflammatories* 13 Lipid regulators* 4 

Anthelmintics 2 Prostatic hyperplasia treatment 1 

Antihypertensives* 3 Psychiatric drugs* 13 

Antiplatelet agents 1 Synthetic glucocorticoids 1 

Ca+ channel blockers 2 Asthma treatment 1 

Diuretics* 2 X-ray contrast agents 1 

Histamine receptor antagonists* 3 β-blocking agents* 5 

Antibiotics 

Cephalosporins* 2 Nitroimidazoles 3 

Diaminopyrimidines* 1 Penicillins* 2 

Fluoroquinolones* 4 Pleuromutilins* 1 

Lincosamides 2 Sulfonamides* 3 

Macrolide antibiotics* 4 Tetracyclines* 3 

Pesticides Phenyl ureas 2 Triazines 2 

Endocrine 
disruptive 
compounds 

Corrosion inhibitors* 2 Plasticizers 1 

Flame retardants 3 Progestin medications 1 

Hormones* 2 Stimulants* 1 

Parabens 3   
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Figure 29. Quantity of the selected pharmaceuticals present in the influent (left column) and 

in the effluent (right column) in every sample (Sp = spring, Sm = summer, Wn = winter). Notice 

that the Y-axis range is different in each graphic. 
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Related to the efficiency of removal of the compounds it varies in each case (see Figures 29, 

30 and 31, right). The analgesics and anti-inflammatories compounds in the effluent follow in 

general the same pattern than in the influent; an exception is the ketoprofen, whose removal 

efficiency is lower (Figure 29A, right). This is the same hydrochlorothiazide, valsartan and 

gemfibrozil, which are the most abundant both in the effluent and the effluent (Figure 29B, 

right). In psychiatric drugs, venlafaxine has a very low removal efficiency (Figure 29C, right). 

The antibiotics removal is good in Girona and Vic, but very poor in Besòs, regardless of the 

 

 

Figure 30. Quantity of the selected antibiotics present in the influent (left column) and in the 

effluent (right column) in every sample (Sp = spring, Sm = summer, Wn = winter). Notice that 

the Y-axis range is different in each graphic. 
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Figure 31. Quantity of the selected EDCs present in the influent (left column) and in the 

effluent (right column) in every sample (Sp = spring, Sm = summer, Wn = winter). Notice that 

the Y-axis range is different in each graphic. 

 

season (Figure 30, right). The efficiency of removal of the EDCs seems to be very good, even 

in spring, being the effluent quantities very similar in all the sites and seasons (Figure 31, 

right).     

3.3 Small molecules-proteins connectivity 

Albumins and amylases are among the most abundant proteins detected in wastewater as it 

has already been described (Carrascal et al., 2023) and is confirmed in this study. Moreover, 

these proteins are particularly informative due to their origins: amylases come from feces and 

were proposed as mammalian population indicators, while albumins come from the blood and 

were suggested as livestock industry markers. So far, human habits and health biomarkers 

used in wastewater are small molecules due to the more advanced development of chemical 

analysis in this field. Here we explored the possible trends of livestock albumins and human 

amylases in relation to antibiotics and caffeine, which are important indicators. However, this 

research represents an initial inquiry, and the evidence at this stage is inconclusive. It is worth 

it to notice that small molecules injections run into issues, which led to very low reproducibility. 

Furthermore, protein quantification is not absolute as not internal standards were added, it is 
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a semi-quantification based on normalized abundance from the search engine. Experiments 

aimed at the confirmation or discard of these observations are in process. 

 

The Figure 32A shows all the identified albumins from human and livestock origin found in the 

influent samples. Pig and cow albumins are the most abundant and have different patterns, 

being the pig albumin higher in Vic samples, while the cow albumin is such in Girona. Notably, 

Girona has other albumins with the same tendency: rabbit, donkey, cat, sheep and rat (Figure 

32B). On the other hand, chicken albumin has a similar pattern as pig albumin (Figure 32C). 

The other types of albumin do not have significant differences among the sites and seasons. 

 

The antibiotics show distribution patterns similar to albumins in the case of the livestock and 

to the human amylases when associated with human activity. The clearer example is 

doxycycline, which is by far the most abundant antibiotic detected. However, its prevalence is 

mostly limited to the site Vic in the spring season, following the same tendency as pig and 

chicken albumins (Figures 33A and 33C). Other antibiotics appear to be primarily associated 

with human use, as indicated by their higher concentrations in Besòs samples, and follow 

similar tendencies than the human alpha-amylase 1A, but their abundances vary depending 

on the seasons (see Figures 33A and 33D). Some of the compounds that stand out are: 

azithromycin, ciprofloxacin and ofloxacin in the three seasons (spring, summer and winter), 

sulfamethoxazole in spring and winter, and clarithromycin, trimethoprim and norfloxacin only 

in winter. Some of these antibiotics are also high in Girona, such as azithromycin in spring, 

and to a much less degree in Vic, for example, ciprofloxacin in summer, and sulfamethoxazole, 

azithromycin, ofloxacin and clarithromycin in winter. 

 

Caffeine is used as a population marker (Rico et al., 2017) and have recently been used for 

normalization in wastewater (Oloye et al., 2023). We proposed amylases enzymes as a 

population marker alternative (Carrascal et al., 2023). For this reason, a similar trend was 

expected when comparing the quantity of caffeine and the abundance of human amylase 

enzymes (Figure 34). However, this was not the case, only with the alpha-amylase 1A there 

was a visual similar trend with caffeine, but the correlation was very poor, except in summer 

whose correlation was 0.7148 (Figure 34B to D). This could be, as commented before, due to 

a problem in the analysis of the caffeine and in the case of the proteins due to the use of the 

relative abundance and not an absolute concentration, but the summer results are promising. 
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Figure 32. Albumin abundances. A) All the identified albumin from human and livestock; B) 

Albumins that are more abundant in Girona; C) Albumins which are higher in Vic. Notice that 

the Y-axis range is different in each graphic. (Sp = spring, Sm = summer, Wn = winter) 

3.4 Receiving waters proteome 

Samples were collected from the upstream, effluent and downstream of 2 WWTPs. After 

ultracentrifugation, concentration, clean-up in SDS-PAGE gels and gel digestion, peptide 

extracts were analyzed by LC-MS/MS. The raw data was searched using Proteome 

Discoverer 3.0. This allowed the identification of 729 peptides (1% FDR, >1 PSM) that 

accounted for 109 proteins (1% FDR, >1 peptide) (see supplementary material 

4.3_Proteome.xlsx). 

 

The most abundant proteins based on the number of NSCs are very different from the ones 

found in the influent, but similar to the ones in the effluent. The first one is the enzyme used 

in the in-gel digestion (trypsin from Sus scrofa) and then followed by different types of human 

keratins. 
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Figure 33. A) Average and standard deviation of each antibiotic calculated from the technical 

and biological replicates in the influent samples. B) Abundance of pig and chicken albumins, 

and doxycycline in every sample. C) Abundance of human alpha-amylase 1A, trimethoprim, 

ciprofloxacin, norfloxacin, ofloxacin, and sulfamethoxazole in every sample. (Sp = spring, Sm 

= summer, Wn = winter) 
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Figure 34. A) Average and standard deviation of the caffeine calculated from the technical 

and biological replicates in the influent samples. B) Abundance of caffeine and alpha-amylase 

1A in spring (left) and their lineal correlation (right). C) Abundance of caffeine and alpha-

amylase 1A in summer (left) and their lineal correlation (right). D) Abundance of caffeine and 

alpha-amylase 1A in winter (left) and their lineal correlation (right). (Sp = spring, Sm = summer, 

Wn = winter) 
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4. DISCUSSION 

In this study, we characterized the protein composition of influent and effluent samples from 

three WWTPs considering the hydraulic retention time of each plant. This ensures that the 

water collected in the outlet is the same as the one collected in the inlet, which allows the 

comparison of their composition before and after the treatments. In addition, the upstream and 

the downstream of the rivers Ter and Riera de Rimentol, in which the Girona and Vic treatment 

plants respectively unload the treated water, was also studied. To the best of our knowledge 

this is the first study investigating the proteins that remain in the treated water and those 

present in the receiving waters where they end up. More importantly, it is the first research 

directed to study all the proteins present in this media using a complete protein database 

instead of a reduced one (bacteria or human database) (Park et al., 2008a; Cui et al., 2019). 

In parallel, our collaborators in the group of Water Quality from the Catalan Institute for Water 

Research (ICRA Girona) characterized, in the same samples, a series of small molecules 

compounds which are used in the study of human health and habits, and the environment 

status. 

 

The WWTPs were selected to represent different anthropogenic influences: Besòs is the 

representation of a highly populated city as it serves half of Barcelona city, Vic is an industrial 

city and Girona could be considered an intermediate city with both a high human population 

and some industrial activity. The three WWTP have pre-, primary and secondary treatments, 

as well as decantation and thickening steps. The secondary biological treatment includes 

phosphorus and nitrogen removal. Girona also has tertiary treatments such as microfiltration 

and chlorination. Therefore, differences in treatment technologies and hydraulic retention 

leads to variability in treatment efficiency. 

 

Among the three, the Vic WWTP has the longest retention time and, as we show here, the 

highest protein removal efficiency. In this site there are the maximum number of samples (7 

out of 9) with 100% of protein removal, while in Besòs and Girona less than half of the samples 

(4 out of 9) have full removal. Here protein removal is understood as the absence of identified 

proteins or the presence of only one peptide or one PSM pointing to them. Since this is the 

first research to study the proteome in the effluent of treatment plants, direct comparisons with 

available bibliography are not possible. Nevertheless, this topic has been widely studied in the 

small molecules field. 

 

Small molecules have different behaviors due to their distinct nature, making it more difficult 

to draw general conclusions about removal efficiency. In some compounds it depends on the 
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quantity, if this is very high, the treatment process is saturated and the efficiency is lower. 

Some similar studies have been made in different wastewater treatment plants in Spain, like 

the ones carried out by Santos et al. (2009) and Gros et al. (2010). The authors of these 

researches monitored different types of pharmaceuticals in the influent and the effluent of 

several WWTP in Sevilla city and the Ebro river basin, respectively. Both studies conclude 

that most of the pharmaceuticals were found both in the inlet and the outlet of the treatment 

plants with different removal efficiencies, even though the wastewater treatments were similar. 

These findings align with our observations: in most of the cases they are found before and 

after the treatment, although in much less quantity in the effluent. Notably, phenazone and 2-

OH CBZ are more abundant in the effluent than in the influent, suggesting these compounds 

are products of another compound’s degradation. Gros et al. (2010) proposed that the higher 

the hydraulic retention time the better compound removal, which is in accordance with our 

observations in proteins, but depends very much on the compound and its quantity in the case 

of the small molecules. However, for small molecules, it seems Besòs is usually the one with 

the lowest removal efficiency and it is the WWTP with the shortest retention time. It is important 

to note that this study also focused on antibiotics, pesticides and EDCs apart from 

pharmaceuticals. 

 

Interestingly, but not surprising, the season in which the samples are collected seems to also 

influence the removal efficiency of the proteins. Among the spring, summer and winter 

samples analyzed, winter showed the lowest removal efficiency with only one sample reaching 

the 100% of removal, while spring is the season with the maximum efficiency as no proteins 

are identified in any of the samples. This lack of identification could also reflect limitations in 

detection sensitivity. However, the instruments used for this study are one of the most 

advanced currently available and well-suited to the sample complexity. More plausibly, this 

seasonal variation could result from changes in compound concentration and the influence of 

parameters like rain or temperature that can alter the operation of the treatment plants. Santos 

et al. (2009) reported similar seasonal trends. A recent study investigated the effects of the 

wet and dry months in the removal efficiency in a cohort of compounds. The lowest average 

removal efficiency was determined from the samples taken after heavier than usual rainfall 

which led to higher flow rates observed in the treatment plant (Inarmal & Moodley, 2024). This 

matches our own experience, as the samples in winter were collected days after a strong 

rainfall. However, for the small molecules studied here we have not observed a strong 

influence from the collection season, being the removal efficiency more depending on the site 

and the compounds concentrations. In general, the concentrations in the effluent are higher 

in winter and lower in spring, but so are the concentrations in the influent. 
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The correlation between the small molecules and the proteins in wastewater has rarely been 

studied. As a result of the elucidation of the influent proteome, our group hypothesized that 

proteins could be also used as biomarkers (Carrascal et al., 2020; Carrascal et al., 2023) 

expanding on the theoretical framework proposed by Rice & Kasprzyk-Hordern (2019). In this 

study, the same samples were analyzed both for small molecules and for proteins, which 

allowed a first step of the verification. However, the correlations were not as clear as expected. 

For example, caffeine is commonly used as a population biomarker and has recently been 

used to normalize SARS-CoV-2 concentrations (Hsu et al., 2022). Caffeine is excreted via 

urine and joins the amylases excreted via feces by the same individual in the sewage. 

However, we did not find a good correlation between caffeine and human amylases. This could 

be due to the difference in excretion pathways as well as to the lack of a good quantification 

both for the caffeine due to the lack of reproducibility and for the proteins since no internal 

standards were used. However, the results obtained from the second campaign (summer) are 

very promising. Therefore, quantification must be improved in both cases in order to find the 

expected good correlation and more research is needed to truly conclude the feasibility of 

human amylases as population markers. 

 

Another interesting proposal from Carrascal et al. (2023) was the use of livestock albumins as 

markers for meat industry activity. Livestock are often treated with antibiotics and sometimes 

these will not be metabolized before the animal’s life ends, therefore the compound would 

remain in the blood and end up in the sewage. This means that antibiotics and albumins could 

follow similar patterns and would be important since the proteomics field can point to the 

animal of origin. In this study, a possible link was observed between the antibiotic doxycycline, 

and pig and chicken albumins. Notably, tiamulin is used exclusively in veterinary medicine, 

specifically for swine (pig) and poultry (chickens) infections (Laber & Schütze, 1977), so it 

would be expected to have a pattern close to the pig and chicken albumins (Figure 32C). In 

the case of humans, antibiotics would be metabolized and excreted via urine, thus the 

correlation should be observed with the human amylases instead of the albumin.  Further 

targeted experimental designs are needed to fully explore these potential correlations.  

 

The upstream and the downstream part of the river of two of the studied WWTPs were also 

studied using different starting volumes, sample preparation and MS methods to broaden the 

number of identifications, as it was expected to be a very low quantity of proteins (only one of 

the workflows is shown here as the results were very similar). This is also the first study to 

focus on the whole range of proteins present in this kind of samples. Previous studies have 

mostly focused on the bacterial contamination of rivers that are the source for drinking and 
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domestic water. This bacterial contamination could endanger the quality drinking water supply 

for the public by reducing the efficiency of the treatment plants (Thilakarathna et al., 2025). 

 

We can conclude that, even though WWTPs are not specifically designed to remove proteins, 

our results demonstrate that they do so effectively. Besides, the river streams before and after 

the studied treatment plants are cleaned at protein level, meaning there is not significant 

contamination from sewage pipes, industrial activities or surface runoff. It is also safe to say 

that the few proteins found are not a hazard for humans or other organisms. 

5. CONCLUSION 

In this study, we analyzed the influent and the effluent of two WWTPs, and the receiving waters 

of two of them in order to characterize the proteins and small molecules present. This is the 

first time that the efficiency of the treatment plants in the removal of proteins is determined. 

The protein profiles identified in the influent were consistent with those reported in previous 

work confirming the presence of abundant proteins such as human amylases and livestock 

albumins. However, the protein composition in the treated and receiving waters were quite 

different, demonstrating that wastewater treatment processes are effective in reducing the 

majority of proteins. Nevertheless, a small number of proteins persist, including human 

amylases, livestock albumin, some bacteria proteins and human keratins. This could be due 

either to the high concentration in the entry or their resistance to the degradation, as treatment 

plants were not built to enhance the removal of proteins. It is important to remark that these 

proteins do not suppose a hazard for humans when they are released into the environment. A 

key strength of this study lies in the combined analysis of proteins and small molecules 

together, which has allowed us to identify the source of the chemical compounds in the 

wastewater. For example, results suggest some antibiotics are more used in animals 

(doxycycline in pigs and chickens) as their concentration is higher in places with an important 

livestock component, while others antibiotics are more specific in zones with high human 

population (like azithromycin, ciprofloxacin or tetracycline among others). Thus, proteomics 

can be used to complement the information from other omics regarding environmental 

surveillance.



 

 

 

 

 

 

4.4 NON-TARGET PROFILING OF THE 

WASTEWATER METABOLOME 

USING A SUITE OF HRMS TOOLS: A 

STUDY ACROSS DIVERSE 

TREATMENT PLANTS 
 

Objective 4: Expanding the Omics toolbox: Complementary metabolomic 

profiling of wastewater influent.  
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There are different approaches for the study of the metabolites present in wastewater. The 

most common and easy is the targeted one for metabolites that are already known. In recent 

years, a new approach has emerged called suspect screening, in which an inclusion list is 

used to prioritize some metabolites. However, there are not many studies using non-targeted 

approaches as the identification of new compounds can be very complex and time-consuming. 

In this study, non-targeted methods are used to enhance the identification of metabolites in 5 

WWTP (Besòs, Girona, Olot, Vic and Banyoles) already profiled by proteomics. Moreover, the 

metabolite information can complement the one given by the proteins. This chapter was 

accomplished through an internship in the University of California Davis with a grant from the 

Spanish National Research Council (CSIC). 

ABSTRACT 

Targeted metabolomics is commonly used to study wastewater aiming at the qualitative and 

quantitative characterization of drugs and pharmaceutical products. These metabolites 

constitute the metabolome which provides information about the human health of the 

population served by the sewage system under survey. The study of the metabolome has 

become more popular with the development of mass spectrometry (MS). In this study, we 

analyzed the influent water from 5 WWTPs in winter, spring and summer. We employed gas 

chromatography (GC), reverse-phase liquid chromatography (RPLC) and hydrophilic liquid 

chromatography (HILIC), all coupled to mass spectrometry (MS). Moreover, we used an 

untargeted approach. The main objective was to identify as many compounds as possible and 

elucidate their probable origins. We identified a total of 828 among the three platforms. We 

achieved extensive metabolome coverage with minimal overlap among the platforms used, 

reflecting they were highly complementary. The main groups of compounds based on their 

chemical composition leading sample clustering are organic oxygen compounds, organic 

acids, organoheterocyclic compounds, benzenoids and lipids, suggesting they are either the 

ones most persistent (i.e., not easily degradable) or the most abundant in the source. It is not 

surprising that amino acids were identified in all the samples as they are the constituents of 

the proteins which have already been identified in influent waters. Monosaccharides are also 

commonly detected in wastewater either from the human excreta or the waste food. 

Interestingly, very long-chain fatty acyls (≥22 carbon atoms) are more annotated in Besòs, 

Girona and Olot, locations with higher human population and less industrial activity; these fatty 

acyls could originate not only from humans, but also from the pharmaceutical, chemical and 

cosmetic products they use. The same occurs with organoheterocyclic compounds, which are 

utilized in the development of drugs, pharmaceutical products and agrochemicals and were 

less significant in Vic and Banyoles, likely due to the higher industrial activities of these sites. 
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This difference is also pointed out by the presence of benzene class compounds, which were 

only detected in Besòs, Girona and Olot. Determining the precise origin of compounds present 

in wastewater remains challenging, as they cannot be assigned a definitive source as 

proteomics does when assigning species. This study marks a starting point, but further 

research is needed to deepen our understanding. 

1. INTRODUCTION 

Metabolomics is defined as the qualitative and quantitative analysis of the metabolites in 

biological samples such as cells, tissues, organisms, and biofluids. These metabolites 

constitute the metabolome that can be found in a specific context and sample. It is believed 

that metabolite levels reflect the cellular state. In this sense, the metabolome characterization 

would be vital to understanding the phenotype of the organisms. In environmental science 

studies, metabolomics is used together with other “-omic” technologies to characterize the 

impact of different stressors on ecosystems and human health (Bedia, 2022; Soga, 2007). 

 

The study of the metabolome has become more popular with the development of mass 

spectrometry (MS). This technique allows different approximations depending on the study’s 

objective. These approaches include targeted, untargeted or suspect screening methods. 

Targeted methods are more sensitive and reproducible but its coverage is limited. Untargeted 

methods allow for broader compound identification, but such identification of unknown 

compounds is challenging due to limited analytical standards and spectral data in public 

databases. A recent intermediate approach between targeted and untargeted is suspect 

screening, that prioritizes relevant compounds for case study. It uses a list of prioritized 

suspects from in-house libraries or databases to be evaluated and identified at higher or lower 

confirmation level. This method decreases the rate of false positives minimizing the need for 

extensive manual annotation (Bedia, 2022). All these MS-based approaches are usually 

coupled to chromatography techniques, such as gas chromatography (GC) and liquid 

chromatography (LC). Depending on the types of compounds to study, one or a combination 

of several can be used (Tolstikov et al., 2007). GC is mainly used for the analysis of volatile 

compounds, but it needs a two-step chemical derivatization for the substitution of carbonyl 

moieties through methoxyamination and the incorporation of a per-silylation (Erban et al., 

2007). On the other hand, LC separations are better for labile, high molecular weight and 

nonvolatile polar compounds in their natural form. Reversed-phase (RP) chromatography is 

used for hydrophobic, capillary electrophoresis for hydrophilic and charged small molecules, 

and hydrophilic (HILIC) separation for hydrophilic and neutral compounds (Tolstikov et al., 

2007). 
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In this study, we aimed to comprehensively profile the metabolome entering WWTPs and 

tracing the origin. For this purpose, we analyzed the influent water from five wastewater 

treatment plants (WWTPs) that serve human populations of different sizes and industrial 

activities, collected at three different times of the year (winter, spring and summer). 

Furthermore, we used different platforms available at the time (GC-MS, RPLC-MS and HILIC-

MS) to maximize the coverage of compounds identified. We also used an untargeted approach 

to widen the types of compounds that could be identified. For the classification we focused on 

a purely structure-based chemical taxonomy. To our knowledge, this is the first attempt to 

characterize the wastewater metabolome using a non-target approach and a chemical 

classification in order to differentiate among sites and seasonal variations.  

2. MATERIALS AND METHODS 

2.1 Sample collection 

Twenty-four-hour composite wastewater samples were collected at the inlet of 5 wastewater 

treatment plants (WWTPs) located in the Barcelona and Girona provinces in Catalonia (Spain) 

(Figure 35), through three collection campaigns: winter (14th of December 2020), spring (19th 

of April 2021) and summer (26th of July 2021), one sample per site and campaign (15 samples 

in total). The collection was carried out by an automatic water sampler and the samples were 

transferred to the laboratory at 4 ºC. These samples were also used for a previous proteomics 

analysis (Carrascal et al., 2023). 

2.2 Sample preparation 

Up to 100 ml of each twenty-four-hour composite wastewater sample was centrifuged at 4000 

x g (10 ºC, 20 min) and the supernatant was filtered through 0.2 µm filters (VWR, North 

America, USA). In order to reduce the sample volume, the filtered samples (25 ml aliquots) 

were lyophilized using a freeze-dryer, then reconstituted in 1 ml of 50% methanol and finally 

evaporated to dryness using a SpeedVac (SPD130DLX Vacuum Concentrator, Thermo). 

 

For the analysis, one of the 25 ml aliquot of each sample and campaign was thawed for 10 

min and reconstituted in 1.5 ml of 50% methanol. Next, each sample was divided into 5 ml 

and 1 ml aliquots (300 µl and 60 µl, respectively) per quadruplicate. Then, all the samples 

were dried down in the centrivap (Labconco) and stored at -80 ॰C until extraction. 
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Figure 35. Location of the wastewater treatment plants. 

 

The compounds were extracted using the methyl-tert-butyl protocol modified from Matyash et 

al. (2008). Briefly, 975 µl of ice-cold 3:10 MeOH/MTBE with QC mix (see Supplementary 

material: 4.4_Supplementary_Tables.docx (Table S1)) were added to each sample. After 

vortexing, shaking and sonication, 188 µl of LC/MS grade water were added. After another 

round of vortexing and sonication, samples were centrifuged at 14000 x g for 2 min and 3 

phases were obtained: upper organic phase, bottom aqueous phase and precipitated pellet. 

The upper organic phase of each sample was transferred to 2 separate tubes (350 µl per tube) 

for RPLC-MS analysis. The bottom aqueous phase of each sample was transferred to 2 

separate tubes (110 µl per tube) for GC-MS and HILIC-MS analysis. The extracted samples 

(RPLC-MS, GC-MS and HILIC-MS) were dried down by centrivap. 
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2.3 Mass spectrometry analysis 

2.3.1 Reversed-phase liquid chromatography coupled to mass spectrometry (RPLC-

MS) 

Dried samples were reconstituted in 110 µl of 90:10 MeOH:Toluene with 50 ng/ml CUDA (12-

(cyclohexylcarbamoylamino)-dodecanoic acid). Then, they were separated using a Waters 

Acquity Premier BEH C18 VanGuard FIT (2.1 x 50 mm; 1.7µm) coupled to a Waters Acquity 

Premier BEH C18 VanGuard FIT Cartridge (2.1 x 5 mm; 1.7µm). The column was maintained 

at 65 ◦C with a 0.8 ml/min flow rate. The positive ionization mobile phases consisted of (A) 

60:40 (v/v) ACN:H2O with 10 mM ammonium formate and 0.1 % formic acid, and (B) 90:10 

(v/v) IPA/ACN with 10 mM ammonium formate and 0.1 % formic acid. For negative mode, 10 

mM ammonium acetate was used as the only modifier. The injection volumes were 3 μl for 

positive mode and 10 μl for negative of each sample. The Agilent 6546 Q-TOF mass 

spectrometer (MS) coupled to an Agilent 1290 Infinity ultra-high performance liquid 

chromatography (UHPLC) was operated in both positive and negative electrospray ionization 

(ESI) modes. 

2.3.2 Gas chromatography coupled to mass spectrometry (GC-MS) 

Previous to injection, samples were derivatized as follows. First, they were reconstituted in 10 

µl of MeOx (methoxyamine hydrochloride) and shake for 1.5 h at 30 ॰C and 750 rpm. Then, 

90 µl of MSTFA (N-methyl-N-(trimethylsilyl)-trifluoroactamide) with a mix of 13 FAMEs (fatty 

acid methyl esters) internal standards (see Supplementary material: 

4.4_Supplementary_Tables.docx (Table S3)) were added and samples shaken again for 30 

min at 37 ॰C and 750 rpm. Finally, they were separated using a Restek RTX-5Sil MS column 

(30 m length, 0.25 mm i.d., and 0.25 μm 95 % dimethyl 5 % diphenyl polysiloxane film) with a 

10 m guard column. A total of 0.5 µl of each sample was injected and acquired on the Leco 

Pegasus BT TOF-MS coupled to an Agilent 7890 B gas chromatograph with Agilent 7693 

Autosampler. 

2.3.3 Hydrophilic interaction liquid chromatography coupled to mass spectrometry 

(HILIC-MS) 

Dried samples were reconstituted in 200 µl of 80:20 (v/v) ACN:H2O with 42 internal standards 

(see Supplementary material: 4.4_Supplementary_Tables.docx (Table S4)). Then, they were 

separated on a Waters Acquity Premier BEH Amide VanGuard FIT (2.1 x 50 mm; 1.7 µm) 

coupled to a Waters Acquity Premier BEH Amide VanGuard FIT Cartridge (2.1 x 5 mm; 1.7 

µm). The column was maintained at 45 ºC with a 0.8 ml/min flow rate. The mobile phase 
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consisted of (A) H2O with 10 mM ammonium formate and 0.125 % formic acid, and (B) 95:5 

(v/v) ACN/H2O with 10 mM ammonium formate and 0.125 % formic acid. The injection volume 

was 5 μl (+/-) per each sample. The SCIEX 6600 TripleTOF MS coupled to an Agilent 1290 

Infinity UHPLC was operated in both positive and negative ESI modes.  

2.4 Compound identification 

Internal standards were used for the correction of the retention times (see Supplementary 

material: 4.4_Supplementary_Tables.docx (Tables S2 and S5)). GC-MS raw files were 

converted into Abf format using the Reifycs Abf Converter 

(https://www.reifycs.com/abfconverter/). The acquired data from all the platforms and modes 

was analyzed separately by MS-DIAL software version 4.9 (Tsugawa et al., 2015). Detailed 

parameter settings for each case are listed in Supplementary material (4.4_MS-

Dial_Parameters.xlsx). Metabolite annotations were done using the in-house developed 

mass-to-charge-retention time (m/z-RT) libraries from Fiehn’s lab. MS/MS spectral matching 

was performed using freely available MS/MS libraries obtained from the Mass Bank of North 

America (MoNA) (www.massbank.us) and the NIST20 MS/MS library. 

 

MS-DIAL annotations were curated using modified MSI (Metabolomics Standards Initiative) 

levels (Sumner et al., 2007). Detailed description of the used levels is in Supplementary 

material (4.4_MSI_Levels.docx). Results were exported replacing zero values with 1/10 of 

minimum peak height over all samples. Annotations from both modes of RPLC-MS and HILIC-

MS were filtered by Fold 2 >5 and sample maximum >1000; then, the filtered annotations was 

run through MSFlo (https://msflo.fiehnlab.ucdavis.edu/#/) (DeFelice et al., 2017) in order to 

identify ion-adducts, duplicate peaks and isotopic features. Annotations from GC-MS were 

filtered by Fold 2 >3, total score >70 and S/N average >3. The parameters used for running 

MSFlo can be found in Supplementary material (4.4_MS-Flo_Parameters.xlsx). 

2.5 Compound classification 

Annotated compounds were classified using their International Chemical Identifiers 

(InChIKeys). First, all the InChIKeys were collected using CTS (Chemical translation Service) 

batch conversion (https://cts.fiehnlab.ucdavis.edu/batch) (Wohlgemuth et al., 2010) and 

PubChem (https://pubchem.ncbi.nlm.nih.gov/). Then, all the InChiKeys were run through 

ClassyFire Batch (https://cfb.fiehnlab.ucdavis.edu/#/) (Djoumbou Feunang et al., 2016) or Ref-

Met (https://www.metabolomicsworkbench.org/databases/refmet/name_to_refmet_form.php) 

to find the classification. 
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2.6 Data treatment 

Datasets (GC-MS, HILIC-MS, and RPLC-MS) were preprocessed and visualized using the R 

programming language (R: The R Project for Statistical Computing, n.d.) with the "Tidyverse" 

collection of packages, in particular  "dplyr", "tidyr", "stringr", "purrr" and "ggplot2" 

(https://www.tidyverse.org/). This analysis was done in collaboration with Gianluca Arauz from 

the Institute for Research in Biomedicine (IRB Barcelona). Since RPLC-MS and HILIC-MS 

metabolites come from positive and negative modes, duplicated metabolites were removed, 

retaining the mode with the highest intensity or more compound information. All the GC-MS 

metabolites were kept. The quantification values for all three metabolomics datasets were 

transformed by adding one unit and taking the base-2 logarithm. This one-unit addition 

ensured a positive quantification matrix after the log2 transformation. Finally, quantile 

normalization (Bolstad et al., 2003) was applied to the quantification values for all three 

metabolomics datasets. 

 

The strategy followed for the subsequent differential abundance analysis (DAA) at the 

metabolite level was analogous to that typically used in other omics disciplines such as 

genomics or proteomics (Rosati et al., 2024). All possible pairwise comparisons between the 

5 WWTPs were defined and investigated (10 in total). The major steps of the DAA were carried 

out by leveraging the “limma” R package (Ritchie et al., 2015). Specifically, a linear model with 

the independent variables “WWTP” (Banyoles, Besòs, Girona, Olot, Vic) and “Campaign” 

(Camp1, Camp2, Camp3) as fixed effects was devised for all three metabolomics datasets: 

𝐼 = 𝛽0 + 𝛽1 ⋅ 𝑊𝑊𝑇𝑃 + 𝛽2 ⋅ 𝐶𝑎𝑚𝑝𝑎𝑖𝑔𝑛 + 𝜀 

where I represents the metabolite intensity after data preprocessing, the βi are the regression 

coefficients for the metabolite, and the ε is the error term. After getting the linear model, the 

function “eBayes” from the “limma” R package was used to get compute t-statistics, F-statistic, 

and log-odds of differential abundance by empirical Bayes moderation of the standard errors 

towards a global value (Smyth, 2004). The resulting p-values were FDR-corrected for multiple 

hypothesis testing using the Benjamini & Hochberg procedure (Benjamini & Hochberg, 1995). 

Standard cutoffs for significance were applied by requesting |FC| > 1.5 to the absolute value 

of the fold change and padj < 0.05 to the adjusted p-value, and the significant metabolites for 

each of the 10 WWTP pairwise comparisons were defined. 

 

After the DAA (see Supplementary material 4.4_DifferentialAbundanceAnalysis.xlsx), for each 

platform, all metabolites being significant in any of the 10 WWTPs pairwise comparisons were 

further analyzed and visualized by means of a hierarchical clustering heatmap. The 

corresponding three intensity submatrices with the significant metabolites were corrected by 
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subtracting the variability contribution associated with the “Campaign” variable and z-score 

standardized before their visualization.  

 

In parallel to the DAA strategy just described, all metabolites quantified by each platform were 

investigated by means of a Principal Component Analysis (PCA) using their corresponding 

quantification matrices, both, before and after subtracting the variability contribution 

associated with the “Campaign” variable. 

3. RESULTS 

3.1 Compound annotations 

After the search with MS-DIAL, 23824 features with 314 references were matched for positive 

RPLC-MS, 7555 features with 209 references for negative RPLC-MS, 2102 features with 484 

references for GC-MS, 6679 features with 503 references for positive HILIC-MS and 3025 

features with 382 references for negative HILIC-MS. After the manual curation and MSI level 

classification, the final number of annotated compounds based on their MSI level are 

summarized in Table 13. Finally, after filtering, merging of positive and negative modes for 

RPLC-MS and HILIC-MS, and removing duplicates, we had 142 compounds for RPLC-MS, 

254 for GC-MS and 498 for HILIC-MS. The complete list with the annotated compounds with 

their corresponding classification and relative intensities can be found in Supplementary 

material (4.4_Annotated_CompoundsList.xlsx). There is nearly non-overlap among the 

platforms used, reflecting they were highly complementary (Figure 36A). 

 

Table 13. Number of annotated compounds in each MSI level (described in Supplementary 

material: 4.4_MSI_Levels.docx) per platform and mode. 

Platform Mode Total Internal standards Level 1 Level 2 Level 3 Level 4 

RPLC-MS 
Positive 248 15 8 - 201 24 

Negative 153 13 7 2 108 23 

GC-MS Positive 374 13 39 170 75 77 

HILIC-MS Positive 396 34 30 116 138 78 

Negative 355 28 53 62 149 63 
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3.2 Compound classification 

Regarding the types of compounds identified on each platform, we could see that the 

extraction method and the chromatography technique used were very specific. In RPLC-MS 

(Figure 36B), most compounds (92%) were lipids or lipid-like molecules, with only 10 

compounds classified as something else. These lipids were divided into 5 groups: fatty acyls 

(40%), sphingolipids (31%), glycerolipids (18%), glycerophospholipids (8%), and steroids 

(3%). In GC-MS and HILIC-MS, less than 20% of the identified compounds were lipids (18% 

and 11%, respectively). Although the lipid classes were the same as in RPLC-MS, some 

prenol lipids were also identified in both GC-MS and HILIC-MS. 

 

In GC-MS (Figure 36C), there was not a predominant type of compound. The 2 most abundant 

groups were organic acids and derivatives (26%) and organic oxygen compounds (27%), 

followed by the lipids mentioned above. Other compounds belong to benzenoids, 

organoheterocyclic compounds, organic nitrogen compounds, phenylpropanoids and 

polyketides, and nucleosides, nucleotides and analogues. 

 

In HILIC-MS (Figure 36D), nearly half of the identified compounds were organic acids and 

derivatives (45%). However, there were a few types of compounds that had not been found in 

the two previous platforms. These groups included alkaloids and derivatives, lignans, 

neolignans and related compounds, and organosulfur compounds. Even though the other 

groups were the same as in GC-MS, specific compounds within them differed. As shown in 

Figure 36A, only 55 compounds are shared between GC-MS and HILIC-MS. 

3.3 Principal Component Analysis (PCA) 

The Principal Component Analysis (PCA) of the compounds exhibited first of all a great 

technical reproducibility in all the campaigns and sites regardless of the platform used. When 

looking at those platforms independently GC-MS (Figures 37A) showed a trend of site-based 

grouping. In general, the campaigns clustered near each other, except for Banyoles, where 

the three campaigns appeared distinct, and Vic, where campaign 3 was more similar to 

Banyoles. Girona and Olot grouped together, while Besòs remained slightly apart. Overall, 

campaign 3 differed from the other two. When the campaign-associated variability was 

removed (Figure 38A), the grouping trend became clearer. 

 

The HILIC-MS showed a similar distribution of the PCA (Figures 37B and 38B) to the GC-MS 

compounds (Figures 37A and 38A). Although in this case, Besòs seemed to group closer to 

Girona and Olot. On the contrary, RPLC-MS (Figures 37C and 38C) showed a different 
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grouping pattern, with Besòs and Girona standing out, while Banyoles, Olot, and Vic clustered 

closely together. Additionally, the campaign-associated variability was lower than that 

observed in GC-MS and HILIC-MS. 

 

 

Figure 36. Venn’s diagram of the identified compounds in each platform (A) and the 

corresponding classification of the annotations in RPLC-MS (B), GC-MS (C) and HILIC-MS 

(D). 

3.4 Differential abundance and hierarchical clustering analyses 

After filtering by |FC| > 1.5 and padj < 0.05 the number of significant metabolites for each 

platform was 122 for RPLC-MS, 241 for GC-MS and 485 for HILIC-MS. These metabolites 

were clustered in 6 groups in each platform in the hierarchical clustering heatmap (see 

Supplementary material 4.4_Heatmaps.pdf). Some tendencies per platform and some 

common patterns were observed. In general, Besòs and Vic seem to be the most opposed 

sites and they have different upregulated clusters that characterize them in all the platforms. 

Interestingly, the campaign 3 of Vic is grouped closer to Banyoles than to the other two 

campaigns of Vic in both GC-MS and HILIC-MS, as it was already observed in the PCAs. The 

composition of the upregulated cluster in each of the sites and platform was studied in order 

to elucidate the kind of compounds driving them.   
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The main groups of compounds leading the clustering of the samples were organic oxygen 

compounds, organic acids, organoheterocyclic compounds, benzenoids and lipids (Table 14). 

Regarding lipids, fatty acyls were found to be present in all the clusters across all the samples 

and platforms. In general, they were long-chain and very long-chain fatty acyls, hydroxy fatty 

acyls and acyl carnitines. The other two classes of lipids were sphingolipids and glycerolipids; 

these compounds were present in high proportion in all the WWTPs, except Girona where 

glycerolipids were absent. The glycerolipids were mostly triacylglycerols. As for the 

sphingolipids, they included ceramides (Besòs, Girona and Olot), long-chain ceramides 

(Besòs, Banyoles, Girona and Olot) and neutral glycosphingolipids (Besòs and Vic). 

 

 

Figure 37. Principal Component Analysis (PCA) of the compounds from GC-MS (A), HILIC-

MS (B) and RPLC-MS (C) without removing the campaign-associated variability. 

 

A) B)
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Figure 38. Principal Component Analysis (PCA) of the compounds from GC-MS (A), HILIC-

MS (B) and RPLC-MS (C) removing the campaign-associated variability. 

It appeared that the combination of lipids could differentiate each WWTP. Sometimes these 

lipids were only present in specific campaigns: long-chain fatty acyls in Olot’s campaign 1, 

sphingolipids in Olot’s campaign 3 and triacylgycerols in Vic’s campaign 1. Benzenoids were 

found in Besòs, Girona and Olot, but not in Banyoles and Vic. Organoheterocyclic compounds 

were found in all the sites, except Vic. Organic acids were primarily amino acids and peptides 

(dipeptides) and were present in all the sites and campaigns. Organic oxygen compounds 

were monosaccharides, glycosyl compounds and sugars. Monosaccharides were found in all 

the sites, glycosyl compounds in Besòs, Girona and Olot, and sugars in Besòs, Girona, Olot 

and Vic (mainly alcohols). Banyoles was the only one with only one type of organic oxygen 

compounds. 

 

A) B)

C)
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Table 14. Types of compounds present in each treatment plant. 

Superclass Class Parent level 1 Banyoles Besòs Girona Olot Vic 

Lipids 

Fatty acyls 

Long-chain ✓ ✓ ✓ 
✓ 

(camp 1) 
✓ 

Very long-chain  ✓ ✓ ✓  

Hydroxy ✓ ✓  ✓ ✓ 

Acyl carnitines   ✓ ✓  

Sphingolipids 

Ceramides  ✓ ✓ 
✓ 

(camp 3) 
 

Long-chain 
ceramides 

✓ ✓ ✓ ✓  

Neutral 
sphingolipids 

 ✓   ✓ 

Glycerolipids Triacylglycerols ✓ ✓  ✓ 
✓ 

(camp 1) 

Benzenoids Benzene -  ✓ ✓ ✓  

Organo- 
heterocyclic 

- - ✓ ✓ ✓ ✓  

Organic 
acids 

- 
Amino acids and 
dipeptides 

✓ ✓ ✓ ✓ ✓ 

Organic 
oxygen 

- 

Monosaccharides ✓ ✓ ✓ ✓ ✓ 

Glycosyl 
compounds 

 ✓ ✓ ✓  

Sugar acids and 
alcohols 

 ✓ ✓ ✓ 
✓ 

(alcohol) 

4. DISCUSSION 

Although the small molecules present in wastewater have been studied for years, these 

studies usually relied on a small group of compounds. Here, we used five WWTPs, three 

campaigns, three different platforms, and an untargeted approach to carry out the first attempt 

to create a comprehensive profile of the metabolome found in the wastewater. The samples 

were collected in different seasons to broaden the types of compounds that could be present. 

Moreover, we sampled in sites where the human population and the industrial activity are 

different. For example, Besòs is the site with the largest human population (around one and a 

half million people) and no industrial activity, while Banyoles and Vic are known for their 

significant industrial activity, with much smaller human populations. 
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We used the already stablished methods in Fiehn’s laboratory at the West Coast 

Metabolomics Center (University of California Davis). These methods are routinely used for 

this group in different kinds of matrix, such as tissues and serum (Vaniya et al., 2024; Questa 

et al., 2024). We identified a total of 828 unique compounds. It is difficult to justify if this is a 

high or a low number of identifications since the total number of metabolites present in 

wastewater is unknown and very dependent on the source. This number could likely be 

increased using other technologies, such as nuclear magnetic resonance (NMR) spectroscopy 

or inductively coupled plasma mass spectrometry (ICP-MS), by increasing the number of 

samples with sites with different characteristics, or by analyzing the particulate fraction (this 

study focused on the soluble one only). The choice of chromatography separation in all the 

techniques was made out of the availability at the time, but due to the complexity of the 

samples was the best option to avoid as much as possible the interference among different 

compounds, as it could occur when using direct injection.  

 

The wastewater that enters a treatment plant is composed of the human excreta/biofluids 

(urine, feces, blood), the products and chemicals people use or consume, and the waste from 

the industrial activity surrounding them (agriculture, slaughterhouses). This makes 

determining the origin of the small molecules very challenging, which is joined by the vast 

variety of small molecules that exist. Because studies usually focus on specific compounds, 

these are chosen due the use they have in the human population, for example antibiotics, illicit 

drugs, flame retardants, dyes, etc. This kind of classification is very challenging to do when 

using a non-target approach. For this reason, we decided to use a chemical classification 

based on chemical structures and structural features (Djoumbou Feunang et al., 2016). For 

simplicity we only use superclasses, classes and parent level 1 (see Table 14). In this regard, 

we can say that benzenoids, lipids, organic acids, organic oxygen and organoheterocyclic 

compounds are the most common superclasses. 

 

Amino acids were identified in all the samples. This is not surprising as they are the 

constituents of the proteins, which are essential biomolecules for the correct function of the 

organisms and are present in the wastewater. Our group unraveled for the first time this 

wastewater proteome profile of these same samples (Carrascal et al., 2023). We 

demonstrated that the main components of the wastewater are, at protein level, human urine 

and feces, and livestock blood. This conclusion aligns with the presence of amino acids in 

both our samples and as common annotation in the biofluids. In recent years, the Wishart 

group has focused on studying the human metabolome of each of the biofluids present in 

humans. For that, they created the Human Metabolome Database (Wishart et al., 2007; 

Wishart et al., 2009; Wishart et al., 2012; Wishart et al., 2017; Wishart et al., 2021) where they 
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combined both literature and experimental annotations with special attention at the normal 

and disease concentrations ranges. To date, they have studied the metabolome of urine 

(Bouatra et al., 2013), serum (Psychogios et al., 2011), feces (Karu et al., 2018), saliva (Dame 

et al., 2015), cerebrospinal fluid (CSF) (Wishart et al., 2008) and sweat (Sweat Metabolome, 

n.d.). Amino acids are present in all these biofluids as one of the most common compounds 

(except for feces). 

 

Another type of compound found in all the samples is the monosaccharides (parent level of 

the organic oxygen superclass), which are the simplest sugars. These molecules are present 

in all the biofluids, except feces. The presence of this compound is expected since they are 

used to store and produce energy in the human body, as well as being part of food, like fruits, 

vegetables, or honey, both free and combined (Varney et al., 2017). Here, we identified some 

important monosaccharides, like 1,5-anhydroglucitol (used as a marker of short-term glycemic 

control (Dungan, 2008)), arabinose (present in plants and used as sweetener in the food 

industry (Mariette et al., 2021; Hu et al., 2018)), digitoxose (part of steroids, quinones, indoles, 

oligosaccharides and others, that exhibit antibacterial, anti-viral, antiarrhythmic, and antitumor 

activities (Li et al., 2024)), dihydroxyacetone (a color additive in sunless tanning products 

(Braunberger et al., 2018)), fructose (present in fruits, vegetables -including sugar cane-, and 

honey (Park & Yetley, 1993)), glucose (found in free state in fruits (Siddiqui et al., 2020)), 

ribose (constituent of numerous essential biomolecules, including RNA, nucleotides, and 

riboflavin (Tai et al., 2024)), sinigrin (present in broccoli, brussels sprouts, and mustard seeds, 

among others (Mazumder et al., 2016)), sorbose (found in some fruits and used in the vitamin 

C manufacturing (Zou et al., 2012)) or tagatose (used as a sweetener in beverages, yogurt, 

creams, and dietetic candy (Guerrero-Wyss et al., 2018)). Thus, either from the human excreta 

or the waste food, monosaccharides are a common component of wastewater. This kind of 

compound is also a good example of the benefits of combining different platforms, as they 

were mostly identified in just one of the used ones (GC-MS). 

 

An important superclass of compounds in wastewater is lipids. The extraction method used in 

our study (MTBE method) was specifically developed to enhance their extraction (Matyash et 

al., 2008). Therefore, it is expected to annotate a wide range of them. Lipids are the second 

most abundant component when all the platforms are merged, being RPLC-MS the platform 

that provides more classes, aside from fatty acyls, and offers a different clustering of the 

samples compared to HILIC-MS and GC-MS. These lipids are very common in the different 

human biofluids, such as serum, urine or sweat, but they can also have other origins like 

pharmaceutical, chemical, and cosmetic products consumed by humans (Mohana et al., 

2023). 
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Fatty acyls are identified by all the platforms and are present in all the samples. However, not 

all the sites have all the types of fatty acyls. Long-chain fatty acids (13 to 21 carbon atoms) 

are present in all the sites, while very long-chain fatty acids (≥22 carbon atoms) are more 

abundant in Besòs, Girona and Olot, being the sites with a higher ratio human population to 

industrial activity, which may suggest a more human origin of these very long-chain fatty acyls. 

Meat and poultry fats, dairy products, oils (fish, olive, sunflower, palm), nuts and seeds are 

rich in long-chain fatty acids (Abedi & Sahari, 2014), and all of them are consumed to some 

degree by humans. Moreover, they are the constituent of the cell membranes in the form of 

phospholipids and an energy storage in triglycerides (Nakamura et al., 2014). Some examples 

found in this study are: oleic acid (present in the olive oil, widely used in Spain (Yubero-

Serrano et al., 2018)), eicosapentaenoic acid (found in salmon, sardines and tuna, which are 

source of omega-3 (Tomczyk et al., 2023)), palmitic and stearic acids (abundant in butter and 

cheese (El-Metwally et al., 2022)) and arachidonic acid (necessary for skeletal muscle growth 

and function (Korotkova & Lundberg, 2014)). On the other hand, we identified a wide range of 

these fatty acids from 22 to 32 carbons without double bonds. Very long-chain fatty acids, 

specifically the saturated ones, are part of the blood cells membrane. This type of fatty acid 

reflects the quantity and quality of dietary fat intake and influences endogenous lipid 

metabolism. Besides, some of these, such as behenic acid (FA 22:0) and lignoceric acid (FA 

24:0) have been confirmed to have protective effects on cardiovascular disease, coronary 

heart disease, and all causes of death in the whole, hyperlipidemia, and hypertensive 

populations (Tao et al., 2023). In the brain, very long-chain saturated fatty acids are enriched 

in synaptic vesicles and mediate neuronal signaling by determining the rate of 

neurotransmitter release essential for normal neuronal function. One example identified here 

is FA 30:0, which are incorporated into complex sphingolipids and enriched in synaptic 

vesicles (Yeboah et al., 2021). 

 

Another interesting type of lipids is triacylglycerols, which are abundant in all the samples, 

except in Girona. Triacylglycerols are known to be part of vegetable oils, animal fats and soaps 

(Mohana et al., 2023). Some of their functions are being the main energy reserves of the 

human body, and taking part in metabolic processes that determine the rate of fatty acid 

oxidation, the plasma levels of free fatty acids, the biosynthesis of other lipid molecules and 

the metabolic fate of lipoproteins (Karantonis et al., 2009). The low abundance observed in 

Girona does not correspond with these important functions and broad presence, which may 

be explained by the interference of other compounds.  

 

Organoheterocyclic compounds are those containing rings of atoms, with at least one atom 

that is not carbon. These compounds are very important for the development of drugs, 
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pharmaceutical products, and agrochemicals. Some of their functions include the formation of 

the nucleobases present in genetic materials, treatment of cardiovascular, neurological or 

gastrointestinal disorders, insecticides, fungicides, dyes, and therapeutic potential (anti-

inflammatory, anti-cancerous, etc.) (Tripathi et al., 2021). This explains the detection of these 

compounds as significant in all the sites and campaigns. However, these compounds are not 

such in Vic, moreover, Vic is the site with the fewest types of these compounds, followed by 

Banyoles. This could be explained by their industrial activities. While there is a human 

population in both sites, it is not as high as in other areas, with the industrial activity being 

more prominent. As a result, these sites may have a higher proportion of waste originating 

from industrial sources rather than human sources, though we have not identified any 

compound to verify this. 

 

There are several classes of organoheterocyclic compounds that are upregulated. Regarding 

the pyridines, some interesting annotated compounds are those related to tobacco, as 

metabolites in the degradation of nicotine, such as 2-hydroxynicotinic acid (Tinschert et al., 

1997), 3-trans-hydroxynorcotinine and 6-methylnicotinic acid (Jacob III et al., 2011). 

Moreover, other pyridine metabolites are indicators of vitamin, for example 4-pyridoxic acid is 

a product of vitamin B6 metabolism, which is excreted in urine (da Silva & Gregory, 2020). In 

the imidazopyrimidine class, we found stimulants like caffeine and theophylline (both found 

naturally in coffee, tea, chocolate, and other foods and beverages used daily by human (Bispo 

et al., 2002)); diseases’ biomarkers as uric acid for hyperuricemia (leading to gout) (Heinig & 

Johnson, 2006); intermediaries of the purine metabolism, such as hypoxanthine acid and 

xanthine (Kimiyoshi et al., 1993); or the antiviral penciclovir (Schmid-Wendtner & Korting, 

2004). Another abundant class is the indole one, where we identified a common naturally 

occurring plant hormone -3-indoleacetic acid- and many of its derivatives ((2-oxo-2,3-dihydro-

1H-indol-3-yl)acetic acid, 5-hydroxy-3-indoleacetic acid, 5-methoxy-3-indoleacetic acid and 

indole-3-lactate, which participate in plants growth and development) (Tang et al., 2023); a 

human hormone that regulates the sleep-wake cycle -melatonin- (Claustrat & Leston, 2015); 

and an essential amino acid -tryptophan- (Richard et al., 2009). In the phenylpyrrole class, we 

found a common lipid-regulating drug, called atorvastatin (Kogawa et al., 2019)). 

 

Nevertheless, we wondered if we could find the origin of compounds that are not present in 

one or more of the treatment plants as a way to differentiate those sites with different human 

populations and industrial activity. A clear example is the presence of compounds belonging 

to the benzenoid superclass, commonly the benzene class, which are more found in Besòs, 

Girona and Olot, and less in Banyoles and Vic. The benzene class gathers aromatic 

compounds containing one monocyclic ring system consisting of benzene; these compounds 
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are widely used in the production of pharmaceuticals, dyes and pigments, fragrances and 

flavorings, and plastics and polymers. This leads to the present of these compounds in many 

of the products and chemicals used by the population daily. At the same time, this is linked to 

the fact that the sites where they are present are the ones with a higher proportion of human 

population compared to the industrial activity in the area. This represents a more extreme case 

compared to the organoheterocyclic compounds. We have found several pharmaceuticals for 

the treatment of gastrointestinal disorders (5-aminosalicylic acid for the inflammation in 

ulcerative colitis (Hauso et al., 2015), trimebutine for irritable bowel syndrome (Yu et al., 

2025)), mental diseases (amisulpride as an antipsychotic drug (Wang et al., 2025), bifemelane 

as an antidepressant agent (Fasipe, 2019)) or high blood pressure (losartan and telmisartan 

(Ogura & Shiraishi, 2025)). Other important identified compounds are 1-phenylethanol (food 

flavoring (Dong et al., 2017)), 4-aminophenol (discharged in a variety of industries, including 

petrochemistry, cosmetics, dyes, photography, agricultural chemicals, etc. and toxic for 

humans (Wang & Feng, 2023)), aniline (precursor of polyurethane-based polymers, used in 

accelerators, antioxidants, pesticides, dyes, and pharmaceuticals and constituent of tobacco 

smoke (Modick et al., 2015)), naproxen (a nonsteroidal anti-inflammatory drug (Haghgouei & 

Alizadeh, 2025)) or O-acetylsalicylic acid (commonly known as aspirin, widely used as 

analgesic, antipyretic, and anti-inflammatory agent (Kacso & Terézhalmy, 1994)). An 

important compound which is not from the benzene class but from the phenol ether class is 

venlafaxine, one of the most-prescribed antidepressants (Suwała et al., 2019). 

 

Here, we attempted to investigate the small molecules present in the entry of wastewater 

treatment plants. On one hand, as we have shown here, different platforms are 

complementary and it would be necessary to increase the number of techniques used both for 

the extraction and analysis. On the other hand, more samples from other areas with different 

human populations and industrial activities would be needed to increment the types of 

compounds that could be identified. Lastly, determining the origin of compounds (human, 

animal, microorganism, industry, etc.) is not straightforward since it is not possible to give them 

a “name” as it can be done in proteomics. Thus, the only way to address this is by comparing 

as many different sites as possible to detect distinct profiles. This work is a start, but there is 

much more to be done. 
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5. CONCLUSION 

In this study, we analyzed the influent water from five WWTPs in winter, spring and summer, 

using gas chromatography (GC), reverse-phase liquid chromatography (RPLC) and 

hydrophilic liquid chromatography (HILIC), all coupled to mass spectrometry (MS) in 

untargeted mode to enhance the number of compounds. We cannot determine whether the 

number of compounds we identified represents a low or a high proportion of the wastewater 

metabolome, as this is unknown. However, it is very likely this number can be increased using 

other extraction methods and platforms for the analysis, as the ones used here are already 

quite complementary. The main groups of identified compounds were organic oxygen 

compounds, organic acids, organoheterocyclic compounds, benzenoids and lipids. The origin 

of the compounds is very complex to elucidate, so we can only estimate it. For example, the 

most common organic acids are amino acids and dipeptides, and proteins have already been 

demonstrated to be present in a soluble form in the wastewater. On the other hand, the waste 

food likely contributes to the high presence of monosaccharides. Nevertheless, we have been 

able to observe some profiles that differentiate among sites with different population sizes and 

industrial activities. Very long-chain fatty acyls, organoheterocyclic compounds and benzene 

are more prevalent in sites with higher human populations. The profiling of wastewater at 

metabolome level is far from complete, but this study represents a promising start. 
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This doctoral research has focused on the application of proteomics techniques to wastewater-

based epidemiology (WBE), a field that investigates wastewater to gain insights into public 

health. Wastewater is a complex matrix composed of dissolved organic matter (DOM), natural 

organic matter (NOM), detergents, personal care products, pharmaceuticals, transformation 

products and other chemicals (Shon et al., 2006; Hertkorn et al., 2013). Wastewater has long 

been studied applying other “-omics” disciplines, such as metabolomics and genomics. 

Initially, the focus was on identifying small molecules like illicit drugs, pharmaceuticals, and 

other substances to assess collective human behavior and health. More recently, microbial 

content has been examined, including both beneficial microbes from wastewater treatment 

sludge (Park et al., 2008a; Zhang et al., 2019) and harmful pathogens such as viruses (Dutta 

et al., 2021; Mackuľak et al., 2021), which became especially relevant during the COVID-19 

pandemic (Lara-Jacobo et al., 2022; O’Reilly et al., 2025). 

 

The first objective of the project was: “Development of novel non-target strategies for protein 

monitoring in different water matrices including urban sewage, wastewater treatment plants 

(WWTPs) effluents (treated water) and water at different stages of its treatment”. In order to 

achieve this, we selected three very different sampling sites: one with a high human 

population, another dominated by industrial activity and a third with a mix of moderate human 

and industrial influence.  Previous protein studies in wastewater were mainly related to sludge-

associated proteins, primarily of bacterial origin. However, no studies were made outside of 

these bacteria. The first study to consider non-bacteria proteins was carried out by Carrascal 

et al. (2020), identifying 690 proteins from bacteria, plants, animals and humans. Although 

most of them pointed to almost 200 bacterial genera, 57 proteins were from humans, being 

the highest number for any single species. Among the human proteins, there were biomarkers 

already described including uromodulin (Garimella & Sarnak, 2016), α-amylase (Mattes et al., 

2014), and S100A8 (Wang et al., 2018). 

 

As it arose during the development of the method (Sánchez-Jiménez et al., 2023), wastewater 

consists of both soluble substances and particulates, such as leaves, food waste, 

microorganisms, etc. This distinction led to the differentiation of two subproteomes: the soluble 

and the insoluble (also called particulate). Even though the work here has centered on the 

soluble fraction, some steps were made into the particulate one. Interestingly, the composition 

of both fractions is different and complementary: the soluble fraction contains predominantly 

eukaryotic proteins, while the particulate fraction is rich in bacterial proteins (Carrascal et al., 

2023). 
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As this was the first method developed for the protein characterization in wastewater it prompts 

improvement. One major limitation is the time it takes to carry it out, around 4 to 5 days from 

the separation of the fractions to the final peptide extract, which could hinder its application on 

a daily basis. Currently, new workflows are being explored to reduce this time to ideally one 

day of sample preparation. For example, PreOmics iST kit (Kulak et al., 2014) enables robust 

and reproducible sample preparation in a few hours and can be combined with an SP3 Add-

on (Hughes et al., 2018) that allows the purification of the proteins, which is an essential step 

in the case of wastewater samples due to all the types of molecules that can be present as 

well. The limitation found for this approach is the working range: 1-100 µg using a maximum 

of 50 µl, which is too concentrated for wastewater. It could be, however, a good option for the 

particulate fraction, which seems to have a higher protein concentration than the soluble 

fraction.  

 

Protein identification is also impacted by mass spectrometry settings, particularly the use of 

data-dependent acquisition (DDA) and the availability of comprehensive reviewed databases. 

DDA may miss low-abundant peptides. This could be resolved with the use of the data-

independent acquisition (DIA) approach, where all the peptides in the specified window ranges 

are fragmented (Doellinger et al., 2020; Fernández-Costa et al., 2020). However, DIA has 

seen limited use due to the data analysis bottleneck when handling large databases. Devianto 

et al. (2024) used DIA to identify biomarkers linked to the incidence of COVID-19 in 

wastewater. They identified 8866 in total from 19 samples, using 50 ml as starting volume. 

This demonstrates the feasibility of this approach (Devianto et al., 2024).  

 

In relation with database limitations, the particulate fraction is the most strongly affected since 

bacteria and viruses’ proteomes are poorly represented, particularly in curated database, 

leading to under-identification. On this line, Tugui et al. (2025) developed a method for the 

study of the metaproteomics in wastewater. Metaproteomics is a discipline that studies 

microbial mixtures to provide insights about their composition and functions. Furthermore, it 

allows the measurement of freely floating proteins, including those excreted by humans or 

released through industrial and agricultural activities (Wilmes & Bond, 2006; Kleiner et al., 

2017). Tugui and colleagues introduces an efficient sample preparation procedure that 

extracts proteins from both soluble and particulate fractions using only 500 µl of wastewater. 

This workflow consists in the direct denaturalization and lysis of the sample, followed by 

reduction and alkylation, and cleaning and digestion using FASP filters. Similar protocols were 

tried during this PhD with limited success, new workflows are currently being evaluated. 

Additionally, they created a wastewater metaproteomics data processing pipeline that 

employs de novo sequencing to focus generic reference sequence databases in order to 
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maximize metaproteomic coverage (Tugui et al., 2025). However, this data processing also 

has limitations, as the identifications of the microbes can only be made at family or genus level 

and not species-level. 

 

The development of the method for the study of wastewater proteins led to the second 

objective: “Characterization of potential protein biomarker signatures for early epidemiological 

alerts and event follow up by correlating population and human health, habits, and activities 

with sewage protein profiles at different geographical sites”. A modified version of the original 

protocol was used to extract the protein profiles of 10 sites over 3 seasons, focusing 

exclusively on the soluble fraction. The analysis revealed two main sources of proteins in 

wastewater: excreta (urine and feces) from humans, and blood and other residues from 

livestock. This allows the study of both the human and industrial activities in different 

environments, like urban and rural areas. Overall, the most abundant protein detected was 

the human pancreatic ɑ-amylase. However, this protein could be replaced for livestock 

albumins in sites with a high predominance of industrial activities, such as slaughterhouses. 

 

Amylases are proposed as potential markers of human population and could serve as a 

potential tool to normalize the abundances of other biomarkers. This is due to their consistently 

high abundance in wastewater, their probable resistance to protease action (their main role in 

the intestine reflects their high stability against hydrolytic degradation) and the species-specific 

information carried in their sequences. As discussed earlier, one of the key challenges in WBE 

studies is the estimation of the human population served by a WWTP (Daughton, 2012; Hsu 

et al., 2022). Chemical oxygen demand (COD), biological oxygen demand (BOD), total 

nitrogen or phosphorus are the parameters frequently used for this purpose, however they are 

highly unspecific. Census data, while used, may be outdated and does not reflect population 

dynamics (commute or tourism) (Rico et al., 2017). In recent years, small molecules excreted 

in urine or feces, such as creatinine, cholesterol, 5-hydroxyindoleacetic acid or caffeine, have 

been evaluated and used as markers of population (Oloye et al., 2023). Nevertheless, human 

amylases have the advantage of being virtually free of the contribution from other non-

controlled exogenous sources and thus to provide more accurate measurements. 

 

The albumins identified in wastewater probably originates from industrial discharge of animal 

blood. Although albumins from different species have a high sequence homology, their unique 

peptides profiles generated by tryptic digestion allow species-level identification. We were able 

to identify albumin from human, livestock (cow, pig, sheep, rabbit), chicken, cat, dog, rat and 

mouse. Due to their abundance and species-specific peptide markers, albumins are proposed 

as indicators of livestock industry activity. Currently, indicators like BOD, COD, or TOC 
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parameters can be used for pinpointing occasional discharges by routine monitoring of the 

organic load content in wastewater; however, these methods do not provide information on 

the contributing molecules or their origin (Bustillo-Lecompte & Mehrvar, 2015). Mass 

spectrometry based targeted methods could be a powerful and nearly real-time monitoring 

tool not only for environmental studies assessing the status of a water body but also for 

regulatory agencies in the surveillance of discharges of animal residues (controlled and 

uncontrolled) in wastewater systems and receiving waters.  

 

With the knowledge of the wastewater protein profile we moved to the third objective: 

“Assessment of the efficiency of wastewater treatment by monitoring samples at WWTP 

influent, effluent and receiving waters”. All the proteins that enter the treatment plants are 

subject to the same processes as the small molecules. However, the efficiency of these 

procedures is not completely known for proteins. In this study we observed that when 

compared with the influent, the effluent could be considered cleaned from proteins. There 

were some remaining ones, such as keratins and amylases from humans, albumin from 

livestock and bacterial proteins. This aligns with the scarce studies available about proteins 

after the treatments. Park and colleagues were able to identified human-derived proteins in 

the extracellular matrix of activated sludge flocs and from anaerobically digested sludge 

product, meaning they were resistant to the secondary aerobic treatment, but they could not 

answer the question of whether these proteins were released into the receiving waters (Park 

et al., 2008b). Later, Westgate & Park (2010) confirmed these findings and added other 

proteins that were produced during the secondary biological treatment. 

 

Even though we have identified the proteins leaving the treatment plants and their organism 

of origin, it is unknown if these proteins could affect the biota present in the receiving waters. 

A preliminary study showed that these proteins can bind to bacterial cells and induce changes 

in the physiological reactions and activity of bacteria, for example accelerating biofilm 

formation or modifying biofilm microstructure, which could negatively affect downstream 

environments (Cui et al., 2019). However, more studies are needed to elucidate the possible 

effects of proteins in the receiving waters. 

 

As it has been already commented, one of the main advantages in the use of proteomics is 

the capacity to know the origin of the proteins through the variations in their sequences. 

However, this is not possible in the study of the small molecules using metabolomics 

techniques as they do not have different configurations depending on the origin. Furthermore, 

small molecules are mainly studied with targeted methods where you already have a list of 

the compounds you want to identify. This approach leaves many compounds that are not 
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identified and, thus, the wastewater metabolome is incomplete. Because of these, we 

addressed the fourth objective: “Expanding the Omics toolbox: Complementary metabolomic 

profiling of wastewater influent”. To carry it out we decided to use an untargeted metabolomic 

approach to identify as many compounds as possible in samples where the protein profile was 

already known. Then we studied the superclasses in which the metabolites grouped in order 

to trace back to their probable origin. 

 

The most common superclasses present in the wastewater were organic oxygen compounds, 

organic acids, organoheterocyclic compounds, benzenoids and lipids. All of these 

superclasses can be found in many substances, like food waste, personal care products, 

biofluids, etc. Amino acid and dipeptides were the most abundant organic acids and their origin 

the easiest to trace as they have to belong to the proteins already identified. As described 

previously, the protein origin is mainly human urine and feces, and livestock blood in the 

studied samples. For the human side, this was already confirmed in the Wishart group’s 

studies, which outline the composition of different human biofluids, such as urine (Bouatra et 

al., 2013), serum (Psychogios et al., 2011), feces (Karu et al., 2018), saliva (Dame et al., 2015) 

or cerebrospinal fluid (CSF) (Wishart et al., 2008). Monosaccharides and fatty acyls from 

organic oxygen compounds and lipids superclasses, respectively, were present in all the 

studied sites. This suggests a human origin both from the humans themselves or for the 

products consumed or used by them (food as described by Varney et al., (2017), or 

pharmaceutical, chemical and cosmetic products (Zhu et al., 2017; Mohana et al., 2023)).  

 

Nevertheless, more interesting were the metabolites that were not present in all the sites. This 

is the case of very long-chain fatty acyls, which were only identified in sites with low or none 

industrial activity. This differentiation of places with, and without or low industrial activity was 

reinforced by benzenoids and organoheterocyclic compounds superclasses, as these types 

of metabolites come from products used in day-to-day life by the human populations. Some of 

these products are pharmaceuticals (Tripathi et al., 2021), plastics, dyes, detergents or 

cosmetics (Thanekar et al., 2021). 

 

It is safe to say that the study of the proteins in wastewater complement the information found 

through other -omics by clarifying molecular origins. A good example would be antibiotics. 

These compounds can be used both for human and animals, and end up in the wastewater 

and sometimes in the receiving waters if the WWTP efficiency is low. For example, kanamycin 

is a widely used antibiotic in human and veterinary medicine, as well as in food production and 

livestock breeding, making elucidating its source very challenging (Zheng et al., 2025). In this 

case, with the use of proteomics and metabolomics, we could obtain more information about 
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the provenance of the compounds. Although, more research is needed to confirm this, we 

found in our work a promising example. Doxycycline is an antibiotic used both in humans and 

animals. However, we found that their concentration was higher in the site with high 

predominance of livestock than in the site with a majority of human population, where other 

antibiotics presented the highest concentrations (azithromycin, ciprofloxacin or tetracycline 

among others). 

Limitations and future work 

This work is the first step into the analysis of proteins in wastewater and their utility as 

biomarkers to complement metabolomics and genomics studies. However, there are a number 

of limitations that have to be overcome before wastewater proteomics becomes a stablished 

field. Some of them have been already discussed along the work, such as the time needed for 

sample preparation, loss of protein identification due to the use of a DDA approach and a wide 

database, or effects of non-cleaned proteins in receiving waters. However, there are more 

pressing obstacles that have to be cared of, like the stability of the proteins and their limit of 

detection/quantification. 

 

There is a lack of studies about how stable proteins are in wastewater, let alone about their 

real absolute concentrations in this matrix, even though they have been proposed as potential 

biomarkers for several authors now (Rice & Kasprzyk-Hordern, 2019; Amin et al., 2023; 

Carrascal et al., 2023; Armenta-Castro et al., 2024). Amin et al. (2023) resumed in detail some 

of the problems that have yet to be addressed: low concentrations leading to challenges in 

detection and confident quantification; matrix effect from urine, feces, and other biofluids or 

matters; susceptibility to degradation or transformation within the sewage system due to 

soluble bacterial enzymes or biofilms in the inner walls of the pipes; and impact of pH, 

hydrophobicity, temperatures of other parameters. These obstacles make a lot of room for 

future studies. 

 

Another important line of research to follow is the analysis of the particulate fraction of 

wastewater. We found the proteins in this fraction to be mostly bacterial, but some biomarkers 

could also be found. This leads to the hypothesis that some proteins can be attached to the 

microorganisms present in wastewater, either because they are excreted that way or because 

they get attached during the period in the sewage system or the storage after collection if not 

done properly. As in the soluble fraction, sample preparation should be optimized and 

shortened if possible. Moreover, the use of a complete database is more restrictive in the 
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analysis of this fraction due to the lack of microorganisms’ reviewed proteins. Metaproteomics 

approaches can help in this case, as discussed above. 

 

Regarding our findings, they offer novel insights into wastewater proteomics, enabling the 

proposal of specific bioindicators useful for practical applications in WBE monitoring. Applying 

this methodology to assess wastewater treatment performance becomes crucial in 

determining the origin of protein contaminants and, consequently, formulating effective 

measures to reduce their presence. In the future we aim to go deeper into these relevant 

findings, trying to establish new tools for determining protein markers of the human population 

that can be used for population data normalization (not only theoretically but experimentally) 

and for rodent pest detection 

 

About the monitoring of rodent populations in urban areas, protein-related WBE enables the 

detection of rodent pests in cities and can be a tool with potential for their population control. 

Rat feces, like human feces, contain proteins that are secreted in the pancreas so, detection 

of these enzymes in wastewater indicates the presence of live animals, and relative 

quantification to rodent amylase could allow us to monitor the increase or decrease of rodent 

feces in these samples. Nowadays, there is no standardized method to determine the numbers 

of rodents in a city or to estimate the population density, although some groups have tried to 

understand their population dynamics (Himsworth et al., 2014; Murray et al., 2020). Currently, 

various strategies are used for the surveillance of these pests, generally based on the count 

of animals and their extrapolation to the total population (Jurišić et al., 2022). In contrast, we 

can propose detecting and quantifying rats according to rat feces located in sewage water 

using some appropriate protein biomarkers. 

 

Data derived from this job point to the possibility of monitoring the general health status of a 

population using protein health-related biomarkers. More than 400 human proteins have been 

detected with our methodology and many authors have reported the interest in using protein 

markers to know the health status of the population emphasizing the need to obtain synergistic 

information with classic epidemiological studies (Kasprzyk-Hordern et al., 2022; Robins et al., 

2023). Recently, Devianto and Sano (2023) published an in-silico study where they describe 

potential health-related proteins with relatively high concentrations in urine and stool as 

candidates for protein biomarkers in wastewater. However, no experimental studies have been 

performed until now directed to the real detection and quantification of these biomarkers in 

wastewater. Together with the data in the literature and in databases, our experimental results 

have allowed us to select a list of protein biomarkers related to different human pathologies to 

be monitored (Table 15). 
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Table 15. Potential WBE human health-related biomarkers detected in urine and feces 

(Devianto & Sano, 2023) and detected in this study. Proteins are sorted according to the 

intensity detected in our experiments. 

Protein name Accession Source Related disease 

Alpha-1-antitrypsin P01009 Urine, feces Environmental enteropathy, bladder cancer 

Zinc-alpha-2-
glycoprotein (ZAG2) 

P25311 Urine Bladder cancer 

Uromodulin P07911 Urine Kidney disease 

E-cadherin P12830 Urine 
Type 2 diabetes mellitus diabetic 
nephropathy 

Hemopexin P02790 Urine Lupus nephritis 

Cell adhesion molecule 
CEACAM-1 

P13688 Urine Bladder cancer 

Complement C3 P01024 Urine Focal segmental glomerulosclerosis 

Haptoglobin P00738 Feces Gastrointestinal diseases 

Neutrophil gelatinase-
associated lipocalin 
(NGAL) 

P80188 Feces Gastrointestinal diseases 

Ceruloplasmin P00450 Urine Lupus nephritis 

Alpha-1B-glycoprotein 
(A1BG) 

P04217 Urine 
Immunoglobulin A nephropathy, Henoch-
Schöenlein purpura nephritis 

Non-secretory 
ribonuclease 

P10153 Urine, feces Eosinophilic esophagitis 

Calprotectin (S100A8, 
S100A9) 

P06702, 
P05109 

Urine, feces 
Gastrointestinal diseases, ANCA-
associated systemic vasculitis 

Matrix 
metalloproteinase-9 
(MMP-9) 

P14780 Feces Crohn’s disease, ulcerative colitis 

Complement C5 P01031 Urine Focal segmental glomerulosclerosis 

Insulin-like growth 
factor-binding protein 7 
(IGFBP-7) 

Q16270 Urine Acute kidney injury 
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1. The developed method is an effective tool for discovering community biomarkers, and 

represents the first step toward the creation of specific test devices for health and 

environmental monitoring. Furthermore, it is the first approach directed to the large-

scale characterization of proteins in wastewater addressing critical challenges such as 

the heterogeneity and complexity of the matrix, and the interferences from other 

molecules. 

 

2. Wastewater proteome is compartmentalized into the soluble and insoluble or 

particulate fractions. The particulate fraction is rich in bacteria-related proteins, while 

in the soluble fraction Eukaryotic proteins are the most abundant. 

 

3. The soluble proteins in wastewater transport information on the human and industrial 

activities occurring in the urban and rural areas from which the influent originates. 

Overall, amylases are proposed as indicators of mammal population while albumins 

are associated with livestock-related industrial activity. 

 

4. As wastewater passes through treatment plants, proteins are removed. However, 

certain proteins - either due to their abundance or resistance to degradation - persist. 

These include human keratins and amylases, livestock albumin and some bacteria 

proteins (such as chaperonins). 

 

5. Molecular profiles vary by site, reflecting population size and industrial activity. Larger 

populations show more human amylases in proteins, and higher levels of long-chain 

fatty acyls, organoheterocyclic compounds, and benzenoids in metabolites. 

 

6. Proteomics complements the information from other omics regarding environmental 

surveillance. In some occasions it improves the knowledge due to the capacity to 

identify the species origin of the contamination. 

 

7. Wastewater proteome could be used to enhance environmental surveillance 

techniques. Some applications are pest control, population size estimation, illegal 

discharges, and habit- and health-related biomarkers.
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The supplementary material can be downloaded from the following link: 

● https://www.mediafire.com/folder/kco7pt9w3v9t4/Sanchez_Jimenez_Thesis_2025 

● https://saco.csic.es/s/R9aqAPQFZmm8GYH/download 

 

The list of the files found in these links is: 

- 4.1_Particulate_Identifications.xlsx: identified proteins and peptides in the 

particulate fraction. 

- 4.1_PD30_SearchParameters.docx: parameters used for the search with Proteome 

Discoverer 3.0. 

- 4.1_Soluble_Identifications.xlsx: identified proteins and peptides in the soluble 

fraction. 

 

- 4.2_Sol+Part+Probes_Identifications.xlsx: Proteins identified in the soluble, 

particulate and in the previously analyzed probes. 

- 4.2_Soluble_Identifications.xlsx: Peptides and proteins identified in the soluble 

wastewater proteome. 

- 4.2_WWTP_Physicochemical.xlsx: WWTP and physicochemical characteristics of 

the wastewater samples. 

 

- 4.3_Metabolome.xlsx: quantification of the small molecules in the influent and the 

effluent. 

- 4.3_Proteome.xlsx: identified proteins in the influent, effluent and receiving waters. 

 

- 4.4_Annotated_Compounds.xlsx: complete list of the annotated compounds with 

their classification, their relative intensities and other metadata. 

- 4.4_DifferentialAbundanceAnalysis.xlsx: output of the differential abundance 

analysis of each platform. 

- 4.4_Heatmaps.pdf: hierarchical clustering heatmap for each of the platforms. 

- 4.4_MS-Dial_Parameters.xlsx: MS-DIAL parameters for each platform (GC-MS, 

HILIC-MS in positive and negative, RPLC-MS in positive and negative). 

- 4.4_MS-Flo_Parameters.xlsx: MS-FLO parameters for HILIC-MS and RPLC-MS. 

- 4.4_MSI_Levels.docx: MSI levels used for the curation of MS-DIAL annotations for 

RPLC-MS (both positive and negative), GC-MC and HILIC-MS (both positive and 

negative). 

- 4.4_Supplementary_Tables.docx: supplemental tables. 

 

https://www.mediafire.com/folder/kco7pt9w3v9t4/Sanchez_Jimenez_Thesis_2025
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- Wastewater_Protocol.pdf: article “Shotgun proteomics to characterize wastewater 

proteins” (chapter Results 4.1). 

- Wastewater_Proteome.pdf: article “Sewage Protein Information Mining: Discovery of 

Large Biomolecules as Biomarkers of Population and Industrial Activities” (chapter 

Results 4.2). 
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