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The circular economy is an emerging concept presented as a solution to counteract the damage caused by 
the linear economic scheme followed in the past decades. It is based on the principle of “closing the life 
cycle” and seeks, through reuse and revaluation, to extend the value of products, materials, and resources, 
such as water and energy, minimizing the generation of waste. In this context, the European Union (EU) 
aims to build a food system that could work under all circumstances, ensuring a safe and sustainable food 
and water supply for all citizens by applying circularity. Ensuring the availability of water and fertilizers for 
agriculture is probably the major challenge for achieving this goal. In this respect, the EU contemplates the 
use of effluents collected from water treatment plants (WWTP) for irrigation or aquifer recovery. Similarly, 
the use of solid waste such as sludge from WWTPs, the organic fraction of urban solid waste (OFMSW), or 
livestock waste, at different processing levels, is a promising alternative to mineral/chemical fertilization, 
promoting a self-sustainable, circular food system. However, the use of these recycled materials is not 
free from risks. They contain hazards of emerging concern including Contaminants of Emerging Concern 
(CECs) (like prescription drugs, endocrine disruptors and antibiotics) as well as different microbial hazards 
(not only pathogens, which are legally regulated and tested, but also antibiotic resistant bacteria known 
to spread the resistance to different antibiotics to the microbiomes from waterbodies, soils, and crops). 
Upcoming legislations that aim to promote and regulate their use agree on the fact that the main challenge 
relies on correctly assessing their associated risks for environmental and human health. This thesis 
aims to evaluate the biological activities associated to livestock wastes, OFMSW and WWTP effluents 
and associated biosolids in order to determine their potential hazards and the level of exposure for the 
environment and for the general population in the context of their use. For this purpose, we specifically 
evaluated the impact of organic fertilization on agroecosystems through ABs, ARGs and ARBs transmission 
and microbiome modulation monitoring. Moreover, we assessed the impact linked to WWTP effluents 
through the screening of ARGs and ARBs and associated toxic activities. Consequently, we developed 
an environmental risk analysis framework associated to biosolids and wastewater reuse considering the 
occurrence of the monitored hazards and their potential impacts on exposed environments. In the studies 
included in this thesis we observed that the selective pressure posed by the analyzed organic fertilizers 
was enough to favor the soil colonization by antibiotic-resistant bacteria and to increase horizontal gene 
transfer (HGT) in both target soils and crops. The fact that this impact appeared transient highlights the 
importance of respecting fertilization rates and the time elapsing from fertilization to harvest. Moreover, 
the processing of wastes favoring bacterial succession appeared as a valuable tool to reduce this risk. 
On the other hand, we detected high loads of both chemical and microbial hazards in WWTP effluents, 
underscoring the need of tertiary treatments able to reduce them in order to ensure a safe reuse of 
wastewater. In this regard, Soil Aquifer Treatment (SAT) technologies appeared in our studies as cost-
effective alternatives to other tertiary treatments given their efficiency on removing biological (particularly 
ARG loads) and chemical hazards and their potential ability to promote the displacement of gut-related, 
copiotrophic bacteria by groundwater-like microbiomes, enhancing in this way the removal of ARGs, CECs 
and toxic activities.

Abstract



- 12 -



- 13 -

L'economia circular és un concepte emergent que es presenta com una solució per contrarestar els danys 
causats per l'esquema econòmic lineal en les últimes dècades. Es basa en el principi de "tancar el cicle de 
vida" i busca, a través de la reutilització i la revaloració, allargar la vida i el valor de productes, materials i 
recursos, com l'aigua i l'energia, minimitzant la generació de residus. En aquest context, la Unió Europea 
(UE) té com a objectiu construir un sistema alimentari resilient, garantint un subministrament d'aliments 
i aigua segur i sostenible per a tots els ciutadans aplicant els principis de la circularitat. Assegurar la 
disponibilitat d'aigua i fertilitzants per a l'agricultura és probablement el gran repte per assolir aquest 
objectiu. En aquest sentit, la UE contempla l'ús d'efluents de les estacions de depuració d'aigües residuals 
(EDAR) per al reg o la recuperació d'aqüífers. De la mateixa manera, l'ús de residus sòlids com els fangs 
de les EDAR, la fracció orgànica dels residus sòlids urbans (FORM) o els residus ramaders, a diferents 
nivells de processament, és  una alternativa prometedora a la fertilització mineral/química, promovent un 
sistema alimentari autosostenible i circular. No obstant això, l'ús d'aquests subproductes no està exempt 
de riscos químics i biològics. Això és degut a què en la composició d’aquests efluents i residus es poden 
detectar concentracions (rellevants) de  contaminants emergents (CE) (com ho són els medicaments, 
els disruptors endocrins i els antibiòtics), així com la presència d’altres vectors de contaminació d’origen 
microbià (no només patògens regulats, sinó també bacteris resistents als antibiòtics coneguts per 
propagar la resistència a diferents antibiòtics a través dels microbiomes aquàtics i dels sòls i cultius). 
L’elaboració de polítiques que tenen com a objectiu promoure i regular el seu ús identifiquen la l’avaluació 
de riscos associats a la salut ambiental i humana com el principal repte.  Aquesta tesi té com a objectiu 
avaluar les activitats biològiques associades als residus ramaders, FORM i efluents d’EDAR i biosòlids 
associats per tal de determinar els seus riscos potencials i el nivell d'exposició per al medi ambient i 
per a la població en general en el context del seu ús. Amb aquesta finalitat, hem avaluat específicament 
l'impacte de la fertilització orgànica en els agroecosistemes mitjançant la transmissió d'ABs, ARGs i ARBs 
i el monitoratge de la modulació del microbioma. A més, hem avaluat l'impacte vinculat als efluents de 
les EDAR mitjançant el cribratge d'ARGs i ARBs i activitats tòxiques associades. En conseqüència, aquset 
treball ha desenvolupat un marc d'anàlisi de riscos ambientals associat als biosòlids i a la reutilització 
d'aigües residuals tenint en compte l'ocurrència dels perills monitoritzats i els seus impactes potencials en 
els ambients exposats. En els estudis inclosos en aquesta tesi hem observat que la pressió selectiva que 
exerceixen els fertilitzants orgànics analitzats és suficient per afavorir la colonització del sòl per bacteris 
resistents als antibiòtics i per augmentar la transferència horitzontal de gens (THG) tant en sòls diana 
com en cultius. El fet que aquest impacte sigui transitori posa de manifest la importància de respectar 
les freqüències d’aplicació de fertilitzant  als sòls i el temps transcorregut des de la fertilització fins a la 
collita. A més, s’ha identificat que el processament de residus afavorint la successió bacteriana és una 
eina molt valuosa/efectiva/útil per reduir aquest risc. D'altra banda, hem detectat altes càrregues de riscos 
tant químics com microbians als efluents de les EDAR, fet que evidencia la necessitat de tractaments 
terciaris capaços de reduir-los per garantir una reutilització segura de les aigües residuals. En aquest 
sentit, les tecnologies basades en la recàrrega artificial d’aqüífers (SAT) apareixen als nostres estudis 
com a alternatives rendibles i comparables a altres tractaments terciaris donada la seva eficiència en 
l'eliminació de riscos biològics (particularment ARG) i químics i la seva capacitat potencial per promoure 
el desplaçament de bacteris copiotròfics e intestinals per microbiomes semblants als de les aigües 
subterrànies, potenciant d'aquesta manera l'eliminació d'ARGs, CECs i activitats tòxiques associades.

Resum
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1. The end of the linear model

World´s population is rapidly increasing 
at an unsustainable rate, which translates 
into environmental damage, human health 
deterioration, impaired social structures and a 
deep depletion of resources. Historically, the 
main consumers of resources have been largely 
concentrated in the most developed regions, 
whereas materials have been sourced globally. As 
a consequence, the industrial nations have enjoyed 
a huge abundance of both materials and energy 
(Sariatli, 2017). Since materials have traditionally 
been cheaper than human labor, the producers 
have been motivated to adopt business models 
that relied on their extensive use. In consequence, 
the cheap material/expensive labor relationship 
translated into a rejection of recycling, reducing 
and waste reuse (Sariatli, 2017).  

In the late 80’s, circular economy (CE) emerged  
as a “life savior” to repair the damage caused 
by the linear economic scheme followed in the 
past decades (Winans et al., 2017). CE goes far 
beyond the 3Rs (reduce, reuse, recycle) adopting 
the 6Rs paradigm: reduce, reuse, recycle, redesign, 
remanufacture and recover. CE is based on three 
main principles: eliminate waste and pollution, 
circulate products and materials (at their highest 
value) and regenerate nature. It emphasizes 
on waste recycling, post consumerism and 
development of waste-based closed loops within 

General introduction

Sanz, Claudia¹ Navarro-Martin, Laia1; Piña, Benjamin1

1) IDAEA-CSIC, Jordi Girona, 18. E-08034, Barcelona, Spain.
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a company or among different manufacturers 
and consumers groups (Sakai et al., 2011). 
Nonetheless, CE is not usually applied equally 
amongst countries. For instance, the CE concept 
is used in China as a tool for new technology 
development and for the upgrading of existing 
equipment (Winans et al., 2017). Meanwhile, 
in North America and the European Union (EU), 
corporations apply this concept mainly for waste 
management with the aim to conduct life cycle 
analysis (LCA) studies on their products (Winans 
et al., 2017). Despite being around for a while, 
the CE concept is still being explored in many 
countries and its tools are evolving but do not 
always evaluate the social or community context 
in which these initiatives occur (Wang et al., 2012). 

Circular economy is composed by two different 

kind of waste cycles: the technical and the 
biological (Ellen MacArthur Foundation, Figure 1). 
The technical cycle allocates non-biodegradable 
wastes (metals, rare-earth metals, plastics, 
polymers) that can be ideally recovered and feed 
back into the system by, for example, chemical 
or physical recycling. On the other hand, the 
biological cycle allocates wastes that are 
biodegradable (food waste, sewage sludge...) and 
that can be reused by the system itself following 
a strategy in which we restore nutrients into the 
biosphere while rebuilding natural capital (Peck 
et al., 2015). This thesis focuses on the wastes 
allocated on the biological waste cycle. This cycle, 
based mainly in regeneration, aims to counteract 
our past extractive and consumptive behavior 
by the collection and reintegration of biological 
waste (Sariatli, 2017).  

Figure 1. Circular economy systems diagram. Adapted from Ellen MacArthur Foundation1.

 1 https://ellenmacarthurfoundation.org/circular-economy-diagram
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2. Europe and the circular biological waste 
cycle 

The EU’s Circular Economy Action Plan focuses 
on making crucial sectors circular with a special 
emphasis on the food, water and nutrients sector. 
In order to create a sustainable food system under 
a circular perspective, this plan contemplated 
the design of The Farm to Fork Strategy 
(COM/2020/381). This strategy, finally approved 
in 2020, aims to build a food system that could 
work under all circumstances, able to safeguard 
food security and protect the environment and 
human health and to ensure a sufficient supply 
of affordable food for all citizens. To achieve this 
goal, this framework considers a revision of EU 
pesticides legislation, a new EU animal welfare 
legislation, plans to address food waste, tackle 
food fraud and food labelling, a carbon farming 
initiative and the reform of the EU farm system. 
Its key goals for 2030 are a 50% reduction in the 
use and risk of pesticides, a 50% reduction in 
antimicrobials sales used for farmed animals and 
aquaculture, at least a 20% reduction in the use 
of chemical fertilizers and a 25% of agricultural 
land to be used for organic farming. The last three 
goals are deeply interconnected and are of special 
interest in the context of this thesis. 

Firstly, the aim to reduce antimicrobial sales 
derives from their heavy misuse in animal and 
human healthcare systems over the past decades. 
Antimicrobials inappropriate use, led to the 
apparition and spreading of bacterial strains 
increasingly recalcitrant to medical treatment 
commonly called Antibiotic Resistant Bacteria 
(ARB). Antimicrobial Resistance (AR) causes 
annually an estimate of 35.000 and 33.000 
human deaths in the US1 and the EU2  respectively. 
Therefore, there is an urgent need to counteract 
antimicrobials misuse, which can be achieved by 
a drastic reduction of sales. Secondly, the aim of 
reducing the use of chemical fertilizers derives 

from their proven adverse effect on soil’s fertility 
and productivity, due to their intensive application 
in agriculture (EEA/PUBL/2022/023). Moreover, 
chemical fertilizers have a deep environmental 
impact, as they are obtained from non-renewable 
sources and are ineffectively absorbed by soils, 
becoming a major source of air, soil and water 
pollution, another reason for seeking their 
reduction (EEA/PUBL/2022/023). 

In the context of the works carried in this thesis, 
these two objectives align with the last objective of 
promoting organic farming. According to The Farm 
to Fork Strategy, this type of farming represents a 
solution to chemical fertilization since it promotes 
the use of organic wastes as fertilizers, valorizing 
residues and simultaneously providing farmers 
with an important supply of high-quality nutrients 
and organic matter. Nonetheless, there are several 
hazards linked to organic waste fertilization that 
have the potential to impact animal and human 
health. Organic wastes can contain viral and 
bacterial pathogens and toxicants that could 
represent a risk for exposed farmers, livestock and 
consumers. Moreover, there is growing evidence 
of the role of organic fertilizers in increasing 
the occurrence and transmission of ARB in the 
exposed matrices (soil, crops and ultimately 
consumers) (Cerqueira et al., 2019; Tadić et al., 
2021).

Regarding circularity around water reuse, the 
EU recognized in their Water Reuse Regulation 
(2022/C 298/01) that over-abstraction is the 
major cause of water stress, highlighting the 
agricultural and domestic sectors as the main 
water consumers. As a response, this regulation 
proposes the regeneration of wastewater as the 
best alternative to water abstraction. According 
with this document, the reuse of treated wastewater 
could improve the environment’s status both 
quantitatively, by alleviating pressure substituting 
abstraction, and qualitatively, by avoiding the 
discharge from Waste Water Treatment Plants 
(WWTP) to sensitive areas. Moreover, when 
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compared to desalination or water transfer 
practices, wastewater reuse requires lower 
investments in infrastructure and less energy to 
operate, contributing to reduce greenhouse gas 
emissions (Valhondo et al., 2020). This regulation 
also states that regenerated wastewater can be 
considered a reliable source of water supply for 
agriculture, since it is independent from droughts 
or weather variability and able to cover peaks of 
water demand.

As with organic fertilization, there are several 
biological risks attached to the reuse of wastewater 
that, without the proper regeneration practices, 
can potentially translate into ARB transmission 
or wild-life and human exposures to a wide 
range of pollutants (Kasonga et al., 2021; Petrie 
et al., 2015). In fact, the Water Reuse Regulation 
(2022/C 298/01) points out the necessity for the 
optimization of tools that allow the monitoring 
of biological risks along with the development of 
optimal wastewater treatments to ensure a safe 
reuse.

The main strategy carried by the Spanish 
government in the context of waste circularity is 
the Spanish Bioeconomy Strategy published by 
the Ministry of Agriculture, Fisheries and Food in 
2015 adopting the EU’s Circular Economy Action 
Plan. This strategy recognizes that, the Spanish 
agri-food chain is currently inefficient, since it 
generates high loads of crop residues and a wide 
range of by-products that are directly discarded. 
It also acknowledges the big amount of waste 
produced by human activity itself estimating in 
159 million tones the amount of organic waste 
generated annually in Spain. Like EU’s Farm to 
Fork Strategy, this document also promotes the 
reuse of organic wastes by means of organic 
fertilization and highlights the immediate need of 
a proper management and reuse of wastewater.  It 
underscores how the reuse of organic by-products 
and wastewater will promote the development of 
rural regions and its interaction with urban areas 
as long as the sustainability and safety of their 
reuse can be guaranteed. From both, European 

Table 1. Yearwise production (tons) of different wastes in the five continents. Adapted from Noor et al., (2020) with data from FAOSTAT1.

 1 https://www.fao.org/faostat/en/#search/excreted%20manure%20data
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YYeeaarr CCoouunnttrryy PPrriimmaarryy  FFrruuiitt PPrriimmaarryy  vveeggeettaabblleess CCeerreeaallss  ccrrooppss CCiittrruuss  ffrruuiitt MMaannuurree  
2000 Africa 6,81E+04 4,46E+04 1,05E+05 1,17E+04 1,90E+07
2010 Africa 9,31E+04 6,60E+04 1,58E+05 1,59E+04 2,52E+07
2017 Africa 1,09E+05 7,99E+04 1,89E+05 1,97E+04 2,98E+07
2000 America 1,39E+05 7,21E+04 5,21E+05 5,40E+04 6,81E+06
2010 America 1,50E+05 7,60E+04 6,22E+05 4,62E+04 6,85E+06
2017 America 1,61E+05 8,07E+04 7,54E+05 4,50E+04 6,94E+06
2000 Asia 2,79E+05 4,81E+05 8,15E+05 2,97E+04 3,83E+07
2010 Asia 4,29E+05 6,90E+05 1,01E+06 5,55E+04 4,27E+07
2017 Asia 5,10E+05 8,34E+05 1,21E+06 7,08E+04 4,65E+07
2000 Europe 8,37E+04 8,42E+04 3,83E+05 1,01E+04 1,56E+07
2010 Europe 7,63E+04 8,84E+04 4,04E+05 1,13E+04 1,37E+07
2017 Europe 7,67E+04 9,63E+04 5,20E+05 1,06E+04 1,35E+07
2000 Oceania 6,19E+03 3,31E+03 3,50E+04 6,72E+02 5,74E+06
2010 Oceania 7,09E+03 3,32E+03 3,44E+04 5,65E+02 4,59E+06
2017 Oceania 8,06E+03 3,32E+03 5,08E+04 5,47E+02 4,56E+06

1,47E+05 1,80E+05 4,54E+05 2,55E+04 1,86E+07AAvveerraaggee  vvaalluuee
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and Spanish perspectives, there is a need of a 
generation of an agro-urban mosaic, which actors 
collaborate in a way that circular economy settles 
in the two models.

3. Agricultural vs urban wastes

The current expansion of agricultural production 
translates into high amounts of waste from primary 
fruits and vegetables, cereals and citrus production 
(Table 1). However, the highest agricultural waste 
generated worldwide is animal manure, with a 
yearly average generation of more than 18.5 million 
tones (Table 1). Manure is mainly originated in 
farms, poultry houses and slaughterhouses as 
reflected in the Food and Agriculture Organization 
Corporate Statistical Database  survey of excreted 
manure (N content) for the five continents 
(FAOSTAT, 2017) (Figure 2). Sheep and goats, 
cattle, swine, poultry and birds’ manure contribute 
to the highest percentages of generated manure 
worldwide from which only a low percentage is 
being recycled (Meena, 2021). Therefore, further 
efforts to efficiently reuse agricultural waste are 
urgently needed (Meena, 2021). As acknowledged 

in the Spanish Bioeconomy Strategy, the 
expansion of agricultural production is mainly due 
to an uncontrolled population growth, which in 
turn leads to unmanageable loads of urban waste 
biomass. The main contributors to urban waste 
are residences, industries and hospitals, with 
wastewaters as their biological waste with higher 
environmental impact (Fereja & Chemeda, 2022). 

With more than half percent of world´s population 
living in urban areas and a predicted rise in the 
urbanization rate of 1.5 times in 2045, an increase 
of 70% in urban waste is expected (Noor et al., 
2020). That implies that the amount of waste 
generated in urban areas will increase double 
than the rate of urbanization itself. Moreover, 
models estimate that 60% of developing countries 
are expected to be urban and will accommodate 
93% of world´s population by 2030 (Kubanza 
& Simatele, 2016). The fact that 31% of lower 
income countries do not have a proper access 
to waste collection translates into 93% of their 
waste being regularly disposed in open and 
unmanaged dumpsites. These numbers, added to 
the weak institutional capacities, limited budgets, 
inadequate infrastructure, and corruption will 
prohibit a sustainable urban development in these 
countries (Breukelman et al., 2019; Cohen, 2006; 

Figure 2. Excreted manure (N content) for the five continents in 2017. Data from FAOSTAT1.

 1 https://www.fao.org/faostat/en/#search/excreted%20manure%20data
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Zhang, 2016).

In this context, efforts need to be centered in (1) 
optimizing agricultural waste management (AWM) 
practices on a global scale and (2) improving urban 
waste management (UWM) by addressing the 
interconnexions between urbanization and urban 
governance, especially in developing countries 
(Kubanza & Simatele, 2016).

3.1 Limitations and methods for agricultural waste 
reuse 

Optimizing AWM practices is a long-term task 
that starts with the identification of the wastes 
subjected to recycling. According with the Waste 
Framework Directive (2008/98/EC), an agricultural 
waste is considered candidate for recycling if it 
meets the following requirements:

1. The recovered substance will be used for 
specific purposes 

2. There is a market or demand for the recovered 
substance

3. The substance meets the technical requirements 
for the specific purposes and complies with the 
existing legislation and the rules applicable to 
products

4. The use of the substance will not generate 
global adverse impacts for the environment or 
health

Amongst the different agricultural wastes, 
the European regulation (EC) no. 1069/2009 
specifically legislates the handling and reuse 
of animal by-products not intended for human 
consumption (ABPs). It establishes the sanitary 
and hygienic standards applicable to ABPs and 
their products derivatives to avoid risks to human 
and animal health and preserve the safety of the 
food chain. Also, it classifies ABPs into three 
categories, based on the level of risk posed to 

human and animal health and establishes the 
conditions of disposal and use for each category. 
Specifically, in section 2 entitled “Fertilizers and 
soil amendments of organic origin” states that 
the fertilizers and soil amendments derived from 
agricultural waste can be sold and used if they 
have been through pressure sterilization or other 
disinfection procedures to safeguard public and 
animal health. 

Spain regulates ABPs with the Royal Decree 
1528/2012 (BOE-A-2012-14165) adopting these 
EU Regulations. In line with the EU, the Spanish 
Senate approved in March 29th of 2022 the bill 
“Waste and Contaminated Soil Bill for a Circular 
Economy” (C.DIP 205765 29/03/2022) that 
advocates for a proper composting and digestion 
of agricultural waste for its use in agriculture. In this 
bill, compost is defined as “sanitized and stabilized 
organic amendment obtained from controlled 
aerobic and thermophilic biological treatment of 
separately collected biodegradable waste” and 
digestate as “organic material obtained from 
the anaerobic biological treatment of separately 
collected biodegradable waste”. This bill states 
that competent authorities must promote the use 
of properly elaborated compost and digestate in 
the agricultural sector as a contribution to the 
saving of mineral fertilizers, if possible. The use 
of compost and digestate is advisable as long as 
a low carbon/nitrogen ratio (lower than 10) and 
a high pH (6.0 – 7.0) can be ensured in order to 
increase the value and safety of the fertilizer. In 
this framework, an ideal composting process 
is described as a combination of nitrogen-rich 
residues (vegetable crop residues) with carbon-
rich bulking agents (e.g., straw, poplar bark, 
wood chips, heath biomass) in order to optimize 
the carbon/nitrogen ratio, decrease the moisture 
content and minimize nitrogen losses.

Interestingly, the direct application of untreated 
agricultural waste to target soils remains 
unrecommended, but not prohibited, in these 
guidelines, on the grounds of its proven 
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phytotoxicity, viscosity, odor, slow decomposition 
rate, and high nitrate loads (Abdullahi et al., 
2008). The latter received special emphasis in 
Europe since 2013 with the Nitrates Directive 
(91/676/EEC). This directive aims to protect 
water bodies against pollution caused by 
nitrates from agricultural sources and includes 
recommendations about nutrient management 
and a safe use of organic fertilizers (composted, 
digested or as last option, raw) (Figure 3). It 
recommends the application of fertilizers following 
the crop’s nutrients requirement, taking into 
account the nitrogen and phosphorus content and 
applying them to a maximum annual fertilization 
rate. This document specifies that prior to any 
fertilization, the target soil must be tested to tailor 
fertilizer’s nutrients around its needs. It also states 
that it is crucial that the application of the organic 
fertilizer takes place within 100 to 200 m of any 
water abstraction point and that a low emission 
spreading equipment is used when applied raw. 
Finally, it also recommends a proper storage of 
fertilizers in order to avoid leakages at all costs 
and a 12-month interval between application and 
crop harvest in the case of products normally 
consumed raw.

It is worth mentioning that on December 2nd of 
2021, the EC decided to refer Spain to the Court 
of Justice of the EU due to a poor implementation 
of the Nitrates Directive2. The Commission sent 
a Letter of Formal Notice to Spain in November 
2018 and a Reasoned Opinion in June 2020 
highlighting Spain’s failure to comply with 
the Nitrates Directive requirements. It states 
that despite some limited progress, Spain 
must still take additional measures to prevent 
eutrophication since the measures established 
to date have failed to achieve the objectives of 
the Directive. In addition, Spain should review 
and further designate Nitrate Vulnerable Zones 
in seven regions (Castilla y León, Extremadura, 
Galicia, Islas Baleares, Islas Canarias, Madrid and 
Comunidad Valenciana). This letter included all 
the necessary mandatory elements in the Action 
Programmes for five regions (Aragón, Castilla-La 
Mancha, Castilla y León, Extremadura and Madrid) 
and takes additional measures for the four regions 
where the measures set in place have proven to be 
insufficient (Aragón, Castilla-La Mancha, Castilla 
y León and Murcia). This fact reveals the urgent 
necessity of a proper management and treatment 
of the organic fertilizers used in Spain before their 

Figure 3. The Nitrates Directive in a nutshell1.

 1 https://ec.europa.eu/environment/water/water-nitrates/index_en.html
2 https://ec.europa.eu/commission/presscorner/detail/en/ip_21_6265 INTRODUCTION
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field application.

Some examples of properly managed organic 
fertilizers appear in the ‘Practical guidelines for 
the use of agricultural wastes, co-products and by-
products’ elaborated during the project Agrocycle1  
(June 2016 – May 2019) were they characterized 
relevant organic waste streams (i.e, cattle manure, 
poultry litter, olive waste) in order to promote their 
use as soil amendments. The Agriclose2 project, 
in which we collaborated during the development 
of this thesis, is another example of well managed 
pig manure-based fertilizers. This project aimed 
to promote new and safe fertilization strategies 
to improve the management of pig manure-based 
subproducts due the lack of regulations and 
certifications for their application in Catalonia 
(Spain). By the end of the project, more than one 
million m3 of treated slurry was used safely for 
primary fruits and cereal crops fertilization.

3.2 Limitations and methods for urban solid waste 
use

The first efforts of Europe towards the improving 
of their urban waste management (UWM) started 
with the Waste Statistics Regulation in 2002 
(EC/2150/2002), which generated data statistics 
about the recovery and waste management 
practices of different urban sectors. It wasn´t 
until 2018 that the EU issued the Landfill Directive 
(EU/2018/850) to regulate the urban solid waste 
that reaches landfills while preventing/reducing 
the adverse environmental and human health 
effects derived from their disposal. Despite this 
legislative effort, 47% of the annual 3.2 billion 
tons of urban solid waste is currently landfilled, 
with construction and demolition sectors as the 
major generators. Around 31% of the total urban 
solid waste is incinerated with household waste 
as the main source. This altogether implies that 
only the 22% of this waste is being recycled while 
the 78% is being incinerated and mostly landfilled 

(Noor et al., 2020; Zeller et al., 2019). 

Also in 2018, a revision of the Waste Framework 
Directive 2008/98/EC started in order to force 
Member States (at the latest in 2023 December 
31st) to separate and recycle their urban solid 
waste at the source, or to collect them separately 
without mixing them with other types of waste. 
This revision states that sorting the urban 
solid waste at source will help the subsequent 
separation processes (magnetic, pneumatic and 
water concentration (Wang et al., 2015). Some 
uses for the processed urban solid waste are 
also stated in this revision, like the building of 
green bricks for construction by mixing selected 
crushed solid wastes or the selection of organic 
compounds for their posterior use as methane (by 
fermentation) or electricity source (after sulfur 
and CO2 removal and further drying). Another use 
for urban biological wastes, like WWTP sludge 
or the Organic Fraction of Municipal Solid Waste 
(OFMSW), could be their use as urban solid waste-
based fertilizers in agriculture as proposed in the 
DAMA3 project with which we also collaborated in 
this thesis.

4. Water scarcity and water reuse

 As earlier introduced, water scarcity has become a 
major constraint to socio-economic development 
and a threat to populations prosperity worldwide. 
This problematic has a multi-faceted nature that 
englobes population increase, water availability 
(with its inter- and intra-annual variability) and 
water use (Liu et al., 2017). It seems obvious that 
water use cannot exceed water availability, but 
the reality is that while water use is increasing, 
water availability is shrinking due to both the 
depletion of fossil groundwater reservoirs and the 
increasing pollution of these reservoirs (Boretti 
& Rosa, 2019). As a result, many countries are 

 1 https://www.agrocycle.eu
 2 https://agriclose.eu/en/
 3 https://damaproject.es/ INTRODUCTION
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experiencing water scarcity, especially in coastal 
areas densely populated with a high urbanization 
rate. The gentle nature-based-solutions (NBS) to 
regulate water use proposed by the World Water 
Assessment Program1 in 2018 including the 
limitation of population and economic growth are 
quite impractical to solve this problem. Despite the 
EU efforts to highlight the potential of wastewater 
regeneration in order to counteract water scarcity, 
80% of industrial and municipal wastewaters 
worldwide are currently being released untreated 
due to the rapid urbanization and the high cost 
of wastewater treatment (Noor et al., 2020). This 
results in a growing deterioration of water quality 
and availability and has detrimental impacts on 
human health and ecosystems. The optimization 
of more cost-efficient and environmentally friendly 
ways to regenerate wastewater appears as a clear 
current challenge. 

4.1 Limitations and methods for urban wastewater 
reuse.

The EU published in 2022 a set of guidelines for 
a safer reuse of treated urban wastewater for 
agricultural irrigation (Regulation 2022/C 298/01). 
These guidelines included an introduction to the 
earlier mentioned Water Reuse Regulation that 
will set out minimum water quality parameters 
and mandatory risk evaluation and long-term 
monitoring. This new Regulation will include 
legislation from the Water Framework Directive 
(WFD) 2000/60/EC, the Groundwater Directive 
(GWD) 2006/118/EC, the Environmental Quality 
Standards Directive (EQSD) 2008/105/EC, the 
Nitrates Directive (91/676/EEC) and, where 
applicable, the Bathing Water Directive (BWD) 
2006/7/EC and Drinking Water Directive (DWD) 
2020/2184. 

In the context of this thesis, the most interesting 
part of this upcoming regulation is the wastewater 
reuse risk evaluation. Article 5 (1) sets out 

how the competent authority will be ultimately 
responsible for ensuring the establishment of a 
risk management plan, addressing production, 
supply and use of reclaimed water. Some of 
the main elements in this plan are hazard 
identification (pathogens and pollutants) and 
potential hazardous events discovery associated 
with the wastewater reuse. The risk management 
plan must identify populations and environments 
potentially exposed to each identified hazard 
and the potential associated health risks for 
each receptor (people, animals, crops or plants, 
other terrestrial biota, aquatic biota and soils) 
in each exposure route (Figure 4). Aligned with 
this, installing/developing an environmental 
monitoring system is another key element of this 
strategy, which will allow to control the release 
and potential effect of the identified pollutants in 
the exposed environmental receptors.

The relevance of all the stated requirements for a 
specific wastewater reuse system in agriculture will 
depend on the types of cultivation (e.g. production 
of foodstuff or feedstuff), agricultural practices 
and the type of agricultural field. Figure 5 shows 
a graphical example of how to determine which 
directive or regulation applies to a given water 
reuse system, evaluating potential interactions 
of the reclaimed water with the environmental 
matrices (freshwater resources) due to accidental 
leakages or via run-off from the irrigated field. 
The figure also illustrates the regulations and 
directives that might apply, depending on the 
agricultural practices.

Among the different wastewater reclamation 
systems available (advance oxidation, wetland-
based treatments, membrane-based systems) 
Managed Aquifer Recharge (MAR) appear as 
a cost-effective green technology (Figure 6). 
MAR allows groundwater-dependent regions 
to maintain, enhance and protect their water 
resources with a limited use of energy and 
materials by the purposeful recharge of 
wastewater to aquifers (Dillon et al., 2019).  These 

 1 https://www.unwater.org/publications/world-water-development-report-2018
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Figure 5. Graphic example of (1) how to identify applicable directives and regulations in a water reuse system, based on potential 
pathways taken by reclaimed water to the surrounding environments (surface water and groundwater) and (2) regulations 
and directives that could apply to the subsequent agricultural irrigation, depending on specific agricultural practices. 
UWWTPD: Urban Wastewater Treatment Directive, DWD: Drinking Water Directive; BWD: Bathing Water Directive (if surface 
water is used for bathing activities); GWD: Groundwater Directive; WFD: Water Framework Directive; EQSD: Environmental 
Quality Standard Directive; ND: Nitrate Directive (if water reuse scheme falls into Nitrate Vulnerable Zone (NVZ)). Adapted from: 
“Guidelines to support the application of Regulation 2020/741 on minimum requirements for water reuse” (2022/C 298/01).

INTRODUCTION

Figure 4. Main elements of a water reuse system, identifying receptors in the  risk assessment. *Reclamation Facility: 
any urban WWTP or other facility that further treats urban wastewater that is fit for a use specified in section 1 of annex 
1 of the 741/2020 Regulation; *Point of Compliance: the point where a reclamation facility operator Delivers reclaimed 
water to the next actor in the chain. In this image the reclaimed water is delivered directly to the end-users, but in other 
situations it may be delivered to a distribution operator or a storage operator. Adapted from Regulation 2022/C 298/01.
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techniques have become quite popular in recent 
years and have many advantages like their 1) low 
implementation cost, 2) low water loss due to 
evaporation when compared to surface reservoirs, 
3) ability to infiltrate large volumes of water from 
different sources, including river or stream waters, 
urban and agricultural runoff and treated municipal 
wastewater (Alam et al., 2021), 4) contribution to 
aquifer recovery. Wastewater regeneration and 
aquifer recharge in MAR systems can be achieved 
following different strategies like dune infiltration, 
bank infiltration or Soil Aquifer Treatment (SAT) 
(Alam et al., 2021, Figure 6). MAR practices have 
proven to prevent storm runoff and soil erosion, 
preserve environmental flows in streams/rivers, 
mitigate flood and flood-derived damages, control 
saline intrusion, reduce land subsidence and 

have a hydraulic control of contaminant plumes. 
However, they suffer from some limitations as 
clogging, uncertainty in aquifer hydraulics, as 
well as potential damage to aquifers and other 
operational issues (Gruetzmacher & Kumar, 
2012). A pilot scale example of MAR through SAT 
strategies was built during the RESTORA1  project, 
with which we also collaborated in this work. In 
this project, the recharge basins from the SAT 
systems were optimized with different organic 
substrates in order to accelerate regeneration 
resulting in an efficient removal of hazards and a 
high-quality outflow water.

INTRODUCTION

 1 https://restora.h2ogeo.upc.edu/

Figure 6. Different managed  aquifer recharge techniques based on the type of aquifer, topography, land use, and intended uses of the recovered 
water. ASR stands for aquifer storage and recovery and ASTR stands for aquifer storage transport and recovery. Adapted from  Alam et al., (2021).
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5. Hazards associated to the use of 
biosolids and wastewaters 

Europe and Spain advocate for agro-urban waste 
and wastewater reuse, but the fact that ensuring 
its safety is always highlighted, reveals their 
concern about their associated chemical and 
biological hazards. The term chemical hazard 
refers to any non-biological substance (i.e, 
food additives, pesticides, drugs) that can have 
a detrimental impact on life or health (Urben, 
2017). On the other hand, a biological hazard 
can be described as a biological substance (i.e, 
pathogens, ARB, viruses) that might pose a threat 
to the health of exposed living organisms (Shroder, 
2015). Some members from both groups are 
currently legislated due to their proven and well-
characterized impact (priority hazards) but most 
of them are currently unregulated since they have 
been recently discovered and/or their impacts are 
still being assessed (emerging hazards). 

5.1 Priority hazards 

The first attempt to regulate the spreading of 
chemical hazards (within the industrial context) in 
a standard manner across Europe came with the 
REACH (Registration, Evaluation, Authorization 
and Restriction of Chemicals) regulation. REACH1 
was created in 2007 in order to improve the 
protection of human and environmental health 
from the risks posed by exposure to chemicals, 
promoting alternative methods for the hazard 
assessment of substances. 

REACH was specifically designed for companies 
to identify and manage the risks associated to 
the substances they manufacture and market in 
the EU. Companies have to register the chemical 
compounds or the mixture of compounds they 
use and the products they manufacture in order 
to get the European Chemicals Agency (ECHA) 

approval for their use, sale or import. The detailed 
information about the physical and chemical 
properties of the substances as well as the 
identification of the risks attached to their use, 
must be provided in a Safety Data Sheet (SDS). 
The hazard identification provided in the SDS is 
mainly based on general toxicity tests data (ECHA, 
2020). REACH applies to all chemical substances, 
from those used in industrial processes to 
those present in daily items, including cleaning 
products, paints, clothes, furniture and electrical 
appliances. The annex II of the REACH Regulation 
was amended in July 2020 (ECHA, 2020) in 
order to make mandatory the declaration of all 
substances that exist in different nanoforms 
as well as those that have potential endocrine 
disrupting properties (according to the 2017/2100 
and 2018/605 Regulations). 

Despite this legislative effort to reduce the 
use and spreading of industrial hazardous 
substances, many regulated compounds like 
different chemicals and active substances of 
biocidal products and plant protection products 
have been frequently detected in surface waters, 
groundwaters or soils across Europe (Oelkers, 
2021). In order to monitor and prevent harmful 
substances reaching water bodies, the Water 
Framework Directive (2008/105/EC) created a list 
of “priority substances” using data from REACH 
and a big collection of ecotoxicological studies 
(Oelkers, 2021). The list (amended in 2013 with 
the Directive 2013/39/EU) currently contains 
45 priority substances like plant protection 
products, biocides, metals, flame retardants, 
amongst others (Table 2). Like REACH regulated 
compounds, priority substances still appear above 
environmental quality standards in water bodies 
(Ribeiro et al., 2016). 

Some priority substances like Persistent Organic 
Pollutants (POPs), pesticides and heavy metals 
have been detected in wastewaters and biosolids, 
seriously compromising their safe and legal 
reuse/disposal (Möller & Schultheiß, 2015; You 
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Table 2. Priority list published in the Directive 2013/39/EU.

INTRODUCTION

NNuummbbeerr CCAASS  nnuummbbeerr NNaammee  ooff  pprriioorriittyy  ssuubbssttaannccee
1 15972-60-8 Alachlor
2 120-12-7 Anthracene
3 1912-24-9 Atrazine
4 71-43-2 Benzene
5 not applicable Brominated diphenylethers
6 7440-43-9 Cadmium and its compounds
7 85535-84-8 Chloroalkanes, C10-13
8 470-90-6 Chlorfenvinphos
9 2921-88-2 Chlorpyrifos (Chlorpyrifos-ethyl)
10 107-06-2 1,2-dichloroethane
11 75-09-2 Dichloromethane
12 117-81-7 Di(2-ethylhexyl)phthalate (DEHP)
13 330-54-1 Diuron
14 115-29-7 Endosulfan
15 206-44-0 Fluoranthene
16 118-74-1 Hexachlorobenzene
17 87-68-3 Hexachlorobutadiene
18 608-73-1 Hexachlorocyclohexane
19 34123-59-6 Isoproturon
20 7439-92-1 Lead and its compounds
21 7439-97-6 Mercury and its compounds
22 91-20-3 Naphthalene
23 7440-02-0 Nickel and its compounds
24 not applicable Nonylphenols
25 not applicable Octylphenols 
26 608-93-5 Pentachlorobenzene
27 87-86-5 Pentachloropheno
28 not applicable Polyaromatic hydrocarbons (PAH)
29 122-34-9 Simazine
30 not applicable Tributyltin compounds
31 12002-48-1 Trichlorobenzenes
32 67-66-3 Trichloromethane (chloroform)
33 1582-09-8 Trifluralin
34 115-32-2 Dicofol

35 1763-23-1
Perfluorooctane sulfonic acid and its 
derivatives (PFOS)

36 124495-18-7 Quinoxyfen
37 not applicable Dioxins and dioxin-like compounds
38 74070-46-5 Aclonifen
39 42576-02-3 Bifenox
40 28159-98-0 Cybutryne
41 52315-07-8 Cypermethrin 
42 62-73-7 Dichlorvos
43 not applicable Hexabromocyclododecanes (HBCDD)
44 76-44-8/ 1024-57-3 Heptachlor and heptachlor epoxide
45 886-50-0 Terbutryn
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et al., 2020). High loads of nitrates are also 
present in biosolids (Paramashivam et al., 2017) 
and wastewaters (Stjepanović et al., 2019) and 
,despite not being considered priority substances, 
they are regulated by the Nitrates Directive 
91/676/EEC which could also compromise their 
reuse without proper treatment. Regarding the 
regulation of biological hazards, in a wastewater 
and biosolid reuse context, only the monitoring of 
pathogens is currently mandatory. For instance, 
the regulation 2019/1009/EU in its consolidated 
version from August 16th 2022, set limits to the 
presence of Salmonella spp and Escherichia coli 
or Enterococcaceae in organic fertilizers and 
organo-mineral fertilizers and the Water Reuse 
Regulation 2020/741 establishes minimum quality 
requirements, including minimal frequencies 
of monitoring for the presence of Escherichia 
coli, Legionella spp and intestinal nematodes in 
wastewater intended for agricultural irrigation. 

In light of the current legislative framework, the 
first approach to ensure a safe reuse of biosolids 
and wastewaters should start with the monitoring 
of priority substances, nitrate and pathogen loads 
in both the matrices themselves and the impacted 
environmental compartments. Subsequently, a 
screening and impact evaluation of the rest of 
emerging hazards should take place. 

5.2 Emerging hazards 

Contaminants of Emerging Concern 

A  Contaminant of Emerging Concern (CEC) can 
be defined as any pollutant of anthropogenic 
origin that “is not currently included in routine 
monitoring programs, which may be candidate 
for future regulation depending in research 
on its (eco) toxicity, potential health effects, 
public perception and occurrence in various 
environmental compartments” (Yadav et al., 
2021). Drinking water, reservoirs, lakes, and rivers 

play a major role in CECs dissemination (Yadav et 
al., 2021), resulting on a widespread distribution 
across many environmental compartments. Some 
examples of widespread CECs are summarized in 
Table 3. Derived from their production, distribution, 
and use in domestic and industrial activities, 
CECs travel through various pathways potentially 
contaminating air, ground/surface waters and 
soil, impairing simultaneously aquatic and 
terrestrial ecosystems and human health (Figure 
7). Complex mixtures of airborne CECs reach the 
atmosphere daily where they transform, appearing 
more toxic and up to an order-of-magnitude more 
persistent than their respective parent forms (Q. 
Liu et al., 2021). Industries, agriculture, hospitals 
and household wastewaters are also potentially 
polluted with complex mixtures of unregulated 
compounds that travel unaltered through WWTPs 
reaching ground/surface waters (Figure 7, Yadav 
et al., 2021). At the same time, soil acts as a 
sink of different CECs from different sources, 
like landfill leachates or agricultural run-off, with 
potentially high impacts on soil productivity and 
soil organisms (Bender & van der Heijden, 2015; W. 
Zhang et al., 2020). In turn, plants growing in these 
polluted soils may also act as CEC vectors (Yadav 
et al., 2021).  The complexity of the discharges/
emissions aligned with the different propagation 
patterns of CECs lead to subsequent synergistic, 
antagonistic or additive effects on exposed 
humans and ecosystems (Tran et al., 2017). 

One of the best described health effects 
derived from the exposure to CECs and many 
regulated compounds is their potential for 
Endocrine Disruption (ED). Endocrine Disruptor 
Chemicals (EDCs) are defined by the World Health 
Organization (WHO) as “any exogenous substance 
or mixture that alters function(s) of the endocrine 
system and consequently causes adverse health 
effects in an intact organism, or its progeny, or 
(sub)populations”. These negative effects can 
be exerted by a number of different mechanisms, 
being the ability of many EDCs to mimic, inhibit 
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Table 3. Examples of widespread CECs. Adapted from Salimi et al., (2017).

CCllaasssseess UUsseedd  aass EExxaammpplleess

 Analgesics Pain reliever Acetaminophen and acetylsalicylic 
 Anti-epileptic drugs Anticonvulsant Carbamazepine and primidone

 Antihyperlipidemics Lipid regulators
Gemfibrozil, clofibric acid, and 

fenofibric acid

 Non-steroidal anti-inflammatory 
drugs

Anti-inflammatory
Diclofenac, ibuprofen, ketoprofen, and 

naproxen

 Synthetic hormones Hormonal treatment 17α-estradiol, 17α-ethinylestradiol

Antibiotic
Erythromycin, sulfamethoxazole, and 

tetracycline

Antiseptic Triclosan, biphenylol, and chlorophene

 Polycyclic musks Fragrances
Hexahydrohexamethyl-
cyclopentabenzopyran

Insect repellant DEET
Fragrances Acetophenone

Stimulant Caffeine

Natural human estrogen 17β-estradiol
Metabolite Estrone

 Alkylphenols
Manufacture of household and industrial 

products
Nonylphenol and octylphenol

 Polyaromatic compounds Additives 
Polychlorinated biphenyls and 
brominated flame retardants

 Others
By-products of various industrial and 

combustion processes
Dioxins and furans

 Halogen-containing flame 
retardants (fluorine, chlorine, 

bromine, or iodine)
FRs Brominated bisphenols and phenols

 Phosphorus-based FRs FRs
Elemental red phosphorus and 

inorganic phosphates
 Melamine FRs FRs Melamine cyanurate

 Inorganic hydroxides FRs FRs
Aluminum hydroxide and magnesium 

hydroxide

 Borate FRs FRs Sodium borate and boric acid

 Carbamates Herbicides, insecticides, and fungicide Carbendazim, benomyl, and carbaryl

 Chloroacetanilides Preemergent herbicides Metolachlor and alachlor
 Chlorophenoxy acids Herbicides Bentazone and triclopyr
 Organochlorines Insecticides DDT, dieldrin, endrin, and endosulfan
 Organophosphates Insecticides Diazinon, malathion, and chlorpyrifos

 Pyrethroids Insecticides
Biphenthrin, cypermethrin, and 

esfenvalerate
 Triazines Herbicides Atrazine, cyanazine, and simazine

Acesulfame
Sucralose
Saccharin
Cyclama

Aspartame
Neotame

Neohesperidine dihydrochalcone

Sugar substitutes Artificial sweeteners

 Antimicrobials

 Other

Pharmaceuticals and personal care products (PPCPs)

Endocrine-Disrupting Chemicals (EDCs)

 Steroids

Flame Retardants (FRs)

Pesticides

Artificial Sweeteners (ASWs)
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or interfere with the action of natural hormones 
one of the most relevant  (Wuttke et al., 2010). 
Derived from this interference, ED can take place 
in the shape of  estrogenicity, androgenicity, 
obesity, lipid and adipogenesis dysregulation, 
thyroid dysregulation, steroid-related pathways 
alteration, infertility, developmental problems and 
several other metabolic syndromes (Robitaille et 
al., 2022). EDCs are structurally very diverse, from 
compounds like organochlorines, polybrominated 
flame retardants, perfluorinated substances, 
alkylphenols, phthalates, pesticides to polycyclic 
aromatic hydrocarbons, solvents and some metals 
(Wuttke et al., 2010).  One of the main sources of 

EDCs to the environment is municipal wastewater 
discharge, since these compounds are not 
completely removed during treatment (Sumpter, 
2005). Different examples of EDCs present in 
WWTP discharges are: naturally synthesized 
steroid hormones like estrogen (estradiol, estriol, 
estrone) and progesterone, artificial synthetic 
estrogens or androgens such as ethynylestradiol, 
Norgestrel and Trenbolone, phytoestrogens 
including isoflavonoids and coumestrol or 
industrial compounds like bisphenol A or 
nonylphenol  (Benotti et al., 2009). Other sources 
of EDCs in the environment include agricultural 
and urban run-off, concentrated animal feeding 

Figure 7. Sources and potential pathways of CECs distribution across environmental compartments. Adapted from Yadav et al., (2021).
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operations and landfill leachates (Benotti et al., 
2009; Tian et al., 2021). The recent amendment of 
the REACH regulation, which makes the declaration 
of endocrine disrupting properties mandatory, 
reveals the EU concern about this problematic.

Another well described health effect is the 
ability of some compounds to trigger a dioxin-
like response by activating the Aryl hydrocarbon 
receptor (AhR), also known as the “dioxin receptor” 
(Tuomisto, 2019). The AhR is a ligand-activated 
transcription factor that functions primarily as a 
sensor of exogenous chemicals and as a regulator 
of enzymes (i.e cytochrome P450s) in charge of 
their metabolism. The AhR belongs to the family of 
basic Helix–Loop–Helix-PAS (bHLH/PAS) proteins, 
which have important roles in i.e. regulation of 
neural development, generation and maintenance 
of circadian rhythms, cellular environment sensing 
and as transcriptional partners and co-activators. 
In this way, AhR activation can integrate 
environmental, dietary, microbial and metabolic 
cues to control complex transcriptional programs 
in a ligand-specific, cell-type-specific and context-
specific manner (Tuomisto, 2019). The AhR-
mediated effects can translate in neurologic, 
immunologic and reproductive impairments. 
Multiple species of birds, fish, reptiles and mammal 
exhibit developmental toxicity, reproductive 
impairment, compromised immunologic function, 
and other adverse effects after the exposure to 
dioxin-like compounds,  and humans appear to 
be susceptible to these effects in a similar way 
(White & Birnbaum, 2009). Dioxin-like compounds 
can be generated as unwanted side products of 
burning processes or as impurities generated 
in different industrial synthesis processes. For 
instance, polychlorinated dibenzo-p-dioxins and 
furans (PCDD/F) can be produced either during 
the synthesis of polychlorinated biphenyls 
(PCBs), chlorophenol fungicides and phenoxy 
acid herbicide, or during the burning of materials 
containing these compounds. Poor burning 
conditions, like accidental dumpsite fires and 

backyard waste burning, represent big sources 
of PCDD/Fs (Tuomisto, 2019). Many legislations 
have taken place over the years around dioxins 
and dioxin-like compounds emissions regulation, 
being one example their introduction in the Priority 
List (Table 2).

The potential to alter the endocrine system 
and/or trigger a dioxin-like response have been 
considered as risk factors in the regulation of 
several compounds and could be also used in 
evaluating the risk associated to CECs exposure. 
Nonetheless, these risk factors are usually 
evaluated by individual chemical exposure, which 
is far from the current trends, that consider a 
exposure scenario to complex toxic mixtures 
(Meade et al., 2022). The EU aimed to regulate 
CECs spreading into ground/surface waters by 
writing a proposal this past October 26th 2022 for 
the introduction of 24 CECs in the Priority List1. 
These compounds include  Per- and Polyfluorinated 
Substances (PFAS), a range of pesticides, diverse 
pharmaceuticals, anticonvulsants, and antibiotics 
(Table 4).

Aquatic environments and aquifers pollution by 
CECs

As aforementioned, WWTPs appear unable to fully 
degrade CECs since they were initially designed 
to handle organic matter in the mg/L range (Patel 
et al., 2019). Due to this fact, their activated 
sludges and effluent discharges are one of the 
major sources of CECs in aquatic environments 
(Petrie et al., 2015). Depending on CECs chemical 
and physical characteristics, then may  “travel” 
unaltered through WWTPs and remain active 
at very low (ng/L−μg/L) concentrations. This 
is particularly true for pharmaceuticals like 
carbamazepine, atenolol, acetylsalicylic acid, 
diclofenac, mefenamic acid, propranolol, atenolol, 
clofibric acid and lincomycin which experience 
removal rates of less than 10% after WWTP 
(Patel et al., 2019). The failure of WWTPs to 
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completely remove a wide range of CECs has been 
highlighted with the development of advanced 
analytical techniques (such as GC-MS/MS, LC-MS/
MS, UPLC/MS). Modern technologies allow the 
determination and quantification of almost 3,000 
CECs in the aquatic environment at μg/L and ng/L 
concentration ranges. These values have been 
proven to  be high enough to generate acute and 
chronic toxicity in aquatic organisms (Kasonga et 
al., 2021; Patel et al., 2019). In fact, many CECs 
show effective concentration (EC50) of less than 
1 mg/L when tested in different animal models, 
including crustaceans, algae and fish, which 
classifies them as potentially very toxic to aquatic 
organisms under the EU-Directive 93/67/EEC 
(Patel et al., 2019). 

While some CECs have high persistence 
rates in aquatic environments like naproxen, 
sulfamethoxazole and erythromycin which can 
persist for almost one year or clofibric acid that 
can remain unchanged for multiple years, others 
are considered as pseudopersistent, as  they are 
generated at a faster rate than they are degraded 
(Vidal‐Dorsch et al., 2012). In general, aquifers are 
less likely to get contaminated with CECs mixtures 
than surface aquatic environments due to the 
chemical and biological attenuation that occurs 
in the subsurface (Stefano et al., 2022). However, 
plenty of studies have regularly detected these 
compounds in groundwater (Acayaba et al., 2021; 
Lee et al., 2019; Marsala et al., 2020; Stefano et 
al., 2022). The presence of these contaminants 

in groundwater may pose risks to human health 
when used as potable water source (Stefano et 
al., 2022), as happens with the two and a half 
billion people who depend solely on groundwater 
to satisfy their daily drinking water needs. 
Controversially, a big source of groundwater 
pollution is groundwater abstraction itself, since 
it induces hydrochemical changes in confined 
aquifers potentially mobilizing CECs (Qian et 
al., 2020). The persistence of a high number of 
potentially toxic CECs in the aquatic environment 
underlines the necessity of a better understanding 
of their occurrence, fate, and ecological impact 
(Petrie et al., 2015). Establishing a guideline for the 
rate of decline of water quality decline related to 
the presence of CECs in different hydrogeological 
settings is a difficult task. CECs are hard to monitor 
in groundwater due to the complex interplay of 
the geological setting, pollution pathways, CEC 
properties and biogeochemical processes, which 
compromises risk pollution evaluation and a 
sustainable managing of groundwater resources 
(Qian et al., 2020).

Antibiotic Resistant Bacteria (ARB) and Antibiotic 
Resistant Genes (ARG) 

Antibiotics (ABs) are natural, semi-synthetic or 
synthetic substances that inhibit the growth or 
cause the death of bacteria at low concentrations. 
ABs exert selective toxicity on bacterial cells 
through different modes of action that allow their 
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Table 4. The 24 CECs selected for regulation in the proposal1 for a directive amending the Water Framework Directive, the Groundwater 
Directive and the Environmental Quality Standards Directive. 

 1 https://environment.ec.europa.eu/publications/proposal-amending-water-directives_en
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classification into different groups (Figure 8) 
(Kapoor et al., 2017):

− Inhibitors of cell wall formation: Several 
classes of antibacterials are capable to block 
the biosynthesis of peptidoglycans that conform 
the bacterial cell walls, making them more 
susceptible to osmotic lysis. For instance, the 
β-lactam antibiotics (penicillins, cephalosporins, 
monobactams and carbapenems) act by 
binding to penicillin-binding proteins (PBPs) and 
disrupting peptidoglycan cross-linking during cell 
wall synthesis, resulting in bacterial lysis and cell 
death.

- Inhibitors of protein biosynthesis: Protein 
synthesis is a complex, multi-step process 
involving many enzymes and a conformational 

alignment. Some antimicrobials inhibit protein 
biosynthesis by targeting the 30S or 50S subunit of 
the bacterial ribosome. For instance, tetracyclines 
and macrolides target the conserved sequences 
of the 16S ribosomal RNA (rRNA) of the 30S 
and the 23S rRNA of the 50S disabling transfer 
RNA (tRNA) binding and resulting in a premature 
detachment of incomplete peptide chains.

- Inhibitors of nucleic acid synthesis: Some 
antibiotics are capable to inhibit replication and 
transcription in bacteria. For example, quinolones 
can interfere with DNA synthesis by inhibiting 
the DNA gyrase, an enzyme involved in DNA 
replication. Other antibiotics, like actinomycin, 
interfere with RNA synthesis by inhibiting RNA 
polymerases. 

INTRODUCTION

Figure 8. Antibiotics classification by groups according to their mechanism of action. THF stands for Tetrahydrofolic 
acid; DHF stands for dihydrofolate: PABA stands for para-aminobenzoic acid. Adapted from Madigan et al., (2006).
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− Inhibitors of folate metabolism: Some ABs can 
inhibit folic acid biosynthesis in bacteria due to their 
structural similarity with the para-aminobenzoic 
acid (PABA), a crucial precursor in the folic acid 
metabolism. Others like sulfonamides can bind 
to the dihydropteroate synthase (DHPS) enzyme, 
instead of PABA, preventing the folate synthesis 
from occurring.

- Inhibitors of Membrane Function: The bacterial 
membrane provides selective permeability for 
cellular homeostasis and metabolic energy-
transduction purposes. Several antimicrobial 
agents like Daptomycin or Polymyxins interfere 
with multiple targets through the lipophilic moiety 
of the bacterial membrane leading to functional 
and structural impairments.

Subinhibitory antibiotic concentrations can 
effectively select for bacteria able to counteract 
these modes of action through diverse antibiotic 
resistance mechanisms, enabling in this way their 
survival and transmission. Antibiotic resistance 
(AR) can be classified as either intrinsic or acquired 
depending on whether or not the resistance 
mechanism involves a genetic change. Intrinsic 
resistance refers to a generalizable trait that 
does not change regardless of antibiotic selective 
pressure (Culyba et al., 2015). By contrast, the 
acquired resistance develops when a new trait is 
expressed due to a genetic change selected by 
antibiotics exposure (Van Hoek et al., 2011). 

The different strategies followed by resistant 
bacteria can be grouped into four main categories: 
(1) limiting drug uptake, (2) modification of drug 
targets, (3) drug inactivation and (4) drug efflux 
(Reygaert, 2018). 

The ability of bacteria to limit the uptake of ABs 
is compromised by the structure of their outer 
membrane. For instance, mycobacteria have an 
outer membrane that has a high lipid content 
enabling an easier access to hydrophobic 
drugs such as rifampicin and fluoroquinolones 
but a limited access to hydrophilic drugs like 

aminoglycosides or β-lactams (A. Kumar & 
Schweizer, 2005; Lambert, 2002). Bacteria that 
lack a cell wall, such as Mycoplasma and related 
species, are therefore intrinsically resistant 
to all drugs that target the cell wall including 
β-lactams and glycopeptides. On the other hand, 
gram positive bacteria do not possess an outer 
membrane, and restricting drug access is not 
as prevalent (Bébéar & Pereyre, 2005). In those 
bacteria with large outer membranes, substances 
often enter the cell through porin channels. There 
are two main ways in which porin changes can limit 
drug uptake: a decrease in the number of porins 
present, and mutations that change the selectivity 
of the porin channel (A. Kumar & Schweizer, 2005). 
Members of the Enterobacteriaceae are known to 
become resistant to carbapenems by reducing 
the number of porins. Mutations that cause 
changes within the porin channel have been seen 
in Neisseria gonorrhoeae resistant to β-lactams 
and tetracycline (Gill et al., 1998; Thiolas et al., 
2004). Another phenomenon that limits drug 
uptake is the formation of biofilms by the bacterial 
communities. The thick, sticky consistency of the 
biofilm matrix, which contains polysaccharides, 
proteins and DNA from the resident bacteria, 
prevents ABs from reaching bacteria (Mah, 2012). 

Regarding the modification of drug targets, there are 
multiple components in the bacterial cell, that may 
be ABs’ targets, that can be modified by bacteria to 
gain resistance. For instance, one mechanism of 
resistance to the β-lactam drugs is via alterations 
in the structure and/or number of penicillin-binding 
proteins (PBPs). PBPs are transpeptidases 
involved in the construction of peptidoglycan in 
the cell wall. A change in the number of PBPs 
impacts the amount of drug that can bind to that 
target. A change in structure may decrease the 
ability of the drug to bind, or totally inhibit drug 
binding (Beceiro et al., 2013; Reygaert, 2009). 
Another example of drug target modification is the 
mechanism to gain resistance to drugs that target 
ribosomal subunits. This type of resistance may 
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occur via ribosomal mutation (aminoglycosides, 
oxazolidinones), ribosomal subunit methylation 
(aminoglycosides, macrolides), or ribosomal 
protection (tetracyclines). These mechanisms 
interfere with the ability of the drug to bind to the 
ribosome (Eliopoulos et al., 2003; S. Kumar et al., 
2013).

There are two main ways in which bacteria 
can inactivate ABs; by actual degradation (i.e 
hydrolysis) of the molecule, or by transfer of a 
chemical group to the drug. The β-lactamases are 
a very large group of drug hydrolyzing enzymes 
that inactivate β-lactam drugs by hydrolyzing a 
specific site in the β-lactam ring structure, causing 
the ring to open. The production of β-lactamases 
is the most common resistance mechanism used 
by gram negative bacteria against β-lactam drugs, 
and the most important resistance mechanism 
against penicillin and cephalosporin drugs (Bush 
& Jacoby, 2010; S. Kumar et al., 2013). Drug 
inactivation by transfer of a chemical group to 
the drug most commonly uses transfer of acetyl, 
phosphoryl, and adenyl groups. Acetylation 
is the most diversely used mechanism, and is 
known to be used against the aminoglycosides, 
chloramphenicol, the streptogramins, and the 
fluoroquinolones. (Ramirez & Tolmasky, 2010).

Lastly, bacteria possess chromosomally 
encoded genes for efflux pumps. Some are 
expressed constitutively, and others are induced/
overexpressed under certain environmental 
stimuli or when a suitable substrate is present. 
Efflux-pumps are membrane proteins that export 
ABs out of the cell maintaining their intracellular 
concentrations low (Du et al., 2018). These pumps 
are present in the cytoplasmic membrane and 
most of them are multidrug transporters capable to 
pump a wide range of unrelated ABs (macrolides, 
tetracyclines and quinolones) contributing, in 
this way, to multidrug resistance (Du et al., 2018; 
Kapoor et al., 2017). However, their resistance 
capability is influenced by what carbon source is 
available (Villagra et al., 2012).

The transmission of genes that provide bacteria 
with a battery of different resistance mechanisms 
can occur vertically, from parent to daughter 
bacterial cell, or horizontally by horizontal gene 
transfer (HGT). HGT is a category of evolutionary 
mechanisms that facilitate the transmission of 
genetic elements from one bacterial cell to another, 
even between taxonomically distant groups, and 
is largely responsible for AR spreading by three 
main processes: conjugation, transformation 
or transduction (Figure 9). Conjugation occurs 
when there is a transference of genes through 
conjugative plasmids (Ryan et al., 2008) by 
direct cell-to-cell contact between two bacteria. 
The conjugative process involves a donor and 
a recipient cell. The donor bacterium needs to 
possess the conjugative plasmids and both donor 
and recipient need to have specific structures like 
the F-like pili, the P-like pili or the type IV secretion 
apparatus for the transference to take place (Hong 
et al., 2017; Norman et al., 2009). Transformation 
is a process where DNA fragments, usually 
coming from the lysis of other bacteria, are 
taken up by bacteria from the environment. The 
uptake of DNA, its integration and its expression 
require bacteria to be in a regulated physiological 
state of competence. DNA uptake needs protein 
components also utilized in type IV secretion 
and twitching mobility (Zaneveld et al., 2008). 
This type of HGT is widely spread among diverse 
bacterial taxonomic groups having an important 
environmental role (Thomas & Nielsen, 2005). 
Transduction occurs when bacteria-specific 
viruses (called bacteriophages or, simply, phages) 
transfer DNA between two bacteria, acting as 
DNA vectors. Phages gain entry to their microbial 
host cell by binding to extracellular receptors on 
the cell surface (Smith et al., 2013). Interestingly, 
the life cycle of the phage that infect the donor 
bacterium may have an extra impact on HGT apart 
from their role as DNA vectors. For instance, 
lytic bacteriophages may release a considerable 
quantity of plasmid and chromosomal DNA after 
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provoking bacterial lysis, increasing the chances 
for transformation processes to occur (Keen et al., 
2017).

HGT requires enzymes and proteins that mediate 
the transfer of DNA between bacterial cells. 
The segments of DNA that encode for these 
biomolecules are the Mobile Genetic Elements 
(MGEs) with plasmids and transposons as relevant 
members. A plasmid is a collection of functional 
genetic modules organized into a stable, self-
replicating extrachromosomal entity. Plasmids 
usually encompass genes that give bacteria 
phenotypic advantages in response to selective 
pressures, like ARGs or heavy metal resistance 
genes (Li et al., 2015; Seiler & Berendonk, 2012). 
Plasmids can successfully spread resistance 
traits to co-occurring phylogenetically diverse 
bacteria (Li et al., 2015). IncP-1 plasmids are 
worth highlighting due to their broad host range 
derived from their highly efficient conjugative 
transfer activity in Gram-negative bacteria 

(Popowska & Krawczyk-Balska, 2013). They are 
potential AB resistance vectors and they may 
carry intI1, sul1, tet, blaOXA and blaTEM, all of them 
genetic elements relevant in the context of this 
thesis (Sen et al., 2013).  Transposons contain 
one or multiple functional genes that confer a 
given phenotype to the bacterial host, such as 
resistance to a specific antibiotic in addition to 
those required for transposition (Bennet, 2004). 
Transposons have been found in plasmids and 
as a part of integrons (Bennet, 2004), genetic 
elements that allow bacteria to acquire exogenous 
genes in the form of mobile gene cassettes. The 
complete integron is not considered to be a mobile 
element by itself, since it lacks functions for self-
mobility, whereas the gene cassettes present in 
integrons are considered mobile (Domingues et 
al., 2012). All integrons share three core features: 
the integron integrase gene, intI, encoding a site-
specific recombinase; a recombination site attI,  
where the integrase catalyzes the insertion of 

Figure 9. Main mechanisms of HGT in bacteria. Conjugation is the transfer of plasmid DNA from a donor to recipient 
via direct contact between cells. Transformation occurs when naked DNA from the environment is absorbed by a 
recipient bacterium. In transduction, genes are transferred from a donor to a recipient bacterium via bacteriophages 
(phage). Adapted from Furuya and Lowy, (2006).
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new genes as part of the genes cassette; and one 
or two promoters that drive the expression of an 
inserted gene cassette (Gillings et al., 2015, Figure 
10). Class 1 integrons are of special interest since 
they have been widely reported in pathogens 
from clinical settings, carrying gene cassettes 
associated with antibiotic resistance. Most Class 
1 integrons share common features i) the three 
core features described above and ii) the carriage 
of the qacE and sul1 genes cassettes encoding 
resistance to disinfectants and sulfonamides 
(Figure 10), although there is also increasing 
evidence of them carrying additional gene 
cassettes (Gaze et al., 2011). Class 1 integrons 
have also been detected in microbial species from 
various environments, including wastewater, river 
water and soil, suggesting that their dissemination 
may be a general problem of environmental 
contamination and public health (Gillings et al., 
2015). Therefore, they have been proposed as a 
proxy for anthropogenic impact due their vastly 
increased abundance in natural environments 
impacted by anthropogenic activities (Gillings et 
al., 2015).

The simultaneous presence of ABs and ARBs 
in biosolids and wastewaters, along with the 
rest of regulated and unregulated compounds, 
contributes to the impact associated with their 
reuse. The life-threatening consequences derived 
from their presence underlines the relevance of 
including ARB and Antibiotic Resistance Genes 
(ARGs) screening in any reuse scheme in order to 
monitor any potential transmission and properly 
evaluate AR risk (Spielmeyer et al., 2017). 

6. Environmental toxicology as a tool for 
risk assessment 

Any risk evaluation needs to be framed under 
an Environmental Toxicology context. This 
science arose out of the necessity of identifying, 
studying and describing the dose, nature, 
incidence, reversibility and mechanisms of the 
adverse effects derived from the exposure to 
“environmental hazards”. A environmental hazard 
can be defined as any hazard that compromises the 
integrity of environments’ physical and biological 
components altering normal environmental 
processes (Cockerham & Shane, 2019; Suzuki et 
al., 2020). Environmental Toxicology has to be 
understood as a multi-disciplinary science that 
feeds from different fields like Environmental 
Sciences, Biology, classic Toxicology, Computer 
& Math science, and Chemistry (Figure 11) in 
order to fully comprehend, assess, prevent and 
predict the relevance of the effects exerted by 
the environmental hazards. Ecotoxicology is a 
subdiscipline of Environmental Toxicology that 
goes a step further and puts these effects at 
population and ecosystem levels, enabling risk 
evaluation (Suzuki et al., 2020). Environmental 
Toxicology along with Ecotoxicology represent the 
base of the environmental risk analysis. 

The Adverse Outcome Pathway (AOP) framework 
is a widely used tool in Environmental Toxicology 
for a better understanding of the effects posed by 
environmental hazards to living organisms. The 
objective of AOPs is to explain in a structured way 

Figure 10. General structure of class 1 integrons. They consist of the integrase gene (intI1) and a recombination site (attI1) into 
which new genes (here conferring antibiotic resistance) harboring the recombination site attC are inserted through site-specific 
recombination. The gene cassettes constitute the most variable region between different integrative constructs. Adapted from 
Rajpara et al., (2015).
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causal relationships linking the initial perturbation 
of a biological system after a chemical interaction 
with molecular biological targets (molecular 
initiating event, MIE) to an adverse outcome (AO) 
through a sequential series of key events (KE) 
that reflect changes at different biological levels 
(Sachana, 2019). A general scheme of this AOP 
framework is represented in Figure 12. 

After a MIE, different signaling cascades and 
alterations at several biological levels (key 
events or KEs) are triggered, ultimately leading 
to an observable specific adverse outcome 
(Allen et al., 2016). Once the key events and their 
relationships are understanded and supported 
by several evidence, an AOP framework can be 
described. The final aim of an AOP is to explain 
the mechanism of action of a given hazard, 
including all the different MIEs, the subsequent 
propagation of the signaling cascades across the 
affected pathways, up to all adverse outcomes 
across the different organization levels (Allen 
et al., 2014, 2016). General toxicity assays 
usually focus on qualitative and quantitative 

observations of impaired phenotypes including 
lethality, weight, length, reproductive impairment 
or morphological deformations (Knöbel et al., 
2012; Suter et al., 1987). Alternatively, novel 
tools for hazard monitoring focus on initiating 
or key events with the aim to better understand 
the modes of action of environmental hazards, 
searching for fingerprints at the molecular level 
as markers of exposure. These novel tools are 
provided by the so called “omic” technologies 
which development was considered a milestone 
in environmental toxicology, since they represent 
excellent methodologies to study different KEs 
and gain insight on adverse outcomes in exposed 
organisms (Piña et al., 2018). Among the different 
omic sciences we find: genomics, for the study 
of variations in DNA sequences; transcriptomics, 
for the characterization of gene expression using 
the measurement of messenger RNA (mRNA); 
proteomics, for the measurement of the levels and 
expression of proteins; and metabolomics, for the 
global evaluation of the metabolites present in a 
given biological system (Piña et al., 2018). 

Figure 11. Environmental Toxicology as a multi-disciplinary science.
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The standing omic techniques cover all the steps 
in the flux of genomic information from genomes 
to gene and metabolic products. They allow to 
connect molecular events and adverse outcomes 
with biological levels of organization, improving 
the knowledge and understanding of the potential 
risks posed by environmental hazards on exposed 
ecosystems and thus relevant in risk assessment 
schemes (Simmons et al., 2015).

In the context of modelling the effects derived 
from ARB exposure, genomic studies are essential 
in order to retrieve phylogenetic information and 
monitor potential bacterial shifts. HGT between 
different bacterial taxa may happen more often 
than previously thought, meaning that broad-
host range plasmids can be hosted by diverse 
types of bacteria and can also be received by 
bacteria distantly related to the donor. Moreover, 
in open systems, incoming bacterial species 
may not be able to outcompete and colonize the 
ecological niche, but, if they persist in the recipient 
environment, intra-taxon genetic exchange will 
occur more often than inter-taxon. In this context, 
phylogenetic information becomes relevant in 
the modelling of resistance between and inside 
bacterial communities from different microbiomes 
(Forsberg et al., 2014).

On the other hand, when monitoring the 
effects exerted by complex mixtures of CECs, 

transcriptomic studies enable a detailed 
exploration of exposed organism responses by 
detecting changes in gene expression, being 
suitable tools for assessing toxicity. Gene 
expression can be altered by the  direct  and/or 
indirect interaction with a given pollutant, which 
results in changes (activation or repression) in 
the transcription of target or related genes (Piña 
et al., 2018).  Thus, an altered transcriptomic 
profile reflects a perturbation on normal mRNA 
abundances since they respond quickly after 
stressor exposures (López-Maury et al., 2008; 
Orsini et al., 2018).

6.1 Detoxification mechanisms after toxic exposure

The first set of reactions that take place in 
exposed organisms after their contact with 
exogenous toxic molecules are those related 
with detoxification. Once inside the organism, 
exogenous molecules undergo multiple metabolic 
transformations with the ultimate goal of an easier 
excretion (Figure 13, Iyanagi, 2007). This process 
(called biotransformation) not only promotes drug 
elimination but also often results in an inactivation 
of its pharmacological activity, thereby changing 
the overall biological properties of the drug 
(Iyanagi, 2007). Most biotransformation reactions 
are carried out in liver hepatocytes by enzymes 

Figure 12. General scheme of an AOP framework. After the interaction with a given environmental hazard, a MIE triggers signaling 
cascades that cause alterations at several biological levels (key events or KEs) ultimately leading to an observable specific adverse 
outcome. The observed effects could be extrapolated in further risk evaluations to potential exposed populations.
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found primally at the cytoplasm, endoplasmic 
reticulum, and mitochondria (Iyanagi, 2007; 
Renton, 1986). However, some of these reactions 
can also occur in extrahepatic tissues, such as 
adipose or intestinal tissues. The enzymes that 
catalyze this process are commonly refer to 
as drug‐metabolizing enzymes (DMEs) and are 
usually classified as Phase I, Phase II and Phase 
III enzymes.

Phase I enzymes (functionalization reactions), 
which mediate oxidation, reduction, or hydrolysis 
reactions, introduce a functional group (‐OH, ‐
SH, ‐NH2, or ‐COOH) into the drug molecule. 
These reactions serve to convert lipophilic 
drugs into more polar molecules by adding or 
exposing a polar functional group such as amino 
or hydroxyl groups and are mainly catalyzed by 
the cytochrome P450 system. This system is 

a family of membrane-bound enzymes found 
within the endoplasmic reticulum of hepatocytes 
that catalyze the metabolism of a wide range of 
exogenous substances and are involved in many 
biological functions including steroid metabolism, 
drug and procarcinogen deactivation, fatty acid 
metabolism, and catabolism of exogenous 
compounds  (Iyanagi, 2007; Stavropoulou et al., 
2018). 

Drugs that already have -OH, -NH2 or COOH groups 
can bypass Phase I and enter Phase II directly 
to become conjugated. Phase II reactions allow 
the addition of hydrophilic groups to the original 
molecule, a toxic intermediate or a nontoxic 
metabolite formed in Phase I, that requires further 
transformation to increase its polarity.  These 
reactions include conjugation, glucuronidation, 
acetylation and sulfation reactions catalyzed 

INTRODUCTION

Figure 13. The chemical defensome. This generalized scheme shows the complex integration of pathways involved 
in oxidation, reduction, conjugation, and excretion of toxic compounds. Endogenous toxicants are metabolized and/
or excreted by members of the gene families detailed here and in the text. Abbreviations noted in the text. Adapted 
from Stegeman et al., (2010).
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by enzymes like UDP‐glucuronosyltransferases 
(UGTs, addition of glucuronate), sulfotransferases 
(SULTs, addition of sulfate), or glutathione S‐
transferases (GSTs, addition of glutathione). 
NAD(P)H: quinone:oxidoreductase (also 
called DT‐diaphorase), methyltransferase and 
acetyltransferase are also classed as phase 
II enzymes (Iyanagi, 2007). The metabolites 
generated by Phase I and II reactions are finally 
excreted from the organism thanks to Phase III 
ATP-binding cassette (ABC) and solute carrier 
(SLC) transporters (Almazroo et al., 2017). 

The expression of these enzymes is regulated by 
the activation of stress-activated receptors, like 
the AhR, the Constitutive Androstane Receptor 
(CAR), the Pregnane X Receptor (PXR) amongst 
others. Recent analysis suggest that AhR could 
also play a role in determining the hydrophobicity 
of metabolites and perhaps their transporter-
mediated movement into and out of tissues 
(Granados et al., 2022).

The main purpose of Phase I, II and III reactions 
is to deactivate substances by facilitating their 
excretion. However, they may also bioactivate some 
compounds by transforming them from nontoxic/
inactive to toxic/active forms. If the detoxification 
process produces a toxic intermediate, its effect 
on the organism will depend on different factors. 
Some of these factors could include how rapidly 
the intermediate can undergo further metabolism 
to a less toxic metabolite, the amount of toxic 
byproduct that is produced and accumulated, 
the type and amount of damage caused and the 
additional factors that could prolong its excretion 
(Iyanagi, 2007). For example, BaPyr toxicity is 
mostly linked to the production of radical species 
by cyp1a (Phase I Reaction, Shimizu et al., 2000).

6.2 Zebrafish as a model organism in 
transcriptomic studies

The choice of an appropriate model organism 
represents a crucial step in transcriptomic 
studies. This is mainly due to the fact that a 
comprehensive interpretation of the experiment’s 
results requires previous knowledge of biological 
information regarding the chosen organism. For 
instance, obtaining information regarding the 
molecular function and biological role(s) of the 
genes which transcription has been altered after 
exposure is much easier if the reference genome 
is adequately annotated (Campos et al., 2018).. 
Moreover, the use of a well-characterized model 
will allow a better extrapolation of the observed 
effects to other species, enabling a better risk 
evaluation. The zebrafish (Danio rerio) fully 
meets this requirements, being a suitable widely-
used model organism in transcriptomic studies 
worldwide (Shehwana & Konu, 2019).

D. rerio was first described by Francis Hamilton in 
1822 (Hamilton, 1822) and is a freshwater teleost 
fish, natural from South Asia, that has been used 
in research since the middle 80s and represents 
one of the most studied vertebrate models. Its use 
in environmental toxicology (as well as in other 
fields as medical research) has highly popularized 
due to:

1. the fact that its genome has been sequenced, 
published and is well-annotated, being widely 
used in genomics (Whiteley et al., 2011) and 
transcriptomics (Hermsen & Piersma, 2014; 
Shehwana & Konu, 2019) studies.

2. the similarity between its genome and the 
human genome, with 70% of human genes having 
at least one obvious zebrafish orthologue (Howe 
et al., 2013), allowing a better extrapolation of the 
results.

3. the ability to accelerate genetic studies by 
gene knockdown or overexpression (Varshney et 
al., 2013). This technique has been applied in the 
study of many pathologies in clinical research and 
in the determination of the modes of action of 
different compounds.

INTRODUCTION
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4. their suitability for lab-scale experiments. Their 
effortless rearing and manipulation conditions due 
to their small size along with their large offspring 
(usually in the range of 150-250 eggs per female, 
(Skinner & Watt, 2007; Spence & Smith, 2006) 
and relatively short life cycle (Figure 14) allow to 
obtain high number of replicates and to perform 
inter/transgenerational studies in a relatively easy 
way. Moreover, the transparency of their larvae 
allows the non-invasive live observation of the 
internal organs and following their development 
during and after the exposure period (Cavalieri & 
Spinelli, 2017).

Zebrafish is becoming the preferred model for 
animal toxicity and drug discovery. An average 
of 3500 annual publications in environmental 
toxicology used zebrafish as their model organism 
in the last five years, amply surpassing  the 
number of articles based on Daphnia magna 

or other key fish species proposed by the OECD 
(Scholz et al., 2008; Tanguay, 2018). Moreover, 
the Zebrafish Information Network (ZFIN; https://
zfin.org/) has been stablished as a “central 
repository for zebrafish genetic, genomic, 
phenotypic and developmental data” and can be 
used to complement and gain insight in zebrafish 
transcriptomic studies (Bradford et al., 2010).

7. Thesis objectives in the context of 
biosolids and wastewater reuse 

The reuse of agricultural biosolids and treated 
wastewaters are optimal alternatives to the 
use of chemical fertilizers and water over 
abstraction. Although these solutions contribute 
to the settling of circularity, they are highly 

Figure 14. Life cycle of Danio rerio. 

INTRODUCTION

30 min after 
fertilization

Sphere
Stage

(1000 cells)

Shield
Stage

(1000 cells)

GASTRULATION 
AND EPIBOLY

HHoouurrss after
Fertilization

DDaayyss after
Fertilization

02

4

6

8

16

90

5

4

2

1

adult



- 43 -

compromised by the concerns about its safety. 
Thus, our general working hypothesis is that 
there are several biological risks associated to 
biosolids and wastewaters that prevent their safe 
reuse. Among these risks, three main endpoints 
have been targeted in this thesis:  ARB and ARGs 
transmission, microbiome alterations, and toxicity 
by CECs (Figure 15). Through the screening of 
these endpoints, we aimed to achieve the general 
objective of setting a series of risk mitigation 
strategies in order to reduce the risk posed to 
the exposed environmental compartments and 
humans.

In order to accomplish this goal, three specific 
objectives were defined:

1. The evaluation of the impact of organic 
fertilization on agroecosystems through ABs, 
ARGs and ARBs transmission and microbiome 
modulations monitoring in fertilizers and target 
soils and crops (Chapter Two). 

2. The evaluation of the impact associated to 
WWTP effluents through ARGs and ARBs and 
associated toxic responses screening along with 
microbiome alterations monitoring simultaneously 
investigating the role of SAT technologies in their 
removal (Chapter Three).

3. The development of an environmental risk 
analysis framework associated to biosolids and 
wastewater reuse considering the occurrence of 
the monitored hazards and their potential impacts 
on exposed environments (Chapter Four).
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8. Methodology

8.1 Untargeted and targeted approaches used in 
genomic studies 

The workflow followed in the genomic studies 
of ARBs and ARGs dissemination and potential 
microbiome alterations included in Chapter Two 
and Three (Scientific Papers I, II, III and IV) is 
summarized in Figure 16 and the two techniques 
used for this purpose will be further explained 
below.

Microbiome analysis by 16S rDNA amplicon 
sequencing

Using genomic tools to study ribosomal DNA 
is a common practice to retrieve microbiomes’ 
phylogenetic information in order to monitor 
any potential shift under selective pressure. 
Specifically, the sequencing of the 16S rDNA gene 
is the main tool used for microbiome analysis. 
This gene, that codes for the ribosomal RNA 
associated to the prokaryotic small subunit, is 
present in every bacterial cell and contains both 
highly conserved and hypervariable regions. The 
16S rDNA gene is about 1542 base-pairs and it is 
constituted by 9 hypervariable regions V1 to V9 
(Figure 17). Each phylogenetic group has unique 
oligonucleotide sequences in the variable regions, 
surrounded by conserved regions, allowing the 
design of ‘universal’ primers. These primers allow 
DNA amplification of conserved regions and hyper-

Figure 16. Workflow followed for ARGs dissemination and microbiome analysis in Scientific Papers I, II, III and IV. After matrixes pre-
treatment and DNA extraction, genomic studies based on 16S rDNA amplicon sequencing coupled with ARGs quantification allowed 
microbiome analysis and its further correlation with quantified ARG profiles.
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variable regions and the subsequent identification 
of bacteria (Patwardhan et al., 2014).

While sequencing the entire 16s gene is difficult 
due to read length restrictions of many Next 
Generation Sequencing (NGS) platforms, 
sequencing one or more hypervariable regions 
is relatively quick and affordable. Specifically, 
the 27F-519R (V1-V3 region) and 515F-806R (V4 
region) are the most commonly sequenced. To 
perform 16S rDNA amplicon sequencing, total 
DNA is isolated from the samples and subjected 
to targeted enrichment of the 16S rDNA regions of 
interest by PCR. This produces amplicon libraries 
that are then subjected to two additional PCR 
cycles. The purpose of the first PCR is to add 
unpaired nucleotides at 5’ of both sense and anti-
sense sequences. The subsequent PCR will add 

a specific sequence of nucleotides (multiplexing 
indexes) per sample, allowing either single or 
double indexation (https://www.illumina.com/). 
Following this, the samples are pooled and a 
single NGS run is performed (Figure 17).

16S rDNA sequencing has its limitations, 
particularly concerning sensitivity and resolution. 
Short amplified sequencing from NGS results 
in a narrow choice of sets of primers for certain 
hypervariable regions. The short size of these 
sequences, added to the fact that many bacteria 
may share the same sequences, may lead to 
the uneven amplification of certain taxa with a 
posterior erroneous taxonomy attribution and 
under- or over- estimation of their abundance, 
reducing considerably the sensitivity of this 
technique (Yang et al., 2016).  Therefore, 16S 

Figure 17. Steps for preparing the 16S rDNA library allowing pooling of different samples, in two sequential PCRs. 
Firstly, to add the overhangs to the target sequences. Secondly, to add the DNA barcodes to allow sample multiplexing. 
Adapted from Bernstein et al., (2015).
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rDNA sequencing is not a perfect technique but 
it can be considered a good approximation to the 
taxonomic profiles.

ARGs quantification by quantitative polymerase 
chain reaction (qPCR)

One of the most widely used methods for 
monitoring ARGs in environmental samples is their 
quantification by Quantitative Polymerase Chain 
Reaction (qPCR). This is a very sensitive tool that 
provides quantitative information about the DNA 
sequences of interest in a relatively short period of 
time (1-2h) (Waseem et al., 2019). This technique 
is based on the Polymerase Chain Reaction (PCR), 
first introduced in the middle 80’s (see Bartlett 
and Stirling  (2003) for a historical perspective of 
PCR development). A PCR reaction requires the 
template DNA, two short nucleic acid sequences 
complementary to both strands of the target DNA 
region (primers), the four deoxyrribonucleotides, 
and a heat-stable DNA polymerase, usually the 
Taq polymerase.(Figure 18, Chien et al., 1976). By 
applying repeated thermal cycles of heating and 
cooling, DNA amplification takes place in three 
steps: denaturation, annealing and elongation.  
In the denaturation step, the solution with DNA 

template and reagents is heated above the melting 
point of the double strand of the target sequence, 
allowing the two strands of DNA to separate one 
from each other. Then, the temperature is lowered 
slightly below the primers melting temperature to 
allow them to anneal to the target DNA sequences. 
Finally, temperature is raised allowing the heat-
stable DNA polymerase to synthesize a new DNA 
strand complementary to the target DNA region 
(Garibyan & Avashia, 2013). The number of copies 
of the DNA template is duplicated after each PCR 
cycle, following the equation:

N= N0·(1+E)n

being N the number of cDNA strand copies after n 
number of thermal cycles, N0 the original number 
of copies and E the efficiency of the amplification. 

qPCR goes a step further than basic PCR enabling 
the quantification of the concentration of the 
template DNA. qPCR uses a fluorophore, either in 
solution (as the SYBR Green) or attached to specific 
primers (as the TaqMan probes) to monitor the 
amplification of the template DNA at each thermal 
cycle (Zhang et al., 2011). By this mechanism, 
the fluorescence exponentially increases in each 
thermal cycle, which can be measured to calculate 
the template DNA amount. This measurement 

Figure 18. General scheme of qPCR basics.
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needs to be performed in the exponential phase of 
the amplification curve since it is the only range in 
which the fluorescence is directly proportional to 
the original input of transcript. The quantification 
cycle (Cq) of each sample is indicative of its DNA 
amount and could be used for further comparisons 
(Bustin et al., 2009). qPCR is normally used for the 
amplification of specific short regions of the DNA, 
the so-called “amplicons”. The use of a specific 
pair of primers (one forward and one reverse), 
purposely designed to be complementary to each 
DNA strand, allows to selectively amplify this 
specific region. In qPCR, each amplicon usually 
covers between 70 and 200 bp (nucleotide base 
pairs), although longer amplicons (up to 400-
500 bp) can be also used (Menezes, 2016). The 
specific and optimal amplification of the desired 
amplicon can be qualitatively assessed in qPCR by 
the efficiency of the amplification and the melting 
peak. On the one hand, the efficiency needs to be 
between 90-110% to ensure a good precision of 
the quantification. On the other hand, a melting 
curve is performed at the end of the process to 
ensure the specificity of the amplification. During 

this step the temperature increases gradually 
provoking the denaturation of the double strand. 
Since each amplicon has a specific melting 
point (single peak), the observation of several 
melting peaks could indicate the amplification 
of undesired amplicons (Bustin et al., 2009). 
Results from qPCR can be dependent on DNA 
extraction, which may differ in efficiency among 
matrices (water, soil, crop tissue). Also, resulting 
DNA extracts may contain inhibitors, such as 
humic acids or organic salts, that interfere in the 
amplification reaction and may lead to either false 
negatives or underestimated copy counts. Thus, it 
is important to be consistent in applying quality 
control measures, such as internal amplification 
controls and a proper DNA dilution in order to 
avoid false negatives (Luby et al., 2016).

The levels of expressed ARGs can be measured by 
absolute quantification. This quantification relates 
the PCR signal to a given copy number using a 
calibration curve with known concentrations of 
the amplified gene of interest. For this purpose, 
we used the pNORM1 or specific pUC19 plasmids 
that contained the ARGs of interest (Figure 19) 

Figure 19. Plasmids used as standards in ARGs absolute quantification. A) Plasmid pNORM1, with multiple cloning site 
under the control of the Lac promoter with 16S, intI1, sul1, qnrS1, blaTEM, blaCTX-M-32 introduced genes and an ampicillin 
resistance gene to allow recombinant selection. B) Plasmid pUC19, with ORI, Amp resistance, an under the Lac promoter 
a gene of interest (mecA, or tetM, or blaOXA -58). 
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carried by transformed Escherichia coli. The 
plasmids were extracted, purified and stored in 
stocks with known concentrations of the target 
genes. Several dilutions of these stocks were used 
to create a standard curve from which final ARGs 
copies number was extrapolated. 

The ARGs selected for qPCR in the works from 
Chapter Two were blaTEM, blaCTX-M-32, blaOXA-58, mecA, 
qnrS1, sul1 and tetM due to their relevance in the 
assessment of the antibiotic resistance status in 
environmental settings, on their clinical relevance 
(described below) and association with MGEs 
(Berendonk et al., 2015). In addition, integron class 
1 (intI1) was chosen as a proxy for anthropogenic 
impact and marker of HGT activity (Gillings et al., 
2015). 

The main characteristics of the chosen genes 
appear below:

- blaTEM gene encodes for TEM β-lactamases 
that confer resistance to betalactamic ABs 
(Muhammad et al., 2014). They have a high 
prevalence and distribution in the environment 
(Lachmayr et al., 2009) and require just few specific 
single nucleotide polymorphisms (SNPs) to turn 
from specific to extended-spectrum β-lactamase 
(ESBL) genes (Muhammad et al., 2014).

- blaCTX-M-32 encodes an extended-spectrum 
β-lactamase (ESBL) found mostly in the 
Enterobacteriaceae family members, including E. 
coli (Cartelle et al., 2004; Mugnaioli et al., 2006).

- blaOXA-58 confers resistance to carbapenems and 
is commonly found in Acinetobacter species. 
Several of those species are important nosocomial 
(frequent in clinical settings) pathogens (Bertini et 
al., 2007).

- mecA confers resistance to methicillin and 
it is present in Staphylococcus MRSA species 
(methicilin resistant Staphylococcus aureus), also 
responsible for a number of nosocomial infections 
(Wielders et al., 2002).

- qnrS1 confers resistance to quinolones and it 
is found in Enterobacteriaceae clinical isolates 
(Tamang et al., 2008).

- tetM (tetracycline resistance) and sul1 
(sulfonamide resistance) have been shown to co-
occur in plasmids found in environmental samples 
with anthropogenic impact, sometimes linked to 
intI1 (Gillings et al., 2015; Hu et al., 2008; Nonaka 
et al., 2012).

- intI1 encodes the site-specific recombinase 
IntI1, responsible for the insertion and excision of 
exogenous gene cassettes at the integron-class 
1 associated recombination site attI1 (Mendes et 
al., 2007).

8.2 Untargeted and targeted approaches used in 
transcriptomic studies 

The workflow followed in the toxicogenomic study 
carried in Scientific Paper V is summarized in 
Figure 20 and the two main techniques used are 
explained below.

Untargeted transcriptomics by RNA-Seq

The analysis of the whole transcriptome can 
be achieved through NGS of the RNA (RNA-
Seq). RNA-Seq technologies allow detection 
of transcriptomic changes derived from CECs 
exposure and are based on a wide spectrum of 
methods that present many advantages: 1) Non 
target detection of essentially all transcripts from 
a given sample above the statistical threshold; 2) 
a high dynamic range, as it allows quantification 
of transcripts whose expression levels differs  in 
3 to 4 orders of magnitude. 3) the identification 
and quantification of rare transcripts, alternative 
splicing, mutations, etc. is allowed, 4) low amount 
of total RNA is needed  (Lowe et al., 2017). Amongst 
all the different RNA-Seq technologies, Illumina 
sequencing has been the most predominant 
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method in the last years and thus the chosen 
one for our study. Different characteristics as 
the type of transcript enrichment (amplification), 
fragmentation and library preparation, sequencing 
reads (long or short, single o paired) and others 
can slightly vary between the different sequencing 
methods. In this thesis, paired-end RNA-seq 
was applied. At the same sequencing depth, the 
paired-end RNA-seq increases the sensitivity 
and specificity of the detection and mapping 
of the reads in comparison with the single-end 
sequencing. Therefore, paired-end sequencing is 
a more efficient strategy for characterizing and 
quantifying the transcriptome (Fang & Cui, 2011). 
As introduced earlier, thanks to the development 
of genomic databases, is it possible to correlate 
differentially expressed genes (DEGs) identified 
to be affected by environmental stressors with 
specific biological functions. Bioinformatic 
platforms and databases like the Gene Ontology 
(GO) Database1 and the Kyoto Encyclopedia of 

Genes and Genomes2 (KEGG) make possible 
to link genes with metabolic and signaling 
pathways. The GO Database has more than 6.6 
million annotations corresponding to more than 
100 species, although 1.5 million correspond to 
only three species (Homo sapiens, Mus musculus 
and Rattus norvegicus). GO annotations are 
organized in hierarchical GO categories (i.e, 
“molecular function”, “biological process”, 
“cellular component”) that include information 
about subcellular localization, metabolic activity 
or roles in cell division or development, among 
others. KEGG integrates smaller databases, 
classified according to whether they offer system 
information, genomic information, chemical 
information and biomedical information. Since 
genes within the same pathway or under the 
same control mechanism would change their 
transcription in a coordinated manner (Ihmels et 
al., 2004) the functional analysis of DEGs helped 
us better understand the pathways and functions 

Figure 20. Workflow followed for toxicity monitoring in Scientific Paper V. After samples’ Solid Phase Extraction, three studies were 
run in parallel using the same resultant extract. A) HepG2 cells and B) Zebrafish larvae were used as model organisms for toxicity 
studies along with a C) wide scope target screening for an untargeted semi-quantification of CECs. In zebrafish assays, four days 
post fertilization larvae were exposed for 24h to the obtained extracts. Paired-end sequencing of the extracted RNA allowed the 
identification of DEGs followed by the comprehension of their biological role and relevance through funtional analysis. The obtained 
information allowed the selection of molecular markers further targeted by qPCR. 
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affected by CECs exposure, characterizing 
specific gene expression patterns and therefore 
selecting specific molecular makers of exposure 
subsequently quantified by qPCR.

Target transcriptomics by qPCR

The complexity of the data obtained by RNA-
seq requires a highly-extensive computational 
processing although it allows to detect both 
known and unknown molecules. These studies 
are usually expensive what translates in a few 
number of samples being analyzed in each 
experiment. On the contrary, the quantification of 
pre-selected molecular markers by qPCR can be 
done simultaneously in a big number of samples 
at a much lower cost. However, this pre-selection 
depends on previous information retrieved by 
RNA-seq and/or specified in existing bibliography. 
Thus, the combination of both approaches 
extremely facilitates the multi-scale assessment 
of the impacts derived from CECs exposure. 
While RNA-seq offers the opportunity of screening 
thousands of genes at once, providing a complete 
picture of the transcriptome, qPCR analyses 
allow the monitoring of pre-selected molecular 
markers with high resolution in a quantitative way 
(Martyniuk & Simmons, 2016).

In the case of target markers quantification, 
only a relative quantification of the selected 
mRNA amplicons can be made. For this purpose, 
different normalization methods that rely on the 
measurement of a reference gene (transcript with 
a constant level not affected by experimental 
factors) are available (Obolenskaya et al., 2016). 
The normalization method carried out in this 
thesis was the ∆∆Cp method (Livak & Schmittgen, 
2001; Pfaffl, 2001). In this method, at a given 
quantification cycle, the number of copies are:

Thereby, the relationship between the copies of 
target and reference genes is: 

And normalized copies (NC) regarding the 
reference gene: 

If the efficiencies of the amplification of both 
genes are similar between them and close to 1 
(100 %), then 1 + E ≈ 2, and: 

where ∆Cp = Cpref – Cptarget

Then, the calculation of the relationship (fold-
change; FC) between the mRNAs abundance of 
two experimental groups (usually performed for 
control versus treated), assuming a uniform PCR 
amplification efficiency across all samples (K1≈ 
K2), is performed as follows:

where ∆∆Cp = ∆Cptreated – ∆Cpcontrol
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Abstract

The spread of antibiotic resistance in bacteria is 
a matter of global concern, and the identification 
of possible sources of the associated genetic 
elements (antibiotic resistance genes -ARGs, 
components of the horizontal gene transfer 
mechanism), is becoming an urgent need. While 
the transmission of  ARGs in medical settings have 
been adequately characterized, ARG propagation 
in agroecosystems remains insufficiently studied. 
Particularly crucial is the determination of 
potential risks associated to the use of swine 
slurries and related products as component of 
organic fertilizers, an  increasingly used farming 
practice.  We determined ARGs and antibiotic 
loads analyzed from swine slurries and digestates 
from eight farms from Catalonia (NE Spain), 
and compared the results with their microbiome 
composition. Both ARGs and antibiotic were 
conspicuous in farm organic wastes, and the levels 
of some antibiotics exceeded currently accepted 
minimum inhibitory concentrations. Particularly, 
the presence of high loads of fluoroquinolones 
was directly correlated to the prevalence of the 
related qnrS1 ARG in the slurry. We also found 
evidence that ARG loads were directly correlated 
to the prevalence of determined bacterial taxa 
(Actinobacteria, Proteobacteria, Spirochaeta), a 
parameter that could be potentially modulated by 
the processing of the raw slurry prior to their use  
as fertilizer.
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1. Introduction

The use of manure and of its digestates for soil  
fertilization represents a sustainable option to 
first valorise residues and, second, to provide 
farmers with an important supply of macro and 
micronutrient that should be otherwise obtained 
from mineral fertilization. In this regard, using 
organic fertilizers in agriculture is included in the 
schemes of circular economy to optimize sources 
and reduce residues. Furthermore, soil fertilization 
with manure and related products could improve 
the amount and quality of the soil organic matter, 
which is essential for soil functionality. In fact, 
soil organic matter is particularly depleted in the 
southern European countries (Zdruli et al., 2004).

However, the use of farm-originated manure for 
food production has some potential hazards, 
being its impact in animal and human health 
perhaps the most important one. Farm wastes 
may contain viral and bacterial pathogens and 
toxicants (veterinarian drugs and heavy metals) 
that could represent an occupational risk for the 
exposed farmers, livestock secondarily exposed, 
and, if used for food production, for the general 
public (Goss et al., 2013; Tadić et al., 2021).  
Recently, a new matter of concern has appeared 
in the form of their role as facilitators of the ever-
increasing phenomenon of antibiotic resistance, a 
major menace for the human health worldwide.

The occurrence of pathogenic bacterial strains 
increasingly recalcitrant to medical treatment with 
the existing antibiotics is becoming a worldwide 
concern (WHO, 2014). Antibiotic resistance (AR) 
is associated to increased hospitalization and 
mortality rates of humans and with AR-resistant 
zoonotics, two serious concerns for the health and 
welfare of both humans and animals (Berendonk 
et al., 2015; Koch et al., 2017). Health authorities 
from the United States of America1 and the 
European Union2 estimate that  35.000 and 33.000 
premature deaths,  respectively, occur annually 
due to Antibiotic Resistant Bacteria (ARB).

 AR is basically mediated by two types of genetic 
elements. First, antibiotic-resistant genes (ARGs) 
confer resistance to one or more antibiotics to 
the harbouring bacteria, by a series of molecular 
mechanisms (excretion, degradation, competition, 
modification of cellular targets) that determine 
their spectrum of substances against which 
they confer resistance (Berendonk et al., 2015; 
Forsberg et al., 2014; Shi et al., 2020). Secondly, 
elements of different horizontal gene transfer 
(HGT) mechanisms (phages, transposons, 
plasmids) contribute to spread ARGs among 
bacterial lineages, crossing environmental and 
taxonomic barriers (Nesme and Simonet, 2015; 
Von Wintersdorff et al., 2016). In the worst cases, 
HGT processes may allow the natural genetic 
engineering of elements carrying resistance to 
multiple antibiotic from different families and 
modes of action, leading to the emergence of 
multi-antibiotic-resistant microbes, against which 
most current medical treatments are inefficient 
(Johnning et al., 2013; Tennstedt et al., 2003). 

In this work,  we present a survey of the abundance 
of  seven ARGs of clinical relevance (sul1, tetM, 
qnrS1, mecA,  blaTEM, blaCTX-M-32, blaOXA-58)  (Bertini 
et al., 2007; Hembach et al., 2017; Tamang et al., 
2008; Wielders et al., 2002), plus the  integrase 
gene  intI1 (Gillings et al., 2008), in swine slurries 
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and their digestates from different operating pig 
farms from Catalonia (NE Spain).  Furthermore, 
a targeted screening of 17 antibiotics in samples 
from the same sites was performed in parallel and 
their concentrations were compared to minimum 
selective concentration (MSC) to estimate their 
potential risk.  Culture-independent, quantitative 
real-time PCR (qRT-PCR) methods to quantify 
their incidence among the different samples, 
and high throughput 16S rDNA sequencing to 
correlate their prevalence to the abundance of 
particular bacterial taxonomic groups (Beckers 
et al., 2016) were applied. Our main objective 
was the assessment of the potential risk of using 
these nutrient-rich materials for fertilizing soils in 
extensive agriculture.

2. Materials and Methods

2.1. Sampling and sample preparation

Different potential fertilizers were sampled from 
tanks and lagoons from six pig farms and two 
composting facilities (Table 1). In total, twelve 
samples were taken, including six samples of 
swine slurry from different stages of the pig 

production cycle (pregnancy, nursery, transition to 
adult feed, and piglet fatting, samples A-F), solid 
(sample J) and liquid (samples H, K, and L) slurry 
fractions, and two digestate mixtures specifically 
formulated for their application on fields (samples 
G and M). These samples are residues of biogas-
producing plants, in which pig slurry is mixed 
with other substrates with a higher organic load 
(slaughter sludge,  cake industry wastes, and 
barley waste for sample G, chicken waste and 
sludge from a wastewater treatment plant for 
sample M). This mixture is used to produce 
biogas (CH4 + CO2) by mesophile, methanogenic 
fermentation (http://www.ecobiogas.es; https://
www.kriegfischer.de/biogasanlagen/). These 
digestated were formulated to have basic nutrient 
composition similar to the non-digested fertilizers 
(Supplementary Table ST1). 

All samples were collected in sterile 100 mL 
glass bottles and transported refrigerated to the 
laboratory as fast as possible. Given the liquid 
nature of swine slurry and the different origin of 
samples, the amount of suspended solids was 
visibly different among them. Therefore, once 
at the laboratory, samples were vortexed until 
homogeneity and aliquoted in 2mL Eppendorf 
tubes. Three subsamples were taken from each 
original sample (labelled as A1, A2, A3, etc...) 
and were processed and analysed independently. 

Table 1.  Sample and sampling site characteristics.
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In order to harvest the total amount of bacteria 
present in the matrixes, samples were centrifuged 
during 10 min at 4ºC at 4000 rpm, discarding the 
supernatant and using the solid residue for DNA 
extraction.

2.2 Antibiotic determination in pig slurries and its 
derivatives

The analytical procedure for antibiotic 
determination is based on a previously published 
method (Berendsen et al., 2015). Briefly, 500 mg 
of sample was submitted to ultrasound assisted 
extraction with McIlvain-EDTA buffer (pH=4) and 
acetonitrile followed by protein precipitation with 
lead acetate, centrifugation (3500 g) and solid-
phase extraction (Strata X-RP, 200 mg / 6 mL, 
Phenomenex, Torrance CA, USA) cleanup. Final 
determination was performed by Waters Acquity 
Ultra-Performance Liquid Chromatography™ 
System (Milford, MA, USA) coupled with Waters 
TQ-Detector (Manchester, UK) in the multiple 
reaction mode with two transitions per compound 
by using a core-shell Ascentis® Express RP-Amide 
column (10 cm × 2.1 mm, 2.7 μm particle size) 
(Supelco, Bellefonte, PA, USA). Chromatographic 
and mass spectrometry conditions are slightly 
modified from the method described elsewhere 
((Tadić et al., 2019)). For procedural reasons, 
only one sample from each of the sites 1, 2, 
and 3 was analyzed (samples B, D, and F).  The 
following antibiotics were assessed: azithromycin, 
ciprofloxacin, clindamycin, chlortetracycline, 
doxycycline, enrofloxacin, tetracycline, 
ofloxacin, oxytetracycline, sulfadiazine, 
sulfamethoxazole, sulfathiazole, sulfapyridine, 
sulfacetamide, sulfamethazine, sulfamethizole, 
and trimethoprim. Antibiotic concentrations are 
expressed in dry or fresh weigh weight basis 
and are corrected by deuterated surrogate 
standards (sulfamethoxazole-d4, enrofloxacin-d3, 
ofloxacin-d3 and clindamycin-d3) spiked to 

the initial sample. Recoveries were compound 
and matrix dependant but ranged from 14% for 
chlortetracycline up to 83% for azithromycin. 
Limits of detection and quantification ranged 
from 0.07 and 0.18 ng of azithromycin up to 
2.44 and 5.53 ng of lincomycin per g of sample 
(fresh weight) respectively. The relative standard 
deviations were below 25% (N=3). Reported results 
were corrected for surrogate recoveries, and 
their concentrations were compared to minimum 
selective concentration (MSC) to estimate their 
potential risk (Bengtsson-Palme and Larsson, 
2016), using the calculated humidity contain of 
the samples.

2.3 Molecular methods

DNA extraction was performed employing the 
QIAamp Power Fecal Pro DNA kit (Qiagen, Hilden, 
Germany) using a maximum of 0.25g of sample 
solid residue, after centrifugation. Total DNA was 
eluted in 100 µl and concentration and quality was 
determined in a NanoDrop Spectrophotometer 
8000 (Thermo Fisher Scientific, Inc). Extracted 
DNA samples were stored at −20 °C.

Primers for intl1, sul1, tetM, qnrS1, mecA, 
blaTEM, blaCTX-M-32, blaOXA-58 and bacterial 16S rDNA 
sequences are listed in Supplementary Table 
ST2. Their quantification was performed by qPCR 
reactions in a LightCycler 480 II (A F. Hoffmann–
La Roche AG, Inc) on 96-well plates using 20 μL 
reactions. Optimal primer concentration was 200 
nM for blaTEM and 300 nM for the rest of genes. 
A fixed dilution of 5 ng/µl of raw DNA extract 
was used. All qPCR assays were run as technical 
duplicates along with the quantification curve 
to reduce potential variability between assays. 
Melting curves were programmed to confirm 
amplification specificity. Dynamo ColorFlash 
SYBR Green (Thermo Scientific, Inc.) chemistry 
was used for tetM, mecA, and blaOXA-58 qPCR 
quantifications, while all the other genes were 
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quantified with LightCycler 480 SYBR Green I 
Master (A F. Hoffmann–La Roche AG, Inc). The 
amplification protocol was performed following 
the manufacturer guidelines, and different 
annealing temperatures were used as indicated in 
Supplementary Table ST2.

2.4 Quantification and normalization methods

Absolute quantification of all qRT-PCR amplicons 
was carried out with four plasmid vectors used 
as standards. Purified DNA samples from the 
plasmid pNORM1 were used as standards for the 
quantification of 16S rDNA gene, intl1, sul1, qnrS1, 
blaTEM and blaCTX-M-32 (Rocha et al., 2020)(Gat et 
al., 2017), while three different pUC19 plasmids 
were used for tetM, mecA and blaOXA-58 (Laht et 
al., 2014; Szczepanowski et al., 2009; Tamminen 
et al., 2011) (Supplementary Table ST2). DNA 
plasmid purification was performed using the kit 
QIAprep Spin Miniprep Kit (Qiagen) Total DNA 
concentration was measured in a NanoDrop 
Spectrophotometer 8000 (Thermofisher Scientific, 
Inc). Gene copy number per µL of each standard 
was determined by combining the plasmid size and 
the DNA concentration, in the DNA Copy Number 
and Dilution Calculator algorithm from Thermo 
Fisher Scientific, Inc (https://www.thermofisher.
com/us). Quantification curves for all genes were 
generated in each run, from 10-fold serial dilutions 
of the corresponding initial standards, amplified 
by triplicate. Negative controls using nuclease 
free water instead of template were also included. 
ARGs copy numbers per µL for each sample were 
calculated by extrapolating their Ct value from 
the standard curves and normalized in relation to 
the processed fresh weight of swine slurry (ARGs 
copies/g). Quantification limits (LOQs) for each 
gene were set as the minimum concentration of 
plasmid (copies/µL) that can be detected without 
interference from the negative control. LOQs are 
collected on Supplementary Table ST2.

2.5 16S library preparation and sequencing

Bacterial communities present in the swine slurry 
samples were determined by 16S sequencing 
analysis. An aliquot of each extracted sample 
(36 samples) was sent to Novogene Europe 
(Cambridge, UK) where concentration and 
purity were monitored on 1% agarose gels. After 
passing this first quality control, DNA was diluted 
to 1ng/μL using sterile water, and 16S rRNA 
genes of distinct regions (16SV4/16SV3/16SV3-
V4/16SV4-V5, 18S V4/18S V9, ITS1/ITS2, Arc 
V4) were amplified using specific primers (e.g. 
16S V4: 515F-806R) with a barcode for amplicon 
generation. All PCR reactions were carried out 
with Phusion® High-Fidelity PCR Master Mix (New 
England Biolabs). Quality of PCR products was 
checked by electrophoresis on 2% agarose gels, 
and those samples with a clear band between 
400-450bp were selected for the following 
steps. PCR products were mixed at equal density 
ratios and purified by Qiagen Gel Extraction Kit 
(Qiagen, Germany). Sequencing libraries were 
generated using NEBNext Ultra DNA Library 
Pre ®Kit for Illumina, following manufacturer’s 
recommendations, and index codes were added. 
Library quality was assessed on the Qubit@ 2.0 
Fluorometer (Thermo Scientific) and Agilent 
Bioanalyzer 2100 system. Sequencing was carried 
out on an Illumina platform and 250 bp paired-end 
reads were generated. Quality control parameters 
appear in Supplementary Table ST3.

2.6 Analysis of bacterial communities and 
relationship with ARGs

Sequences were analysed with the Uparse 
software (Uparse v7.0.1001, http://drive5.com/
uparse/) and assigned to the same Operational 
Taxonomic Units (OTUs) if they had a ≥ 97% 
similarity. To annotate the taxonomic information 
the GreenGene Database (http://greengenes.
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3. Results 

3.1 ARG distribution

All analysed sequences were detected in all 
samples, although in some cases values were 
under the limit of quantification, LOQ (Figure 1, 
data in Supplementary table ST5; values below the 
LOQ are marked with red asterisks). Abundance 
values (in copies per g of sample) typically varied 
around one order of magnitude among samples, 
in a pattern essentially reflecting the 16S rDNA 
abundance data. This suggests that most of the 
observed variation was related to the total bacterial 
abundance present in each sample (Figure 1).  
The most abundant sequences corresponded to 
tetM, intI1, and sul1, whose levels were above LOQ 
for all samples and that reached values of 1010-
1011 copies per gram of some samples (Figure 1). 
These values were comparable to the total amount 
of 16S rDNA copies calculated for many samples, 
suggesting that a large fraction of bacterial cells 
harboured at least one of these genetic elements. 

Analysis of ARG prevalence, that is, the ratio 
between ARG and 16S rDNA copy abundance data, 
suggest that more than 90% of bacterial cells were 
positive for tetM (and, presumably, tetracycline 
resistant) in some samples, and around 1 % of 
them were positive for intI1 and sul1 (magenta and 
red sectors in Figure 2). Note also the very similar 
distribution of intI1 and sul1 among samples, a 
phenomenon already observed in comparable 
analyses of soil and plant samples from the same 
region, but with no direct relation to the type of 
fertilizers analysed here (Cerqueira et al., 2019b). 
The rest of sequences were found at much lower 
prevalence values, bellow 0.1%), including ARGs 
from the ß-lactamase group (blaTEM, blaCTX-M-32, and  
blaOXA-58, by decreasing order of prevalence), and 
the quinolone- and metillicine resistance genes 
qnrS1 and mecA. 

Hierarchical clustering grouped samples from a 

lbl.gov/cgi-bin/nph-index.cgi) was used based 
on the RDP classifier algorithm (Version 2.2, 
http://sourceforge.net/projects/rdp-classifier/). 
Phylogenetic OTUs study was conducted in 
MUSCLE (Version 3.8.31, http://www.drive5.com/
muscle/)). OTUs abundance was normalized using 
the sequence number of the sample with the least 
sequences. Analyses for α-diversity and β-diversity 
analysis were performed with QIIME (Version 
1.7.0). The significance of difference amongst the 
structure of microbial communities was analysed 
by a non-metric multi-dimensional scaling (NMDS) 
with the Bray–Curtis dissimilarity index (Bray 
and Curtis, 1957). Correlations between bacteria 
composition and AB resistance were analysed by 
Spearman’s correlations between OTUs counts 
and genetic elements (ARGs and intl1). The false 
positive discovery rate (FDR) correction was set 
at p<0.05 (Benjamini and Hochberg, 1995), using 
the psych R package. The global results from the 
taxonomic analysis are shown in Supplementary 
Table ST4.

2.7 Data analysis for ARGs and intI 1

The analysis of the absolute abundance of ARGs 
was performed in the R environment (version 
3.6.1; http://www.rproject.org/). Normality and 
homogeneity of the variances were checked using 
the Shapiro-Wilk and Levene tests, respectively. 
Since it was possible  to assume a normal 
distribution, a one-way ANOVA plus Tukey’ 
HSD post-hoc correction for multiple tests was 
performed with the car R package. Significance 
levels were set at p ≤ 0.05. Heatmap and 
hierarchical clustering were performed using the 
function heatmap2, from the ggplot2 R package1.
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same facility in most cases (colours in the column 
sidebar in Figure 2, see Table 1). In general terms, 
sites 2 (samples C y D) and 3 (Samples E and F, 
green and orange sidebar colours in Figure 2) 
appeared as divergent from the rest. These data 
suggest that the prevalence of different ARGs 
(and, presumably, the selective pressure imposed 
on the respective microbiomes) varied from one 
facility to another.

3.2 Correlations between ARG prevalence and AB 
levels in pig slurry samples and digestates 

Fluoroquinolones, tetracyclines and sulfonamides 
were detected at concentrations ranging from <LOD 

up to 21,048 ng/g of fresh weight (Supplementary 
Table ST6). These values are consistent with the 
veterinary antibiotic usage in Spain (European 
Medicines Agency, 2019) and similar to the ones 
previously reported characteristics for pig slurries 
with medium to low antibiotic content (Wohde 
et al., 2016). Concentrations were dependent on 
the farm management and the production cycle 
being fatting and transition piglets, the samples 
that exhibited the highest concentrations (see 
Table 1). Fluoroquinolones (enrofloxacin or 
ciprofloxacin) and tetracyclines (tetracycline and 
oxytetracycline) were the most abundant ABs 
(Supplementary Table ST6). When these absolute 
concentration values were compared to the 
corresponding MSC values, enrofloxacin and/or 
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Figure 1. Absolute abundance of the different genetic elements in all samples. Boxes are color-coded by their origin (see Table 1). 
Data are expressed as copies of each sequence per g of sample. Thick black line, boxes and whiskers represent average, first-to 
third percentiles and total distribution of samples, respectively. Red asterisks correspond to distributions that include estimates 
from values under the limit of quantitation. Original data in Supplementary Table ST6. 
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of the ARG in all samples (not shown, see Figure 
1). 

3.3 Bacterial taxa distribution 

Analysis of the bacterial taxa composition of the 
different samples revealed a relatively uniform 
composition, at least at the Phylum/Class 
levels (Figure 4, Supplementary Table ST7). 
Firmicutes appeared as the prevalent bacterial 
Class in all samples, totalling more than 50% of 
total reads in many of them. Almost 50% of the 
OTUs classified in this class belonged to the 
Clostridiae Family, being Ruminococcaceae the 
second Firmicutes Family in order of importance 
(Supplementary Table ST7). Other bacterial 
Families with strong representation in the dataset 
were Corynebacteriaceae (Actinobacteria), 
Porphyromonadaceae (Bacteroidetes), and 
Spirochaetaceae (Spirochaetes), all of them with 
more than 100,000 reads in the total dataset 
(Supplementary Table ST7). Three groups of 
Archea were also detected, corresponding to the 

ciprofloxacin showed concentrations (expressed 
as µg/L values) more than 1000 times higher 
than the reported MSC in 5 out of the 10 analyzed 
samples (Samples A and E were not analyzed, 
Figure 3A, salmon sectors), whereas  tetracycline 
and oxytetracycline concentrations surpassed 
100 times their MSC values in one and two 
samples, respectively (Figure 3A).  We concluded 
that fluoroquinolones and, to a lesser extend, 
tetracyclines, may exert a significant selective 
pressure for AB resistance bacteria.  

Fluoroquinolone concentration and the prevalence 
of the quinolone-resistance qnrS1 gene showed 
a significant correlation (Figure 3B, p=0.04, 
Spearman correlation). Note that in this graph, 
qnrS1 is expressed as copies per million of 16S 
rDNA copies, a measure of the potential selective 
pressure. Note that samples from Sites 2 (C, D) 
and 5 (H, J) showed the highest  Fluoroquinolone 
and qnrS1 loads, whereas sample L was the only 
case in which the two parameters did not correlate 
(Figure 3B). No correlation was observed between 
total  tetracycline concentrations and tetM levels 
(not shown), likely due to the very high prevalence 

Figure 2. Heatmap of the relative prevalence of genetic elements among samples, expressed as copies of each 
ARG per million copies of 16S rDNA (color scale on top of the figure), and log transformed for clustering. Colors 
in the column sidebar correspond to sample origin, as in Figure 1.
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Classes Methanomicrobia, Methanobacteria, and 
Thermoplasmata, all of them belonging to the 
Phylum Euryarchaeota (Supplementary Table 
ST7).   

The distribution of the different OTUs among 
samples analysed by NMDS showed a clear 
separation between taxonomic groups, and of 
the sites of origin (Figure 5). At the OTU level 
(“species” in the NMDS terminology), note the 
accumulation of Clostridia groups at the center 
of distribution (Figure 5, golden dots), whereas 

other groups (Euryarchaeota, Spirochaetes, 
Bacteroidetes, Cloacimonetes) appeared 
relegated to the periphery of the plot, indicating 
their uneven distribution among samples (Figure 
5). Samples C and D (Site 2) and E and F (Site 3) 
appeared separated one each other and both from 
the rest of samples, which constitute a relatively 
loose cluster (Figure 5). This distribution reminds 
the clustering of samples defined by their relative 
content in ARG genes in Figure 2. We interpret 
these similarities in distribution as an indication 

Figure 3. A) Antibiotic loads, expressed as fold minimum selective concentration (MSC) equivalents. Non-detected or below MSC 
values are expressed as “<1” sign. Colors indicate the relative concentration of each given antibiotic in each particular sample, from 
pale green (low concentration) to salmon (high concentration). B) Double-log plot of qnrS prevalence values (expressed as copies 
per million 16S rDNA sequences) and fluoroquinolones total loads (expressed as the sum of Ciprofloxatin and Enrofloxacin, in μg/L). 
Samples are labelled and color-coded as in Figure 2.
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forming a clear cluster with high prevalence 
in samples K and M, and which includes  the 
genera Methanoculleus, Methanospirillum, 
Methanosaeta, and a Methanoplasma candidate 
(Figure 6). 

3.4 Correlation between ARG prevalence and 
bacterial taxa composition 

Bivariate analyses identified 515 taxonomic 
entities whose relative abundances were  
significantly correlated to the prevalence of at 
least one of the analysed ARGs, 139 from them 
identified at least at the Species level and 248 only 
at the Genus level (Supplementary Figure SF1). 
Taxonomic analysis of the 309 species (including 
those entities identified only at the genus level) 
with positive correlations with the prevalence of 
at least one of the different ARG revealed taxon 
profiles compositions very different among them 
and clearly differentiated  the general taxon 
composition of the whole samples (Figure 7A, 
compare to Figure 4). For example, prevalence 
values of intI1, sul1,  blaOXA-58, qnrS1, and mecA 
correlated with a large fraction of Actinobacteria 
and Bacteriodetes group at the  upper part of 

of the influence of the taxonomic composition in 
the relative prevalence of ARGs.

A more detailed image of the relative distribution 
of significant taxa among samples is provided by 
the comparison of taxa (species or genera, if the 
species was unknown) classified as “top 10” (that 
is, among the 10 most abundant taxa) in at least one 
of the samples (Figure 6). Hierarchical clustering 
of this data defines several groups similar to the 
ones observed in the previous analyses, as the 
grouping of samples C and D on one side and K and 
M on the other one. However, it is characteristic 
of this analysis the specific differentiation of 
G samples (Figure 6). In general, the graph 
confirms the high prevalence of Firmicutes 
species, but divided in several subgroups. A 
Clostridia group, constituted by the genera 
Clostridium, Fastidiosipila, Terrisporobacter, and 
Turicibacter appear at the bottom of the graph 
as very prevalent in most samples. In contrast, 
members of the Bacillus group (Lactobacillus, 
Enterococcus, Trichococcus) appear as much 
less evenly distributed among samples, as well as 
other Clostridia, like Alkaliphilus, Tissierella, the 
species Clostridium butyricum and an unidentified 
member of the Christensenellaceae family (Figure 
6). The archaeal Phylum Euryarchaeota appears 

Figure 4. Bacterial composition of the different samples, aggregated at the Class level. Data are expressed as percentages of the 
total number of reads obtained for each sample. Note that Euryarcheota groups belong to the Archea Kingdom.
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Figure 5. NMDS (non-metric dimensional scaling) analysis of the distribution of bacterial taxa, aggregated at the Class level. Only 
Classes with more than 1000 reads in the whole dataset (334 Classes in total) were included in the analysis. The relative position 
of the samples are indicated by their corresponding label. Note that the Euryarcheota groups belong to the Archea Kingdom.

Figure 6. Relative abundances of microbial species among samples. Only species (or genera aggregates when no species was 
identified) in the top 10 list for at least one samples are included. Colors in the sidebar on the left indicate the corresponding 
Phyla. Note that one of the groups (Euryarcheota) belongs to the Archea Kingdom.
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the graph, whereas high prevalence of tetM and, 
in a lesser extent, blaOXA-58, showed, in addition, 
positive correlations with different Proteobacteria 
and Spirochaetes groups. Only bacterial groups 
positively correlated to blaTEM showed a Class 
distribution similar to that of the whole dataset, 
with a predominance of Clostridia and Bacilli 
(Figure 7A). 

A suitable interpretation of the difference on taxon 
profiles among bacterial groups associated to 
high prevalence of the different ARGs is that they 
actually correspond to specific subpopulations 
of bacteria found at different proportions among 
samples. The network in Figure 7B, which 
shows the correlations at the single species 
level, supports that interpretation. The figure 
shows a close cluster that includes intI1, sul1, 

blaOXA-58, qnrS1, and mecA, probably indicating 
their correlation to a common subset of bacterial 
species, whereas blaTEM and tetM appeared as 
substantially differentiated from the rest. This 
clustering strongly resembles the one observed in 
Figure 2, suggesting that the differences in ARG 
loads were related to the bacterial profile of the 
samples. Note that this similarity extends to some 
specific details, like the close clustering between 
intI1 and sul1, and the relatively differentiated 
position of blaOXA-58 (compare Figures 2 and 7B). 

4. Discussion

According to the last UN Global Environmental 
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Outlook, “Human illnesses and deaths due to 
antibiotic- and antimicrobial-resistant infections 
are increasing rapidly and are projected to become 
a main cause of death worldwide by 2050” (Glob. 
Environ. Outlook – GEO-6 Heal. Planet, Heal. 
People, 2019). This grim prediction points to ARB 
and ARGs as main pollutants for water sources, and 
call for the application of effective policies for its 
control in water bodies worldwide (Glob. Environ. 
Outlook – GEO-6 Heal. Planet, Heal. People, 
2019). The main concern is the capacity of the 
released on ARB and ARGs reach the human food 
and water supplies, therefore contributing to the 
widespread onset of pathogenic bacterial strains 
increasingly recalcitrant to medical treatment with 
the existing antibiotics (WHO, 2014). In previous 
works, we have found evidence that AB and ARGs 
can move from agricultural soils to edible parts 

of commercial crops, and that their presence and 
concentration is soils and plants depends upon 
farming practices (Cerqueira et al., 2019b, 2019a; 
Manaia et al., 2018). Among these practices, 
organic fertilizers are particularly relevant, due to 
the high bacterial loads they carry. This work was 
intended to assess the potential contributions of 
using as fertilizers actual swine slurries and of 
their digestates from commercial pig farms.

Our results show high loads of particular 
ARGs (notably, sul1 and tetM) in essentially all 
samples analysed. These two ARGs provide 
resistance against two of the antibiotic families 
found in the same samples, sulfonamides and 
tetracyclines.  There is therefore little doubt that 
their prevalence in the swine slurry is related to 
their veterinary use. Whether or not the use of 
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Figure 7. Correlation between 
bacterial population and ARG 
prevalence. A) Taxon composition, 
at the Class level, of the 307 
bacterial species with significant 
positive correlations with the 
different ARG abundances. B) 
Network constructed from a 
contingency matrix between ARGs 
and the bacterial species with 
positive correlations to them. Each 
dot corresponds to a bacterial 
species, colored-coded according 
their adscription to bacterial 
Classes .
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antibiotics favoured the observed high prevalence 
of the integron intI1 (and, presumably, of other 
components of HGT mechanisms) is unclear, but 
it is at least presumable. The fact that the ARG 
profiles in the different samples varied from one 
facility to another also supports the conclusion 
that the handling of the animals and/or of their 
wastes influenced ARG loads that may end into 
the agricultural soils when these farm residues 
are used for fertilization after different levels of 
processing. 

The total bacterial loads (or its proxy, abundance 
of 16S rDNA sequences) appeared as a relatively 
minor factor on ARG loads among the different 
samples. Controlling by the different bacterial 
loads, ARGs with the highest prevalence, 
understood as the ratio between their copy number 
to the total 16S rDNA copies, differed substantially 
among farms. Sites 1,4, and 5 showed a general 
lower ARG prevalence than the rest, whereas Site 
3  only showed a significant prevalence of blaTEM, 
an ARG already widespread in agricultural soils 
from the area and elsewhere (Cerqueira et al., 
2019c). Site 2 showed high loads of all ARGs, 
although the highest levels of tetM corresponded 
to Sites 6 and 7.  The fact that all samples come 
from operating, commercial facilities prevent 
us to control, or even having a perfectly defined 
picture of, the veterinarian and animal handling 
procedures applied in each of them. However, 
the data reinforces the hypothesis that animal 
handling and, perhaps, farm conditions, may have 
a fundamental role in determining the load of ARGs 
being released from the farm, either by the use of 
the slurry as fertilizers, or when disposed as waste 
or runoffs. This also suggests that the potential 
selective pressure associated to the fertilizers 
may be enough to favor the soil colonization by 
antibiotic-resistant bacteria, either from the same 
fertilizers or from the pre-existing soil microbial 
community.

While sul1 and tetM appeared as generally 
widespread among slurry microbiomes, the 

relatively minor qnrS1 gene showed the strongest 
evidence for selective pressure. Fluoroquinolones 
were by far the antibiotic family with higher loads 
compared to their MSC values, and, with a single 
exception, sites with higher fluoroquinolone loads 
presented higher  qnrS1 prevalence and vice versa. 
It is tempting to speculate that the past use and 
abuse of more “classical” ABs, like tetracyclines 
and sulfonamides, lead to the presence of their 
corresponding resistance gene in pigs’ guts, 
even in the absence of the AB themselves. For 
example, sul1 and blaTEM have been observed in 
microbiomes from agricultural and forest soils, 
even in those that have not been amended for 
decades  (Cerqueira et al., 2019c). However, 
genes conferring resistance to a relative new 
antibiotic family, like fluoroquinolones, may not 
be so widespread yet, and their prevalence may 
still depend on continuous selective pressure. 
The unescapable conclusion is that, should 
fluoroquinolones become more and more usual 
in farm animal treatment, the corresponding 
resistance genes would also become part of the 
“general” resistome of the gut microbiomes, and 
therefore independent from the actual presence 
of the antibiotic. This has great implications for 
the spread of prescription AB-related ARGs in the 
microbiome of the agricultural soils, eventually 
reaching crops and consumers. 

Bacterial composition of the different samples 
revealed the expected predominance of anaerobic 
bacterial taxa, with a strong contribution of the 
Clostridia group. This analysis has been performed 
at Phyla, Family and Genus/species level, and all 
three levels revealed a very consistent picture of a 
major core taxa, present in all samples, and mainly 
composed by Clostridia, with minor contributions 
from Bacteroidetes and Spirochaetes groups. 
The relative contributions from rest of major taxa 
configured a sample distribution resembling to 
the one observed for the ARG loads, with samples 
from Sites 2, 3, and, partially, 6 and 7, appearing as 
clearly separated from the rest. Samples from Site 
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2 show significantly high levels of Actinobacteria 
and Bacilli groups. Another taxonomic group 
contributing to the separation between samples 
is the archaeal Euryarchaeota Phylum, basically 
due to the presence of methanogenic species. 
Although these differences are difficult to interpret, 
we propose that they may reflect the state of 
“maturation” of the initial swine slurry, being the 
loss of typical enterobacteria (Proteobacteria, 
Lactobacillus, Actinobacteria) and the increase 
on the levels of methanogenic taxa indicative for 
more processed samples.  The Taxon distribution 
we observed in our samples is similar to previously 
described swine fecal microbiomes,  dominated by 
Firmicutes and Bacteriodetes groups (Lamendella 
et al., 2011; Zhang et al., 2019). It is also similar to 
the distribution observed for wastewater lagoons 
in Chinese farms, in which methanogenic Archea 
also appear  (He et al., 2019). The same study 
in Chinese farms also shows the modulation of 
the microbiome profile from farm wastes after 
different treatment procedures (He et al., 2019).  
Similar results, albeit showing significantly 
different microbiome profiles, have been reported 
in dairy farms (Pandey et al., 2018; Zhang et al., 
2020). We consider these data as demonstrating 
that the handling of farm wastes is instrumental 
in modulating their microbiome profile and, 
consequently, their potential to represent a risk 
for exposed environments and human populations 
(Zhang et al., 2020). 

Correlation analyses showed a close 
interdependence between the loads in different 
ARGs and the prevalence of some particular 
bacterial taxonomical groups. This was more 
evident for the ARGs found at higher loads and that 
represent a higher potential risk of contamination 
for the receiving soils. For example, tetM relative 
abundance values showed strong correlations 
with bacterial species from the Phyla Spirochaetes 
and Proteobacteria, whereas the prevalence 
of sul1 (and of intI1) correlated with different 
Actinobacteria group. These taxa constituted 

a relatively small fraction of the microbiome 
for most samples, and they are not particularly 
relevant in the swine gut microbiome composition 
(Lamendella et al., 2011). It is interesting to 
note that Proteobacteria and Actinobacteria are 
more abundant in human gut than in swine’s, a 
circumstance that can influence the transferability 
of these ARGs to the gut of potential  human 
consumers (Lamendella et al., 2011).

Assessment of the risk associated to the spread 
of ARGs into agricultural products is hampered by 
a number of uncertainties. There are several steps 
between the ARG input into the soil, via fertilization 
or fertigation procedures, and the guts of the final 
human or animal consumers. Analysis of the 
transmission from soils and irrigation water to 
edible part showed that from 1 to 0.01% of the ARG 
loads present in the soil may be ultimately  found 
in edible plant parts (Cerqueira, Victor Matamoros, 
et al., 2019; Cerqueira, Víctor Matamoros, J. 
Bayona, et al., 2019; Cerqueira, Víctor Matamoros, 
J. M. Bayona, et al., 2019). These values  depend 
on the type of plant, the particular part of the 
plant being used in food products  (leaves, fruits, 
seeds, roots), and, very likely, on the agricultural 
practices used in each plot (organic, extensive, 
fertigation, etc.) The rate of transmission of 
ARGs from food to the consumer’s gut, the 
ability of these ARGs to propagate in it, either 
by propagation of intake bacteria or by HGT, and 
the actual health risk posed by the existence of 
this external source of ARGs is much less known, 
and most likely depends on the selective pressure 
posed by the use of antibiotics by the consumer, 
either human or animal. Independently of the 
intervening rates of transmission, the ARG loads 
is soil appear as the seminal parameter from 
which the rest of calculations should be made. 
Therefore, it is important to decide whether or not 
a particular agricultural practice may represent a 
significant increase in soil ARGs loads. Our results 
suggest that application of realistic amounts of 
organic fertilizers from farm wastes may result 
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in significant amounts of ARGs loads for the 
receiving soils, increasing the basal ARG levels 
by several orders of magnitude. Our data also 
provides some directions to reduce this excessive 
loads. 

The most important action to reduce ARG loads 
in organic fertilizers is to do so from the origin. 
This implies a very careful control of the use of 
antibiotics in the farm. Should our conclusion 
that the amount of AB present in the slurry is 
enough to add selective pressure to the receiving 
soils prove to be correct, the  limitation of AB 
usage would become a  most pressing issue. 
This may be especially crucial for antibiotics of 
recent incorporation, to prevent the corresponding 
resistance genes from entering in the gut’s and 
soil’s core resistomes.

A second possible level of ARG load control 
is to reduce the total loads of bacteria in the 
final fertilizer composition. In our samples, the 
handling of the initial slurries affected very little 
the total bacterial loads, and procedural systems 
(temperature treatments, filtrations, etc.) able to 
reduce them should be explored and incorporated 
to the routine processing of organic fertilizers.

Finally, farm wastes may likely be processed in 
conditions that do not favour the persistence 
of typical gut microbes. For example, high 
prevalence in Clostridia and in methanogenic 
bacteria appear to be negatively correlated to ARG 
loads, suggesting that controlling the temperature 
and oxygen levels of the digestates may have a 
significant influence on the final ARG levels. 

While reducing the inputs of ARG and AB arriving 
in the soils is likely to be beneficial for the whole 
process, there is still a missing factor, which is the 
probability of the input ARG to actually colonize 
the soils. This is a main aspect that has to be 
addressed in future studies.

5. Conclusions

The use of manure as fertilizer, after its 
due processing, has many economic and 
environmental benefits. However, the practice 
should not result in a significant contamination 
of receiving soils by potentially harmful biological 
or chemical agents, in the form of ARGs/ARB, 
pharmaceuticals or pathogens. Our results 
indicate that the control of AB use in the farms 
is the most straightforward measure to limit the 
arrival of ARGs (and presumably, ARB) and ABs 
in agricultural fields, being the processing of the 
original slurry a subsequent, valuable aspect to 
consider. The development of these strategies is 
becoming an urgent need that has to be addressed 
before widespread adverse economic and health 
consequences of the presence of ABs, ARGs and 
ARB in agricultural products may appear.
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Abstract

The spread of antibiotic resistance genes (ARG) 
into agricultural soils, products, and foods severely 
limits the use of organic fertilizers in agriculture. 
In order to help designing agricultural practices 
that minimize the spread of ARG, we fertilized, 
sown, and harvested lettuces and radish plants 
in experimental land plots for two consecutive 
agricultural cycles using four types of fertilizers: 
mineral fertilization, sewage sludge, pig slurry, 
or composted organic fraction of municipal solid 
waste. The analysis of the relative abundances 
of more than 200,000 ASV (Amplicon Sequence 
Variants) identified a small, but significant overlap 
(<10%) between soil’s and fertilizer microbiomes. 
Clinically relevant ARG were found in higher loads 
(up to 100 fold) in fertilized soils than in the initial 
soil, particularly in those treated with organic 
fertilizers, and their loads grossly correlated 
to the amount of antibiotic residues found in 
the corresponding fertilizer.  Similarly, low, but 
measurable ARG loads were found in lettuce 
(tetM, sul1) and radish (sul1), corresponding the 
lowest values to samples collected from minerally 
fertilized fields. Comparison of soil samples 
collected along the total period of the experiment 
indicated a relatively year-round stability of 
soil microbiomes in amended soils, whereas 
ARG loads appeared as unstable and transient. 
The results indicate that ARG loads in soils and 
foodstuffs were likely linked to the contribution 
of bacteria from organic fertilizer to the soil 
microbiomes, suggesting that an adequate waste 
management and good pharmacological and 
veterinarian practices may significantly reduce the 
presence of these ARGs in agricultural soils and 
plant products.  
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1. Introduction 

The use of organic wastes as agricultural 
fertilizers, allows a better management of the 
finite resources we dispose for soil fertilization 
and food production. Amongst all the different 
types of organic wastes that are generated 
annually, wastewater treatment plants’ sludge 
and animal slurry represent the most abundant 
ones, making them usual candidates for organic 
fertilization (Bosch-Serra et al., 2020; Fernández et 
al., 2009; Pascual et al., 2018; Terrero et al., 2018). 
The use of sludge from municipal wastewater 
treatment operations is usually a subject under 
strict regulatory control (Alvarenga et al., 2015; 
Murray et al., 2019). There are different types 
of sludge depending on the level of thermal 
treatment and drying, alkaline stabilization, 
digestion or composting, which lead to liquid or 
cake-like sewage biosolids while animal manure is 
a combination of feces, urine and animal bedding 
that depending on the level of “turning” can result 
on solid, semi-solid or liquid manure (slurry) 
(Qian et al., 2016). The most common treatment 
used to stabilize the N and improve handling 
characteristics in this type of organic waste is 
composting. The product of composting is a 
material that has a much smaller C:N ratio than the 
original mixture and may result in a decrease of 
the concentration of some contaminants including 
antibiotics (ABs) (Dolliver and Gupta, 2008; Goss 
et al., 2013). However, there is a potential tendency 
of increasing of Cu, Zn, K and P concentration 
during this process (Tejada et al., 2001). 

While organic fertilizers can provide macro- and 
micronutrients to the soil, they may also contain 
components that can be harmful for animal, plant, 
and human health (Chen et al., 2018; Urra et al., 
2019;  Zhou et al., 2019). The presence of pathogens 
represents an obvious threat, but other pollutants, 
like pharmaceuticals, hormones and ABs may also 
represent a potential risk. The presence of these 
last ones, may promote the increase of bacteria 

resistant to multiple antimicrobial and antibiotic 
drugs. The acquisition of Antibiotic Resistance 
(AR) is a natural phenomenon, but the application 
of organic fertilizers may step up its dissemination 
and evolution in the soil.  Therefore, the potential 
transmission of AR from amended soils to crops 
and, ultimately, to consumers is a matter of major 
concern, particularly for plants that are usually 
consumed raw (Berendonk et al., 2015; Chen et al., 
2016; Freitag et al., 2018; Koch et al., 2017; Yang 
et al., 2018). Antibiotic Resistance Genes (ARGs) 
may spread from the organic fertilizer to the soil-
plant continuum via endophytes or by adhering to 
plant surfaces or soil particles, nonetheless few 
studies have deepened in this topic (Cerqueira 
et al., 2019a; Marano et al., 2019).  Considering 
those facts and under the actual climate change 
scenario, there is an urgent need to consider 
organic sources of nutrients as key factors to a 
sustainable food production chain. The main 
question remains in finding the right source that 
finds balance between the benefits in support of 
the plant growth and the potential threats and 
risks (Goss et al., 2013).  

The concentration of some antibiotics and other 
molecules in sludge and slurry may vary depending 
on the origin and nature of the waste and the 
different composting processes (Berendsen et 
al., 2018; Bondarczuk et al., 2016; Ezzariai et al., 
2018; Gros et al., 2019; Liu et al., 2015; Qian et al., 
2016; Widyasari-Mehta et al., 2016). The potential 
long-term presence of ABs in the soil under 
organic fertilization may exert selective pressure 
over soil microbiomes, leading to changes in its 
composition (Cerqueira et al., 2019b; Pan and Chu, 
2016; Zhang et al., 2014). This usually happens at 
sub-inhibitory concentrations favoring antibiotic 
resistant (AR) bacterial strains over sensitive 
ones, thus turning soil into hotspots for ARGs 
(Andersson and Hughes, 2011; Cerqueira et al., 
2019b).

While it is generally known that organic fertilizers 
may alter microbiomes and transcriptomes from 
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samples that allows tracking the transmission 
of these strains from fertilizers to soils and from 
soil to plants. In addition, seven ARGs of clinical 
relevance (sul1, tetM, qnrS1, mecA, blaTEM, blaCTX-M-32, 
blaOXA-58,) were analyzed using quantitative real-
time PCR methods (RT-PCR) in samples of 
biosolids, soil, and harvest products. The integron 
class 1 (intI1) was added to the analysis as it is 
considered a marker of anthropogenic pollution 
and Horizontal Gene Transfer activity (HGT) 
(Agerso and Sandvang, 2005; Forsberg et al., 2014; 
Gillings et al., 2015; Marano et al., 2019; Zheng et 
al., 2020). It has been found closely associated 
to sul1 (Poey et al., 2019) and to several genes 
encoding extended-spectrum β-lactamases and 
resistance for tetracycline and quinolones (Agerso 
and Sandvang, 2005; Chen et al., 2010; Gillings et 
al., 2008; Quiroga et al., 2013).

This work integrates different approaches to 
provide a global picture of the effect of organic 
fertilization in the presence of clinically relevant 
ARGs in soils and crops, linking their levels to 
the composition of the corresponding fertilizers 
in terms of  microbiome profiles, ARG loads and 
antibiotic residue levels.  The final goal of this 
project is to help devising agricultural practices 
that minimize the spread of ARG from organic 
fertilizers to agricultural soils, foodstuffs and, 
eventually, consumers.

2. Materials and methods

2.1 Experimental site and conditions

The present study was developed along two 
productive cycles (1st cycle:  March 2019- May 2019; 
2nd cycle: November 2019 – March 2020) at the 
scientific-technical unit of Polytechnic University 
of Catalonia (UPC) (“Agrópolis”, Viladecans 
(Barcelona), 41°17’19,1”N, 2°02’43,4”E). Figure 

the receiving soils and, ultimately, from crops, 
there are only few studies specifically focused in 
comparing these effects between different types 
of organic fertilizers in different crops (Buta et al., 
2021; Cerqueira et al., 2019a; Muhammad et al., 
2020; Radu et al., 2021; Tadić et al., 2021; Xie et 
al., 2018).  Yet, the development of agricultural 
practices minimizing the potential risk of their use 
is a requirement for many world regions in which, 
like in the Mediterranean region, intensive pork 
farming co-exists with limiting water availability 
and strong organic fertilization needs, since soils 
are almost depleted of organic matter (Noya et al., 
2017; Palma-Heredia et al., 2020).  In this work, 
we intend to investigate three key aspects that 
have been seldomly addressed in an integrated 
way: 1) The influence of the type of organic 
fertilizer in the final ARG loads in soils and crops; 
2) The contribution of bacteria from fertilizers 
to the changes observed in the receiving soils’ 
microbiome and how stable this contribution is; 
and 3) The origin of  ARGs found in foodstuffs and 
particularly whether they come from the fertilizer 
or from the original soil resistomes. To address 
these questions, we used an integrated setup in 
which experimental plots located in an agricultural 
environment (the Llobregat River Delta, South of 
Barcelona, Spain), using three different organic 
fertilizers: sewage sludge, piglet slurry and the 
organic fraction from municipal waste (OFMSW), 
in addition to a conventional chemical fertilizer 
(Mineral), and two crops of agronomic interest 
that are commonly eaten raw, lettuce and radish 
(L. sativa and R. sativus). We completed two 
agricultural cycles, to obtain temporal information, 
and performed molecular analyses of microbiomes 
and ARG loads from the different compartments. 
The microbial population present in the fertilizers 
and soil samples was studied using high 
throughput 16S rDNA sequencing techniques at 
the ASV (Amplicon Sequence Variant) level, which 
provides an extremely detailed identification of 
the bacterial and archaea strains present in the 
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1 shows weather conditions and the schedule of 
fertilization, planting, soil sampling and harvesting 
along the two cycles. The sandy-clay (sand 
40%, silt 35.2% and clay 24.8%) soil used in this 
experiment did not have any history of agriculture 
prior to this date. Thirty-two experimental plots 
were cultivated, with half destined for lettuce 
cropping (L. sativa cv “Maravilla”, 16 plots of 10 
m2) and radishes (Raphanus sativus cv “Redondo 
rojo”, 16 plots of 3 m2). Twelve lettuce seedlings 
were planted in each of three rows spaced at 30 
cm and 200 radish seeds per row spaced at 7-8 
cm. Each plot received one of the three tested 
biosolids (sludge, slurry, OFMSW) or a mineral 
fertilizer (n=4, per treatment) and were randomly 
distributed in the field. The sludge-based fertilizer 
consisted in anaerobically-digested sludge from 
Gavà-Viladecans (Barcelona, Spain) wastewater 
treatment plant (WWTP), the slurry came from 
a piglet farm in Osona (Barcelona, Spain) and 

the OFMSW-derived compost was made of 
urban waste composted with wood residues for 
3-4 months. Main physico-chemical properties 
of the studied organic fertilizers are shown in 
Supplementary Table S1. In each cycle, OFMSW 
was spread along its respective plots, sludge was 
applied as small moist aggregates and the slurry 
was applied as a liquid (dry matter content below 
5%) using a watering can. All the amendments 
were incorporated manually to a depth of 5 cm 
immediately after application. The amount of 
organic fertilizer added per plot was calculated to 
ensure the same amount of ammoniacal nitrogen 
in all treatments (100 kg of N per ha for lettuce 
and 80 kg of N per ha for radish), corresponding 
to the average extractions of the crops (Ramos 
and Pomares, 2010). Specifically, the application 
rate for OFMSW, sludge and slurry was 4.5 kg/
m2, 3 kg/m2 and 4 l/m2 for lettuces and 2.8 kg/m2, 
2.3 kg/m2 and 3 l/m2 for radishes, respectively. 

Figure 1. Average temperatures, daily accumulated precipitation, organic fertilizers application, sow and harvest 
dates along the experimental period. Note the different sampling times for lettuce and radish, as well as for the 
corresponding soil samples, imposed by weather conditions and plant growth. 

PAPER II



- 81 -

For the inorganic fertilization group, ammonium 
nitrate (34% N) was added to provide the same 
amount of N as in the organic treatments (100 
kg N/ha for lettuce and 80 kg N/ha for radish), 
and superphosphate (43.6% P2O5) and potassium 
sulphate (54% K2O) were added to adjust 
potassium (40 kg P2O5/ha in lettuce and 30 kg 
P2O5/ha in radish)  and phosphate levels 185 kg 
K2O/ha in lettuce and 90 kg K2O/ha in radish) to 
meet Spanish agronomical guidelines (Ramos and 
Pomares, 2010). Main physico-chemical properties 
of the studied soils are shown in Supplementary 
Table S2.

2.2 Biosolids, soil and vegetable sampling, 
characterization and processing

In each production cycle, organic fertilizers were 
collected just prior to their application. Moreover, 
before the experiment and between the first and 
the second fertilization cycle, soil samples (Initial 
soil and Soil 2, respectively) were taken at a 10 
cm depth with 50 ml sterile polypropylene tubes  
to characterize the soil along the experimental 
period, using each tube as  a biological replicate. At 
harvest, eight heads of lettuce and eight handfuls 
of radishes were randomly sampled per treatment 
plot respectively and taken refrigerated (4ºC) to 
the laboratory in Ziploc bags for their processing, 
treating each head or handful as a biological 
replicate. Immediately after harvest, 3 x 11.5 cm 
lettuce soil and radish soil cores were sampled, at 
a 10 cm depth with 50 ml sterile tubes (Soil 1 for 
the first fertilization cycle, Soil 3 for the second 
fertilization cycle). Note that Soil 3 (post harvest) 
samples were taken at two different time points, 
as lettuces and radish had different harvesting 
times at this particular campaign. As the two sets 
of data (n=32 each) were statistically identical for 
the analyzed parameters, we opted to treat them 
as a single set of samples (not shown).  Once at 
the laboratory, excess soil was removed from the 

plants using a sterile gauze to achieve the visual 
cleanliness desired by consumers. About 90g of 
product per biological replicate were processed 
in a grinder (Retsch GRINDOMIX GM200). The 
crushed material was transferred to a beaker along 
with 50 ml of sterile PBS, mixed thoroughly with 
a hand blender, and then filtered through a gauze 
to remove the pulp. This procedure was repeated 
twice to ensure a proper bacterial rinse. The flow 
through was then transferred to 50 ml sterile 
polypropylene tubes through a 100 μm mesh nylon 
Cell strainer (Corning® Cell Strainer), centrifuged 
at 4500 rpm for 15 min, and the pellets stored at 
-20°C until further bacterial DNA extraction. For 
further clarification, an scheme of the procedure 
is shown in Supplementary Figure S1.

2.3 Bacterial DNA extraction and genetic elements 
quantification

DNA from soil, organic fertilizers, and from 
pellets from vegetal matrices (250 mg each), 
was extracted using the DNeasy PowerSoil Kit 
(Qiagen Laboratories, Inc.), to a final elution 
volume of 100 μl. The concentration and the 
quality of the DNA were tested using a NanoDrop 
Spectrophotometer 8000 (Thermofisher Scientific, 
Inc). Extracted DNA samples were stored at 
−20 °C. 

Absolute abundance values (copies/g of 
sample) were calculated for 16S rDNA, intI1 
and the following ARGs: sul1 (Encodes for 
the enzyme dihydropteroate synthetase, that 
confers resistance to sulfonamide), qnrS1 (a 
protein from the Pentapeptide Repeat Protein 
(PRP) family, which contains a tandem of five 
amino acid repeats, that inhibits the effect of 
quinolones), tetM (a ribosomal protection protein, 
which confers tetracycline resistance by binding 
to the ribosome and chasing the drug from its 
binding site),  mecA (penicillin-binding protein 2A 
(PBP2a), which enables transpeptidase activity in 
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the presence of β-lactams, preventing them from 
inhibiting cell wall synthesis), blaTEM, blaCTX-M-32, 
blaOXA-58, (β-lactamases conferring resistance to 
beta-lactamic antibiotics such as cephalosporins, 
monobactams, and carbapenems). The seven 
selected ARGs confer bacterial resistance 
against five types of antibiotics widely used both 
in clinical and veterinary practices. They often 
associate to mobile genetic elements and they 
are considered highly relevant in environmental 
settings (Berendonk et al., 2015). They have 
been intensively studied in our laboratory for 
the past four years as robust indicators of the 
presence of antibiotic resistance genes in the 
samples (Cerqueira et al., 2019c, 2019b, 2019a). 
Quantification was performed by real time PCR 
reactions in a LightCycler 480 II (A F. Hoffmann–
La Roche AG, Inc), using the primer sequences 
listed in Supplementary Table S3. Reactions were 
conducted in 20 μl volumes on 96-well plates, using 
primer concentrations of 200 nM for blaTEM and of 
300 nM for the rest of genes. Dynamo ColorFlash 
SYBR Green (Thermo Scientific, Inc.) was used for 
mecA, tetM and blaOXA-58 qPCR quantifications; all 
the other genes were quantified with LightCycler 
480 SYBR Green I Master (A F. Hoffmann–La Roche 
AG, Inc). Amplification protocol was adapted 
following manufacturers guidelines and different 
annealing temperatures were used as indicated in 
Supplementary Table S3. All samples were run as 
technical duplicates along with the standard curve 
to reduce variability between assays. Plasmids 
used for the quantification curves were pNORM1 
conjugative plasmid (Gat et al., 2017) for intI1, sul1, 
qnrS1, tetM, blaTEM, blaCTX-M-32, blaOXA-58 and individual 
pUC19 plasmids for mecA, tetM and blaOXA-58 (Laht 
et al., 2014; Szczepanowski et al., 2009; Tamminen 
et al., 2011). Quantification limits (LOQ) were 
established as the minimum amount of plasmid 
that could be detected without interference from 
the negative control, the corresponding values are 
reported in Supplementary Table S3. The quality 
criteria within the standard curve was a R2> 0.99, 

and a slope between −3.1 and −3.4. The accepted 
efficiency of the reactions ranged from 97% to 
100%. Melting curves were obtained to confirm 
amplification specificity. 

Copy numbers per gene were calculated by 
extrapolation from the standard curves, and 
expressed in relation to the processed grams of 
fresh weight. Prevalence values, understood as 
the fraction of the bacterial population harbouring 
a given genetic element, was estimated as copies 
of the genetic element per million 16S rDNA copies 
(Supplementary Figure S2 for absolute values). 
Statistical analysis and plots were performed in 
the R environment (version 3.6.1; http://www.
rproject.org/). Normality and homogeneity of 
the variances were checked using the Shapiro-
Wilk and Levene tests, respectively. Since data 
followed a normal distribution, an Analysis of 
Variance (ANOVA) followed by Tukey’s B post-hoc 
correction for multiple tests was performed with 
the multcomp R package (Hothorn et al., 2016). 
Significance levels were set at p ≤ 0.05.

2. 4 Microbial population analysis by 16S  rDNA 
sequencing

Bacterial communities present in the samples were 
examined by 16S sequencing analysis. Fertilizers 
and soil samples from all treatments were sent 
to Novogene Europe (Cambridge, UK). 16S rRNA 
genes of distinct regions (16SV4/16SV3/16SV3-
V4/16SV4-V5) were amplified using specific 
primers barcoding for amplicon generation. All 
PCR reactions were carried out with Phusion® 
High-Fidelity PCR Master Mix (New England 
Biolabs). Quality-checked PCR products were 
mixed at equal density ratios and purified by 
Qiagen Gel Extraction Kit (Qiagen, Germany). 
Sequencing libraries were generated using 
NEBNext Ultra DNA Library Pre ®Kit for Illumina, 
following manufacturer’s recommendations, and 
index codes were added. Sequencing was carried 
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out on an Illumina platform and 400 bp paired-end 
reads were generated (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE179685). Total 
reads per sample and other DNA sequencing 
quality parameters appear in Supplementary 
Table S4.

Clean Sequences were analysed and associated 
to 201,182  ASVs (Amplicon Sequence Variants) 
using the DADA2 R package (Callahan et al., 
2016). The SILVA database v128, formatted for 
DADA2, was used to provide taxonomic annotation 
(Quast et al., 2013). The number of taxa identified 
and the percentage of taxon coverage (fraction 
of ASVs annotated to each particular taxonomic 
level) are shown in Supplementary Table S5.  
β-diversity analysis were performed with QIIME 
(Version 1.7.0). The significance of difference 
amongst the structure of microbial communities 
was analysed by a non-metric multi-dimensional 
scaling (NMDS) with the Bray–Curtis dissimilarity 
index (Bray and Curtis, 1957), using the vegan 
R package. Contributions of fertilizers to soil 
microbiomes were characterized using the FEAST 
(fast expectation-maximization for microbial 
source tracking) R package (Shenhav et al., 
2019). Correlations between bacteria composition 
and AB resistance were tested by Spearman’s 
correlations between ASV counts and ARGs and 
intl1 abundance. The false positive discovery rate 
(FDR) correction was set at p<0.05 (Benjamini 
and Hochberg, 1995), using the psych R package 
(Revelle, 2013). 

2.5 Antibiotic determination in organic fertilizers

Antibiotic determination in the organic fertilizers 
used in both campaigns was performed as 
previously described (Berendsen et al., 2015; 
Sanz et al., 2021), using 500 mg of sample 
extracted by ultrasound assisted sonication 
(35 kHz)  in McIlvain-EDTA buffer (pH=4) and 
acetonitrile, followed by protein precipitation 

with lead acetate, centrifugation (3500 g) and 
solid-phase extraction (Strata X-RP, 200 mg / 6 
ml, Phenomenex, Torrance CA, USA) clean-up. 
Chemical species determination was performed 
by Waters Acquity Ultra-Performance Liquid 
Chromatography™ System (Milford, MA, USA) 
coupled with Waters TQ-Detector (Manchester, 
UK), as described  (Tadić et al., 2019). Only 
aggregated values for sulfonamides (sulfadiazine, 
sulfamethoxazole, sulfathiazole, sulfapyridine, 
sulfacetamide, sulfamethazine, sulfamethizole), 
tetracyclines (chlortetracycline, doxycycline, 
tetracycline, oxytetracycline) and fluoroquinolones 
(ciprofloxacin, enrofloxacin, ofloxacin) are 
presented here. Antibiotic concentrations are 
expressed in dry or fresh weigh weight basis 
and are corrected by deuterated surrogate 
standards (sulfamethoxazole-d4, enrofloxacin-d3, 
ofloxacin-d3) spiked to the initial sample. A 
detailed description of antibiotic content in these 
samples will be published elsewhere (Matamoros 
et al., submitted).

 3. Results

1. Soil microbiome changes associated to 
fertilization procedures

Ribosomal 16S rDNA sequencing analysis of  
soil and  amendment samples identified 201,031 
amplicon sequence variants (ASV), 83.6% of 
which were assigned at the level of Family and 
59.5% at the level of Genus (Supplementary Table 
S5).  Figure 2 shows ASV relative compositions of 
the different samples, averaged by sampling and 
treatment, and color-labeled at the Phylum level. 

The analysis showed a general common 
microbiome pattern for all soils, with a clear 
predominance of Proteobacteria, Actinobacteria, 
Bacteroidetes, and Gemmatimonadota, as well 

PAPER II 



CHAPTER TWO.  BIOLOGICAL RISKS ASSOCIATED TO BIOSOLIDS REUSE IN AGRICULTURE

- 84 -

as a significant contribution of Firmicutes in 
some samples. In contrast, the three types of 
organic fertilizers showed very different Phyla 
distributions, both among them and between 
them and the soil samples. A significant fraction 
of Archaea appeared in sludge and slurry 
fertilizers, whereas Firmicutes predominate in 
OFMSW compost and slurry samples. Finally, 
Proteobacteria were only predominant in the 
sludge microbiome, the structure of which was the 
most similar one to the soil microbiome (Figure 
2). Giving the disparate taxonomic composition 
between soil and fertilizer samples, subsequent 
analyses of taxonomic diversity and distribution 
were restricted to soil samples.

ASV distribution among soil samples varied by 
both sampling time and the fertilizer used in 
each plot, with a strong interaction between the 
two factors (two-way ADONIS, Supplementary 

Table S6). Sub-setting the data by both factors 
(sampling and fertilizer used) further confirmed 
the relevance of both of them (one-way ADONIS, 
Supplementary Table S6). The analysis showed 
that mineral fertilization (which in principle did not 
represent any external addition of bacteria) altered 
ASV distribution significantly in all samplings, and 
that the effect of the different treatments was 
significant both for the pre-amendment Soil 2 and 
for the post-harvest Soils 1 and 3.

ASV distribution among samples was further 
analyzed using Non-Metric Dimensional Scaling 
(NMDS). The analysis only included ASVs 
representing at least 0.1% of reads in at least one 
of the soil samples (696 ASVs in total, Figure 3). 
Most ASV grouped in the center of the NMDS plot, 
indicating their relatively uniform presence in most 
samples (Figure 3A). When the loadings of the 
different samples were plotted at the same scale 

Figure 2. Bacterial and Archaeal Taxon distribution among soil and amendment samples. Sectors correspond 
to the different Phyla identified in the samples. For sake of simplicity, assignation of the different color codes 
only includes predominant Phyla. 
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(plot B), only the initial, untreated soil samples (red 
dots), the OFMSW-fertilized samples from Soil 1 
and two groups from Soil 3 (OFMSW- and sludge-
fertilized samples) appeared separated from the 
rest, indicating their differential ASV composition. 
To facilitate further discussion, these four groups 
have been labelled in Figure 3B as S0, S1-OFMSW, 
S3-OFMSW, and S3-Sludge, respectively. Grouping 
samples from the same treatment resulted in a 
very poor separation of the groups, except for the 
initial soil samples (red dots, Figure 3C). Finally, 
grouping samples by the sampling time resulted 
in relatively separated groups, particularly for the 
initial soil and the second post-harvest sampling 
(Soil 3, Figure 3D). Taken together, these results 
indicate that the time of sampling (pre- versus post-
harvest, fertilized versus non-fertilized soils), and 
not the type of fertilizer applied, appeared as the 

main driver of the soil microbiome composition. 

3.2. Contribution of fertilizers to soil microbiomes 

Microbial source-tracking analysis by FEAST 
showed a very low (below 1%) background 
level of coincidence between soil and fertilizer 
microbiomes (Figure 4), being this figure 
particularly low for the slurry fertilizer (0.1% 
or less, Figure 4). Both sludge and OFMSW 
fertilization increased the percentage of shared 
microbiomes to 1-3% in the receiving soils in 
both campaigns (Figure 4, pink and red sectors), 
whereas soils fertilized with slurry only showed 
a modest 0.2-0.4% of microbiome overlapping 
with the fertilizer (Figure 4). These increments 

Figure 3. Analysis of ASV distribution among soil samples. A) NMDS (non-metric dimensional scaling) analysis of the distribution 
of bacterial OTUs. Only OTUs with more than 100 reads in the total sequence effort were consider in the analysis. B-D)  Site 
distribution in the NMDS analysis. Samples were color-coded by sample (B), sampling campaign (C) or type of fertilizer used 
in the amendment (D). Centroids for each group are indicated as thicker dots.
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appeared to be transient, as pre-amendment Soil 2 
values were indistinguishable from those from the 
initial soil (Figure 4).  These results are consistent 
with the beta-diversity analysis of soil samples 
in Figure 3, as all post-harvest samples shared a 
similar ASV composition, and that slurry-fertilized 
samples appeared as less differentiated from the 
initial soil than sludge- or OFMSW- fertilized ones. 
These results suggest that at least part of the 
observed differences in microbiome composition 
was indeed related to the direct contribution of 
fertilizer microbiome to the soils.  

3.3. ARG loads in organic fertilizers, edible crop 
parts, and soils 

 Organic fertilizers showed very high bacterial 
content, with 16S rDNA levels between 1010 to 1012 
copies per g of sample (blue squares in Figure 
5A). The highest bacterial load corresponded to 
the pig slurry in both campaigns, whereas the 
OFMSW compost showed the lowest bacterial 
loads, one to two orders of magnitude below the 
values found for the other two organic fertilizers 
(Figure 5A). The levels of intI1 and of the targeted 
ARGs showed a similar trend, with highest values 

for the slurry fertilizer samples and the lowest 
ones for OFMSW. The most prevalent genetic 
elements were intI1, sul1 and tetM, whereas blaTEM 
and blaOXA-48 showed high levels in some samples 
(bars in Figure 5A). The very high  tetM loads in 
the slurry fertilizer was remarkable, although it 
is consistent with previous studies of ARG loads 
in different fertilizers derived from swine slurries 
(Sanz et al., 2021). The distribution of antibiotic 
concentrations in the different fertilizer samples 
was consistent with the corresponding ARG 
profiles, with non-detectable levels in OFMSW 
compost samples and maximum tetracycline 
levels in pig slurry samples (Figure 5B). Note that 
sul1, tetM and qnrS1 confer resistance against 
sulfonamides, tetracyclines and fluoroquinolones, 
respectively. 

The initial soil showed very low levels of all 
targeted genes, as only intI1 and sul1 were found 
at levels above quantitation (Figure 5C, grey 
boxes).  Addition of organic fertilizers significantly 
increased at least some ARG loads in Soil 1 and 
Soil 3 samples relative to the initial, unamended 
soil, whereas the effect was only marginal for Soil 
2 (pre-amendment samples, Figure 5C). 

Loads of the different genes varied according 
both the type of fertilizer used and the campaign. 

Figure 4. Microbial source-tracking analysis by FEAST. Figures in the graph correspond to the percentage 
of soil microbiomes (columns) attributable to each fertilizer (rows). Color scale from green to red 
indicates lower to higher contributions, respectively. Note that the algorithm makes no assumption about 
the fertilizer used in each soil, so most of the cells show background microbiome coincidence values.  
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The pre-amendment Soil 2 showed essentially no 
effect of the type of fertilizer on ARG loads, except 
for blaCTX-M-32 (Figure 5C, lowercase letters within 
each graph).  In both post-harvest soils (Soils 1 
and 3), the lowest ARG levels corresponded to the 
chemically-fertilized samples in all cases in which 
significant differences were observed (Figure 
5C). The highest ARG loads corresponded to soils 
fertilized with slurry for Soil 1 samples, and to 
all three organic amendments for Soil 3 samples 
(Figure 5C).  Although making a direct correlation 
of these data (Figure 5C) with the ARG loads 
present in the different organic fertilizers (Figure 

5A) is not straightforward, the overall ARG profiles 
in post-harvest soils could be related to the profiles 
of the corresponding fertilizers. The highest ARG 
loads corresponded to slurry-fertilized soils in 
both campaigns, consistent with the high levels 
of antibiotic found in the slurry-based fertilizer 
(Figure 5C, orange boxes).  In the case of tetM, 
its predominance in the slurry-fertilized soils  
reflected both the  high prevalence of this ARG and 
the high levels of  tetracycline in pig slurry (Figures 
5A-C). Finally,  the only soil sample in which the 
levels of blaOXA-58 were found above quantification 
limits was the Soil 3 sample fertilized with sludge 

Figure 5. ARG distribution among soil, fertilizers and crop samples. A) Abundance of the targeted genes in 
fertilizers, expressed as copies per gram of fertilizer (logarithmic transformants). Blue squares indicate copies of 
16S rDNA per gram of fertilizer, as indicative of the total bacterial abundance, and represented at the same scale. 
; B)  Antibiotic content of the different fertilizers used in this work, expressed in ng/g (fresh weight) of aggregated 
amounts for each antibiotic family (Sulfonamides, Tetracyclines and Fluoroquinolones). “bdl”, below detection levels; C)  
Absolute loads for the different genetic elements in soil samples, expressed as copies per g of soil in logarithmic scale. 
Thick black lines, boxes and whiskers represent the median, first-to third percentiles and total distribution of samples, 
respectively. Grey, cyan, brown, orange, and magenta boxes represent the initial soil and soils fertilized with Mineral, 
Sludge, Slurry, or OFMSW-based fertilizers, respectively. Low-case letters at the top of the graph indicate statistically 
different distributions (ANOVA+Tukey’s B test). Note that ANOVA was performed for each set of soil samples independently 
(vertical blue dotted lines). “n/s” indicates no statistical difference between genetic element distributions. ; D)  Analysis of 
the distribution of the different genetic elements in lettuce (top) and radish (bottom). Color-codes and statistical analyses 
as in Figure 5A. Only genetic elements detected above LOQ in at least one of the sample groups are included in the graphs. 
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from the 2nd campaign, coinciding with the high 
levels of blaOXA-58 found in this particular fertilizer 
sample (compare Figures 5A and C). 

ARG analysis only detected intI1, sul1, and tetM in 
lettuce leaves, and only intI1 and  sul1 in radish 
edible roots (Figure 5D).  ARG loads were in 
general higher in the first sampling (corresponding 
to Soil 1 samples) than in the second one (Lettuce 
1/ Radish 1 for Soil 1, Lettuce 2/Radish 2 for Soil 3, 
Figure 5D), a trend also observed in soil samples 
for these particular genes (compare Figure 5C 
and D).  In fact, the distribution of intI1, sul1, 
and tetM among lettuce and, in a lesser extent, 
radish samples roughly reflected the ARG profiles 
of both soils and fertilizers, with highest levels 
corresponding to soils and plants fertilized with 
slurry, and the lowest levels, when significant, 
to mineral and OFMSW-fertilized ones (compare 
Figures 5A, C, and D).

3.4. Correlation between ARG loads and bacterial 
taxa distribution in soils

Correlation analysis identified 717 ASVs whose 
relative abundance strongly correlated (either 
positive or negatively) with the prevalence (copies 
relative to 16S rDNA copies) of intI1 or at least one 
of the analyzed ARGs (Pearson correlation, p≤0.01, 
fdr correction, Figure 6). Hierarchical clustering 
revealed a strong taxonomic dependence of the 
ARG distribution. Only three Phyla (Actinobacteria, 
Myxococcota and Proteobacteria), plus a single 
Bacteroidota Family (Sphingobacteriales) 
included most of the ASV showing positive 
correlation with ARGs, whereas Acidobacteria, 
most Bacteroidota, and Gemmatimonadota 
showed an equally strong negative correlation 
with ARG prevalence (Figure 6, top color bar). In 
addition to the case of Sphingobacteriales in the 
Bacteroidota Phylum, other bacterial Families 
showed specific correlation patterns differentiated 
from the other groups from the same Phylum, as 
Pseudomonadales in the Proteobacteria Phylum 
or Corynebacteriales and Micrococcales in the 
Actinobacteria Phylum (Figure 6, labels at the 
bottom of the heatmap). Clustering analysis 

Figure 6. Correlation analysis (Pearson) between ASV abundance and genetic element prevalence (copies per 16S rDNA 
copy) among soil samples. Initial soil samples were excluded from the analysis. Only AVS with significative correlation 
with at least one genetic element are represented. Red and blue sectors correspond to positive and negative correlations, 
respectively (color scale on top). ASVs are ordered taxonomically, as indicated by the color bar at the top of the heatmap, 
which follows the same color-code as in Figure 2. Names of some relevant Phyla are indicated at the top; names of some 
bacterial families are also indicated at the bottom of the graph. Genetic elements were grouped by hierarchical clustering. 
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showed a very similar distribution for intI1 and sul1 
among the different taxonomic groups (Figure 6), 
suggesting a physical linkage between these two 
genes in a substantial fraction of bacterial cells. 
A similarly close distribution was observed for 
qnrS1, blaTEM, and blaCTX-M-32, on one side, and for 
tetM and blaOXA-58 on the other (Figure 6), although 
in these cases their potential physical linkage 
is purely hypothetical and would require further 
analyses. 

The relationship between ASV abundance and ARG 
prevalence can be better analyzed when classifying 
ASVs according their different distribution among 
samples. ANOVA analysis identified 1139 ASVs 
with differential distribution among fertilized 
soil samples, which could be classified into two 

clusters by PAM clustering: Cluster A (363 ASVs) 
and Cluster B (776 ASVs, Figure 7, left panels). 
Analysis of the distribution of the components 
of each of the two clusters revealed a strong 
dependency on both the sampling campaign 
and the fertilizer used in each case. Within each 
campaign, organically-fertilized soils showed 
higher proportion of ASVs from Cluster A than 
their chemically-fertilized counterparts, which 
were correlatively enriched in ASVs from Cluster 
B.  This effect was much stronger in both post-
harvest samples (Soil 1 and Soil 3) than in the 
pre-amendment Soil 2 samples (Figure 7). The 
three sample groups with the highest proportion 
of ASVs from Cluster A corresponded to OFMSW-
fertilized Soil 1 and Soil 3 samples and to the 
sludge-fertilized Soil 3 samples, the same samples 

Figure 7. PAM clustering analysis of ASV distribution among soil samples (initial soil samples excluded). The correlation 
maps on the left show the correlations of the different ASVs in each cluster with the different genetic elements. 
As in Figure 6, ASVs were grouped taxonomically (color bar on the top, same code as in Figure 2). Positive and negative 
correlations are indicated by red and blue sectors, as in Figure 6. Boxplots on the right indicate distribution of ASVs 
included in each cluster (normalized values) in each sample set. Boxes are colored as in Figure 5. Low-case letters at 
the top of the graph indicate statistically different distributions (ANOVA+Tukey’s B test), using the whole dataset. 
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identified as more diverse in ASV composition by 
NDMS (groups labelled as S0, S1-OFMSW, S3-
OFMSW, and S3-Sludge in Figure 3). 

Correlation analyses revealed that ASVs 
from Cluster A showed, in general, a positive 
correlation with prevalence values for different 
ARGs (red sectors in the left panels in Figure 
7), whereas most (but not all) ASVs in Cluster 
B showed a negative correlation (blue sectors 
in the left panels in Figure 7). The color bars at 
the top of each heatmap indicate the different 
taxa composition of the two clusters: Cluster 
A was mainly integrated by Actinobacteroidota 
and Proteobacteria, with minor contributions of 
Firmicutes and Mixococcota, whereas Cluster 
B showed a much more complex mixture, 
including Acidobacteroidota, Actinobacteroidota, 
Bacteroidota, Gemmatimonadota, and different 
Alpha and Gamma Proteobacteria (Figure 7). We 
conclude that Cluster A included ASVs whose 
relative abundance in soil depended on the 
contribution of the fertilizer’s microbiome, and 
that this contribution implicated higher ARG loads. 
Following the same reasoning, Cluster B included 
ASVs present in the soil and with a generally low 
prevalence of the studied ARGs.

4. Discussion

Urban solid waste, sewage sludge, and animal 
manure are among the most commonly used 
sources of organic amendments in agriculture (Urra 
et al., 2019). Our comparison between these three 
sources indicated that the nature of the fertilizer 
used in each was less important than the process 
itself, with the result that the final microbiome 
composition was very similar irrespectively of 
using mineral, anaerobically digested WWTP 
sludge, untreated slurry, or composted OFMSW. 
The results also suggest a relatively stability in the 

soil microbiome composition, irrespectively from 
seasonal variations (the whole experiment covered 
about a year) and from singular weather events, like 
stormy events or high temperature periods.  This 
notwithstanding, the use of the highly sensitive 
ASV sequence identification allowed us to identify 
a small, but significant contribution of fertilizer 
microbiomes to the receiving soils, indicating a 
moderate persistence of fertilizer microbiome in 
soil conditions for relatively long periods of time 
(months, at least.)

Our data shows that ARG loads were generally 
higher in amended soils than in the initial sample, 
and that both ARG total loads and ARG profiles 
depended on the fertilized used and on the time of 
sampling. Pre-amended soil samples, either from 
the initial soil or from those taken immediately 
before starting the second agricultural cycle, 
showed relatively low ARG loads, and, in the 
case of Soil 2, essentially no influence from the 
type of fertilizer used in the previous campaign. 
Therefore, we concluded that, whereas soil 
microbiomes stayed relatively stable all through 
the year-round survey in amended soils, ARG 
loads in soils appeared as unstable and transient. 
ARG loads seemed to depend on a combination 
of the persistence of the fertilizer effect and the 
input of ARG-harboring bacteria from the different 
amendments. Soils amended with mineral 
fertilizer showed higher ARG loads than the 
original soil in some cases, probably indicating 
proliferation of ARG-harboring soil bacteria as a 
consequence of the process of amending itself, as 
previously reported  (Nõlvak et al., 2016; Sun et al., 
2019). However, this effect can probably explain 
only a minor fraction of the total increase in ARG 
loads, as their profiles varied according the type 
of amendment and the harvest cycle. In almost 
all cases, soils amended with inorganic fertilizer 
(and therefore, with no ARG added in the process) 
showed the minimal ARG loads within a given 
sampling campaign. 

ARG loads in soils appeared linked to the relative 
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abundance of a small group of bacterial taxa, 
particularly Actinobacteriota, and Delta- and 
Gamma-Proteobacteria. These groups were also 
linked to higher ARG loads in fertilizers based on 
swine slurries and on their digestates (Sanz et al., 
2021).  In addition, different Gammaproteobacteria 
families (Xanthomonadales, Pseudomonadales, 
Enterobacteriales) appeared linked to a high 
ARG prevalence in commercial agricultural soils, 
plants, and fruits (Cerqueira et al., 2019c; Fogler 
et al., 2019). As most of these bacterial groups 
have representatives in both swine and human 
gut, as well as in soil microbiomes, they may 
represent significant vectors for the spread of 
antibiotic resistance from animal farms to human 
populations via fresh food products

ARG loads in crops were relatively low in all cases, 
particularly in radish samples, although both 
intI1 and sul1 in lettuces and radish, and tetM in 
lettuces showed significantly high loads when pig 
slurry was used as fertilizer, particularly in the first 
harvest. The differences in ARG profiles between 
the two species may be related to the particular 
ARGs we are analyzing in this work, which were 
chosen according their clinical relevance and 
the availability of robust analytical protocols to 
quantify the corresponding antibiotic families 
in the fertilizers.  Previously published shot-gun 
analyses of resistomes from these two species 
revealed similar relative ARG loads, but showing 
different  profiles (Fogler et al., 2019). However, 
the technique used for this particular study did not 
allow a precise absolute quantitation of ARG loads 
(sequences per gram of tissue) in the samples. 
In general terms, we observed a consistent 
pattern in ARG loads in the three compartments 
analyzed (fertilizers, soils and crops), in which 
intI1, sul1, and tetM reached their maximum 
loads in slurry or slurry-fertilized samples, and 
particularly in the first campaign. This suggests 
that pig slurry-based amendments have a strong 
potential for influencing ARG loads of soils and 
crops, consistently with previous data on manure 

fertilization (Sanz et al., 2021; Wan Ying Xie et al., 
2018; X. Zhou et al., 2019), and despite the limited 
capacity of colonization of soils shown by the 
slurry microbiome. Our data is also consistent with 
previous results that ARG in soils can translocate 
to edible plant parts, and that lettuces are 
particularly prone to present comparatively high 
levels of both ARGs,  antibiotics, and antibiotic 
transformation products (Cerqueira et al., 2019c; 
Christou et al., 2018; Domínguez et al., 2014; Gao 
et al., 2020; Margenat et al., 2017; Tadić et al., 
2020). 

There are many indications that soil resistomes 
are the main driving factors of ARG loads in food 
products, and that their composition may be 
affected by agricultural practices, particularly by 
the application of organic fertilizers (Cerqueira 
et al., 2019c; Muurinen et al., 2017; Piña et al., 
2020). The results presented here are consistent 
with this interpretation, despite the relative minor 
fraction of fertilizer’ ASVs found in the receiving 
soils’ microbiomes.  Furthermore, soil and food 
ARG loads appeared to be highly dependent 
on the fertilizer used in each case and on its 
ARG loads.  Fertilizer’s ASV contribution to soil 
microbiomes and ARG levels in soils showed 
strong and comparable temporal variations, 
suggesting a link between the two parameters. 
We propose that fertilizers, rather than the 
original soil microbiomes, were the main source 
of clinically-relevant ARGs found in foods.  This 
implicates that a strict control on the ARG loads 
in the initial waste used to produce the fertilizer 
will be essential for the minimization of the risk 
of their spreading to soils and crops (Muurinen et 
al., 2017). We hope our results will be useful for 
developing more efficient and safer agricultural 
management frameworks to regulate the type, 
dose, and timing of application of the different 
organic fertilizers, and as a support for a general 
implementation of protocols limiting the use 
of antibiotics in pharmaceutical and veterinary 
practices (Muurinen et al., 2017; Sneeringer and 
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Clancy, 2020). 
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Abstract

The potential spreading of antibiotic resistance 
genes (ARG) into agricultural fields and crops 
represent a fundamental limitation on the use of 
organic fertilization in food production systems. 
We present here a study of the effect of spreading 
four types of organic soil amendments (raw pig 
slurry, liquid and solid fractions, and a digested 
derivative) on demonstrative plots in two 
consecutive productive cycles of corn harvest 
(Zea mays), using a mineral fertilizer as a control, 
following the application of organic amendments 
at 32-62 T per ha (150 kg total N/ha) and allowing 
5 to 8 months between fertilization and harvest. 
A combination of qPCR and high-throughput 
16S rDNA sequencing methods showed a small, 
but significant impact of the fertilizers in both 
ARG loads and microbiomes in soil samples, 
particularly after the second harvesting cycle. The 
slurry solid fraction showed the largest impact 
on both ARG loads and microbiome variation, 
whereas its digestion derivatives showed a much 
smaller impact. Soil samples with the highest 
ARG loads also presented increased levels of 
tetracyclines, indicating a potential dual hazard by 
ARG and antibiotic residues linked to some organic 
amendments. Unlike soils, no accumulation of 
ARG or antibiotics was observed in corn leaves 
(used as fodder) or grains, and no grain sample 
reached detection limits for neither parameter. 
These results support the use of organic soil 
amendments in corn crops, while proposing the 
reduction of the loads of ARGs and antibiotics 
from the fertilizers to greatly reduce their potential 
risk.
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1. Introduction

The use of livestock manure as agricultural 
organic soil amendment has been proposed 
as a circular economy strategy. In this way, a 
potentially polluting waste is used to increase 
both plant growth and productivity. This strategy 
should allow a better management of the finite 
available resources for soil fertilization and 
food production. Manure from farms and sludge 
from wastewater treatment plants are amongst 
the most abundant types of organic wastes that 
are generated annually, making them the usual 
candidates for organic fertilization (Bosch-Serra 
et al., 2020; Terrero et al., 2018). 

Organic fertilizers provide plenty of benefits for 
soils and plant production, since they constitute 
relevant sources of macro- and micronutrients, 
enhance soil carbon levels, increase soil microbial 
activity, improve soil permeability and water-
holding capacity, and reduce erosion (Goss 
et al., 2013). However, they may also contain 
components that can be harmful for animal, plant, 
and human health (Chen et al., 2018; Zhou et al., 
2019). The presence of pathogens represents 
an obvious threat, but other pollutants, like 
pharmaceuticals, hormones, and antibiotics (ABs) 
may also represent a potential risk (Margenat et 
al., 2019; Tadić et al., 2021; Urra et al., 2019). In 
addition, the presence of antibiotic (AB) and other 
biocidal residues may promote the proliferation 
of bacterial strains resistant to multiple 
antimicrobial and antibiotic drugs (Bengtsson-
Palme et al., 2016). Antibiotic Resistance (AR) 
is a natural phenomenon, but the application of 
organic fertilizers may step up its dissemination 
and evolution in the soil (Kuppusamy et al., 
2018). Therefore, the potential transmission of 
AR from amended soils to crops and, ultimately, 
to consumers is a matter of major concern 
(Berendonk et al., 2015; Chen et al., 2016; Koch 
et al., 2017). Antibiotic Resistance Genes (ARGs) 
may spread from the organic fertilizer to the soil-

plant continuum via endophytes or by adhering 
to plant surfaces or soil particles, although 
comparatively few studies have deepened in this 
topic (Cerqueira et al., 2019a; Marano et al., 2019). 
Considering those facts, and under the actual 
climate change scenario, there is an urgent need 
to consider organic sources of nutrients as key 
factors to a sustainable food production chain. 
The main question remains in finding the right 
balance between the benefits in support of the 
plant growth and the potential threats and risks 
(Goss et al., 2013).  

The present study aims to assess the impact 
of using different organic fertilizers from pig 
slurry (raw slurry, digestate slurry, and liquid 
and solid slurry fractions) in commercially 
operative corn plots (Zea mays), during two 
consecutive harvesting cycles, and using mineral 
fertilizer as control. Among them, veterinary 
ABs (tetracyclines, lincosamides, sulfonamides, 
fluoroquinolones), ARGs of clinical and/or 
veterinarian relevance (sul1, tetM, qnrS1, mecA, 
blaTEM, blaCTX-M-32, blaOXA-58,), as well as the integron 
gene intI1 (a marker of potential horizontal gene 
transfer activity) (Marano et al., 2019; Zheng et 
al., 2020), were analyzed by quantitative real-time 
PCR methods (qPCR) in fertilizer, soil, corn leaves 
and grain samples. The microbial population 
of each sample was also studied using high 
throughput 16S rDNA sequencing techniques 
at the ASV (Amplicon Sequence Variant), sub-
species level. By integrating both sets of data, we 
intend to provide a global picture of the effect of 
these particular type of organic fertilizers in soil 
microbiomes and ARG loads from both agricultural 
soils and edible plant parts.

2. Methods

2.1 Site description and Experimental setting
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The study was carried out along two harvest 
cycles, April 2019 – December 2019 and April 
2020 – December 2020. The experimental plot 
covered a total of 1.8 ha and it was located at 
Castelló de Farfanya (Catalunya, Spain, Figure 1). 
This commercially operative corn plot included 
three subplots, subdivided in sections as shown 
in Figure 1B. Initial soil composition for each 
plot is shown in Supplementary Table ST1. The 
different sections of the plot were amended with 
either mineral fertilizers or with one of these four 
organic amendments: raw slurry from a fatting 
piglet farm at Castelló de Farfanya, a digested 
slurry derivative, based on anaerobic digestion 
and mixed with poultry manure) from another 
farm at Castelló de Farfanya, and liquid and solid 
fractions from a pregnant sow farm located at 
Soses (Catalonia, Spain), separated by sifting 
followed by screw pressing. The total amount of 

N per ha was set at 300 kg  in all cases (150 kg 
from raw slurry, digested slurry, liquid fraction 
or solid fraction + 150 kg of mineral fertilizer, or 
300kg of mineral fertilizer for controls). Digested, 
raw slurry and liquid fraction were applied using 
a tanker truck with a hose distributor, while solid 
fraction was applied using a spreader trailer; the 
mineral control was added manually. Irrigation 
was performed by sprinklers from water withdrawn 
from a non-polluted canal. The composition of 
soil amendments for sampling campaigns 2019 
and 2020 is reported in Supplementary Table 
ST2. Weather conditions, schedule of fertilization, 
harvest and sampling and experimental setup 
along the two cycles are shown in Figure 1. The 
liquid fraction could not be applied at the second 
cycle due to COVID-19 restrictions.

Figure 1. A) Average temperatures, daily accumulated precipitation, organic fertilizers application, harvest and sampling 
dates along the experimental period., B) Experimental plots location and setup.
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2.2 Sampling and processing of organic fertilizers, 
soils, and vegetables

In each production cycle, organic fertilizers were 
sampled prior to their application. One month 
before harvest, one composite leave`s sample 
was taken from each experimental plot by cutting 
leaves from different heights of the corn plants 
and from random individuals, creating a composite 
sample from which five subsamples were taken. 
At harvest, all corn per plot was harvested using 
a combine harvester, forming a composite sample 
(five subsamples for the study). At the same time, 
30 cm soil samples were taken randomly along 
the treatment plot with a core sampler and mixed. 
Samples were refrigerated (4ºC) and transported 
in Ziploc bags to the processing lab and treated 
as biological replicates. About 90g of leaves/
corn per biological replicate were processed in a 
grinder (Retsch GRINDOMIX GM200). The crushed 
material was transferred to a beaker along with 
50 ml of sterile PBS, mixed thoroughly with a 
hand blender, and then filtered through a gauze 
to remove the pulp. This procedure was repeated 
twice to ensure a proper bacterial rinse. The flow 
through was then transferred to 50 ml sterile 
polypropylene tubes through a 100 μm mesh nylon 
Cell strainer (Corning® Cell Strainer), centrifuged 
at 4500 rpm for 15 min, and the pellets stored at 
-20°C until further bacterial DNA extraction.

2.3 Bacterial DNA extraction and genetic elements’ 
quantitation

DNA from soil, organic fertilizers, and vegetal 
matrices (250 mg each) was extracted using 
the DNeasy PowerSoil Kit (Qiagen Laboratories, 
Inc.), to a final elution volume of 100 μl. The 
concentration and the quality of the DNA were 
tested using a NanoDrop Spectrophotometer 8000 
(Thermofisher Scientific, Inc). Extracted DNA 
samples were stored at −20 °C. A total amount of 

143 samples were extracted (n=12 for fertilisers 
of the first cycle, n= 35 for corn leaves of the first 
cycle, n=15 and n=12 for corn grains of the first 
and second cycle respectively, and n =45 and n=24 
for soil of the first and second cycle respectively).

Absolute quantification was performed for 16S 
rDNA, intI1 and for the following set of ARGs:  sul1 
(dihydropteroate synthetase, conferring resistance 
to sulphonamide), qnrS1 (a Pentapeptide Repeat 
Protein family member that inhibits the effect of 
quinolones), tetM (a ribosomal protection protein, 
which confers tetracycline resistance by binding 
to the ribosome and preventing drug interaction 
with its binding site),  mecA (penicillin-binding 
protein 2A that enables transpeptidase activity 
in the presence of beta-lactams, preventing 
them from inhibiting cell wall synthesis), and 
blaTEM, blaCTX-M-32, and blaOXA-58, three β-lactamases 
conferring resistance to beta-lactamic antibiotics 
such as cephalosporins, monobactams, and 
carbapenems. The relevance of the chosen 
analysed ARGs, lies in the fact that they confer 
bacterial resistance to five types of antibiotics 
widely used in veterinary practices across Europe 
(EMA, 2021). It was also taken into consideration 
that tet and sul are generally the most abundant 
ARGs quantified in organic wastes specially in pig 
waste (He et al., 2020).

Primer sequences are listed in Supplementary 
Table ST3. A fixed dilution of 10 ng/µl of total 
DNA preparations was used for ARG quantification 
by real time qPCR in a LightCycler 480 II (A F. 
Hoffmann–La Roche AG, Inc), in 20 μL reaction 
volumes on 96-well plates. Optimal primer 
concentrations were 200 nM for blaTEM and 300 nM 
for the rest of the genes. All samples were run as 
technical duplicates along with the quantification 
curve to reduce variability between assays. 
Plasmids used for the quantification curves were 
pNORM1 conjugative plasmid (Gat et al., 2017) 
for intI1, sul1, qnrS1, tetM, blaTEM, blaCTX-M-32, blaOXA-58 

and individual pUC19 plasmids for mecA, tetM 
and blaOXA-58 (Laht et al., 2014; Szczepanowski et 
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al., 2009; Tamminen et al., 2011). Quantification 
limits (LOQ) were established as the minimum 
amount of plasmid that could be detected without 
interference from the negative control. LOQ values 
are reported in Supplementary Table ST3. The 
quality criteria within the standard curve was a 
R2> 0.99, and a slope between −3.1 and −3.4. 
The accepted efficiency of the reactions ranged 
from 97% to 100%. Melting curves were obtained 
to confirm amplification specificity. Dynamo 
ColorFlash SYBR Green (Thermo Scientific, Inc.) 
was used for mecA, tetM and blaOXA-58 qPCR 
quantifications; all the other genes were quantified 
with LightCycler 480 SYBR Green I Master (A 
F. Hoffmann–La Roche AG, Inc). Amplification 
protocol was adapted following manufacturers 
guidelines and different annealing temperatures 
were used as indicated in Supplementary Table 
ST3.

Copy numbers per gene were calculated by 
extrapolation from the standard curves, and 
expressed in relation to the processed grams of 
fresh weight. Prevalence values, understood as the 
fraction of the bacterial population harbouring a 
given genetic element, was estimated as copies of 
the genetic element per million 16S rDNA copies. 
Statistical analysis and plots were performed in 
the R environment (version 3.6.1; http://www.
rproject.org/). Normality and homogeneity of the 
variances were checked using the Shapiro-Wilk 
and Levene tests, respectively. Since it was able 
to assume a normal distribution, an Analysis of 
Variance (ANOVA) followed by Tukey’s B post-hoc 
correction for multiple tests was performed with 
the multcomp R package (Hothorn et al., 2016). 
Significance levels were set at p ≤ 0.05.

2.4 Microbial population analysis by 16 rDNA 
sequencing 

Bacterial communities present in fertilisers, corn, 
corn leaves and soil samples were analyzed by 

16S sequencing analysis. Aliquots of each of 
the 72 extracted samples were sent to Novogene 
Europe (Cambridge, UK). Note that corn and corn 
leaves (slurry and mineral) samples were analysed 
as single pools for each condition. 16S rRNA 
genes of distinct regions (16SV4/16SV3/16SV3-
V4/16SV4-V5, Arc V4) were amplified using the 
specific primers 515F and 806R (Caporaso et al., 
2011). All PCR reactions were carried out with 
Phusion® High-Fidelity PCR Master Mix (New 
England Biolabs). Quality-checked PCR products 
were mixed at equal density ratios and purified 
by Qiagen Gel Extraction Kit (Qiagen, Germany). 
Sequencing libraries were generated using 
NEBNext Ultra DNA Library Pre ®Kit for Illumina, 
following manufacturer’s recommendations, and 
index codes were added. Sequencing was carried 
out on an Illumina platform and 250 bp paired-end 
reads were generated. Quality control parameters 
appear in Supplementary Table ST4.

Clean Sequences were analysed and associated 
to 201,182  ASVs (Amplicon Sequence Variants) 
using the R package DADA2 (Callahan et al., 
2016). The SILVA database v128, formatted for 
DADA2, was used to provide taxonomic annotation 
(Quast et al., 2013). The number of taxa identified 
and the percentage of taxon coverage (fraction 
of ASVs annotated to each particular taxonomic 
level) are shown in Supplementary Table ST5. 
Analyses for α-diversity and β-diversity analysis 
were performed with QIIME (Version 1.7.0). The 
significance of difference amongst the structure 
of microbial communities was analysed by a non-
metric multi-dimensional scaling (NMDS) with the 
Bray–Curtis dissimilarity index (Bray and Curtis, 
1957), using the vegan R package. Contributions of 
fertilizers to soil microbiomes were characterized 
using the FEAST (fast expectation-maximization 
for microbial source tracking) R package (Shenhav 
et al., 2019). Correlations between bacteria 
composition and AB resistance were tested by 
Spearman’s correlations between ASV counts and 
genetic element abundances (ARGs and intl1). The 

PAPER III 



CHAPTER TWO. BIOLOGICAL RISKS ASSOCIATED TO BIOSOLIDS REUSE IN AGRICULTURE

- 102 -

false positive discovery rate (FDR) correction was 
set at p<0.05 (Benjamini and Hochberg, 1995), 
using the psych R package (Revelle, 2013). 

2.5 Antibiotic determination in fertilizers, soil and 
corn

Following the European Surveillance of Veterinary 
Antimicrobial Consumption analyses (EMA, 
2021) and the veterinary information disclosed 
by the supplier farms, tetracycline, doxycycline, 
oxytetracycline and lincomycin were analysed in 
fertilizers, soil and corn grains from both harvest 
cycles. Detection and quantification limits, and 
absolute recoveries appear in Supplementary 
Table ST6. In the case of fertilizers, the analytical 
procedure for their determination was based on 
previously published method (Berendsen et al., 
2015). Briefly, 500 mg of sample was subjected 
to ultrasound assisted extraction (UAE) with 
McIlvain-EDTA buffer (pH=4) and acetonitrile 
followed by protein precipitation, centrifugation 
(10min at 3500 g), solid-phase extraction 
(Strata X-RP, 200 mg/6 ml, Phenomenex, 
Torrance CA, USA) clean-up and  determination 
by Waters Acquity Ultra-Performance Liquid 
Chromatography™ System (Milford, MA, USA). 
This system was coupled with Waters TQ-Detector 
(Manchester, UK) in the multiple reaction mode 
(MRM) with two transitions per compound,using a 
core-shell Kinetex® C18 column (5 cm × 2.1 mm, 
2.6 μm particle size) (Phenomenex, Torrance CA, 
USA). Chromatographic and mass spectrometry 
conditions were slightly modified from the method 
described elsewhere (Tadić et al., 2019).  Soil 
samples were lyophilized, sieved through a 2 mm 
and 0.5 g of sample was subjected to UAE with 
McIlvaine buffer pH = 4.0 / EDTA 0.1M (50/50, 
v/v). The obtained extracts were centrifuged for 15 
min at 4000 rpm for two cycles. The supernatants 
were combined and diluted to 100 ml with H2O. 
Preconditioned SPE-cartridges (Strata X-RP, 200 

mg/6 ml) were used for clean-up and the ABs were 
eluted with 4 ml methanol/ethyl acetate (50/50, 
v/v) evaporated to dryness, and reconstituted 
with 0.5 ml of the initial conditions of the mobile 
phase. The final determination was performed by 
the same instrument described above but using 
core-shell Ascentis® Express RP-Amide column 
(10 cm × 2.1 mm, 2.7 μm particle size) (Supelco, 
Bellefonte, PA, USA). Finally, corn grain samples 
were homogenized by freeze-mill using liquid N2 
and 1 g of the sample was subjected to UAE using 
the same extraction solvent as soil samples and 
centrifuged conditions. The clean-up step was 
performed by preconditioned Strata X-RP (100 
mg/6 ml, Phenomenex, Torrance CA, USA) and the 
final determination by LC-MS/MS was performed 
as described. All antibiotic concentrations were 
expressed in fresh weight basis and were corrected 
by the specific deuterated surrogate standards.

3. Results 

3.1 Occurrence of ARG and antibiotic loads in 
organic fertilizers, soils and corn 

Organic fertilizers from both campaigns showed 
very high loads of all tested ARG, particularly of 
sul1 (and of its often-associated integron element 
intI1) and tetM, at levels exceeding the 109 copies 
per g of sample (Figure 2, top panel). Loads of 
blaTEM, qnrS1 and blaCTX-M-32 were relatively lower, but 
still significant, in all cases, ranging levels of 107, 
106 and 105 copies per g of sample, respectively 
(Figure 2). The slurry solid fraction showed the 
highest ARG loads, with levels up to 3 to 5 times 
higher for intI1, sul1, and qnrS1 than the other 
organic fertilizers. No clear pattern in ARG content 
was observed for the other organic fertilizers, as 
their relative loads vary depending on the analyzed 
genetic element (Figure 2). On the other hand, 
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residues of the Tetracycline AB family, Doxycycline 
and Oxitetracycline were only detected in the solid 
fraction, with remarkably high concentrations 
for the last two ones (11472.2 and 1217.8 ng/g 
fw respectively). Lincomycin was detected in all 
three fertilizers analyzed, finding again the highest 
concentration in the solid fraction, with a value of 
259.9 ng/g fw (Table 1).

No effect of the type of fertilizer used was 
observed in ARG loads in soils after the first 
harvest (Figure 2, middle panel), with overall 
levels representing some 0.1% of the fertilizers’ 
corresponding values. These loads increased 
slightly after the second harvest (Figure 2, bottom 
panel), with the difference that both intI1 and 
sul1 showed significant higher levels in soils 

fertilized with the solid fraction than the rest of 
soil samples (Figure 2).  In terms of ABs, treated 
soil samples showed higher levels of tetracycline 
than the mineral group and solid fraction-fertilized 
soils showed the highest loads of oxytetracycline 
with a concentration of 351.9 ng/g fw (Table 1). 
Lincomycin showed levels below detection limit 
for all soils analyzed.

Corn grain samples showed no ARG loads 
above detection limits for any sample nor 
campaign (Supplementary Table ST7). Moreover, 
concentrations of antibiotics in corn grain were 
also below detection limits (Table 1) for all 
the experimental plots evaluated.  Corn leaves 
showed ARG loads above detection limits for 
intI1, sul1, qnrS1 and blaCTX-M-32 although the 

Figure 2. ARG loads in fertilizers’ (top) and soil samples after the first (middle) and second (bottom) harvest. Low-case 
letters identify statistically different value distributions (ANOVA plus Tukey’s B analyses, only significant variations are 
shown). Panels lacking this letter code correspond to data combinations for which no significative correlation was 
found. Note the logarithmic Y-scale in all plots. The liquid fraction could not be applied at the second harvest cycle due 
to COVID-19 restrictions.
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levels were around 1% or less of those observed 
in soils (105 copies/g, Supplementary Table 
ST7). The highest average loads corresponded 
to intI1 and sul1 (Supplementary Table ST7). In 
any case, no significant effects of the fertilizer 
used was observed on the ARG loads in leaves 
(Supplementary Table ST7). Note that ABs leaves 
weren´t measured since they were deemed to be 
low due to long-term sunlight irradiation (Fiaz et 
al., 2021).

3.2 Microbiome analyses

Ribosomal 16S DNA sequence analysis of 72 
samples of fertilizers, soils, and corn grains and 
leaves identified 164,858 amplicon sequence 
variants (ASV). Once plastid sequences were 
excluded (Supplementary Table ST8), 77.8% of 
the total ASV sequences were assigned to a given 
Family taxonomic level and 52.3% of them were 
identified at the Genus level (Supplementary 
Table ST5).  Figure 3 shows the ASV relative 
composition of the different samples, averaged by 
field, treatment, and harvest, labelled at the Phyla 
level. 

Analysis of ASV distribution among the 
different samples revealed a very specific taxa 
composition for fertilizers, in which Euryarcheota 

(Archaea), Bacteroidota and Firmicutes were the 
predominant Phyla. In contrast, Proteobacteria 
was the dominant Phyla in the rest of samples, 
with variable representations of Acidobacteriota, 
Actinobacteriota, and Bacteroidota, among other 
taxa (Figure 3). Note that plastid sequences, not 
included in the figure, represented 85.38% of total 
grain sequences, but only 0.61% of leaves’, 0.46% 
of soils’ and 0.33% for fertilizer’s microbiome 
sequences (Supplementary Table ST8).

Microbial source-tracking analysis by FEAST 
(Figure 4A), revealed that fertilizers’ microbiome 
had a minor contribution to soils’ microbiome 
(0 – 1.6%). This proportion was larger for the 
solid fraction (0. 5 – 1.6%), lower for the liquid 
fraction (0.3-0.4%) and the slurry (0.3-0.6%), and 
minimal for the digested slurry (0.01-0.06%). 
Estimations of fertilizers’ contributions to corn 
grain and leaves microbiomes were similar to the 
ones observed for soils, being larger for the solid 
fraction (0.01– 2.9%), followed by a relatively high 
contribution of the slurry (0.5– 1.9%), with lower 
contributions of the liquid fraction (0-0.32%) and 
the digested slurry (0-1%). Although the presence 
of common ASV does not necessarily implicate 
cross-contamination, the results suggest that 
using solid fraction did increase the proportion 
of fertilizer’s bacteria in the receiving soils, corn 
grain and corn leaves. Given the low fraction of soil 
microbiomes that could be sourced to fertilizers, it 

Table 1. Range concentrations of antibiotics in fertiliser, corn and soil samples. Integrated values from 2019 to 2021. Values below the 
LOD are marked in italics.

PAPER III



- 105 -

Figure 3. ASV relative distribution in fertilizers, soils and corn grains and leaves. Data correspond to the means of all replicates from each 
sampling and matrix. The fertilizer used in each case (or the type of fertilizer itself) is indicated at the bottom of the figure. The year of 
harvesting, when applicable, is also indicated at the bottom. Fertilizers, grains and leaves correspond to the 2019 campaign. ASV are labelled 
according to their assigned Phylum in the SILVA database (colors and taxa listed at the bottom). For simplicity, the assignation of the different 
color codes only includes predominant Phyla.

A B

Figure 4. A) Microbial source-tracking analysis by FEAST. Figures in the graph correspond to the percentage of contribution of each “source” 
microbiome to each “sink” microbiome, following the FEAST nomenclature. Note that the algorithm makes no assumption about the fertilizer 
used in each soil, so most of the cells show background microbiome coincidence values. B) Venn diagram showing the distribution of individual 
ASVs in the different matrices. Data correspond to the 2019 campaign, and only ASV with at least 10 hits in at least one sample were considered.
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is likely that most of the bacteria present in the 
treated soils were native from the original soil and 
did not come from the treatments. We observed a 
similar dynamyc for pathogens in which the two 
most abundant pathogen species in the fertiliers 
(Streptococcus galloltycus and Corynebacterium 
diphtheriae) did not appear in any of the other 
matrixes and the highest abundance of them two  
was found for the solid fraction. Note also that 
pathogens abundance was extremely reduced 
in corn, corn leaves and soil in comparison with 
fertilizers (Supplementary Figure SF1).

The distribution of common ASVs among different 
samples was further explored in the Venn plot in 

Figure 4B (only 2019 campaign and ASVs showing 
at least 10 hits in at least one sample). Most ASVs 
were unique for each matrix and, as seen on the 
FEAST analysis, it was remarkable the relatively 
low overlap between fertilizer samples and soil, 
corn and corn leaves samples, and the relative 
high overlap between soil and leaves samples 
and soil and corn samples. Therefore, the results 
indicate that bacteria present in the plant parts, 
irrespectively their relative amount, were more 
related to the soil microbiomes than to the 
fertilizer’s. 

Non-metric dimensional scaling (NMDS) analysis 
of soil microbiomes revealed a clear distinction 

Figure 5. NDMS analysis of soil microbiomes. A)  Sample plot”, in which the different samples are placed according to their 
relative similarity in ASV (“Species”, in NMDS terminology) content. Samples from the same campaign and treatment (small dots) 
are connected by lines to the resulting centroid values (large dots) and differentiated by colors (color codes on the right). Black 
ovals encircle 2019 and 2020 samples, arrows connect centroids corresponding to similar treatments in different campaigns. 
B) “Species plot”, in which each individual ASV is placed according to their presence or absence in the different samples. For a 
better understanding, the relative position of centroids from the sample plots is also included in this plot as circles, using the 
same color code (legend on the right). Dots representing ASV are colored according their adscription to different Phyla, following 
the same color code as in Figure 4.
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between samples from both campaigns, whereas 
the type of fertilizer seemed only determinant in 
the ASV distribution for the 2020 samples (Figure 
5, group on the right of both plots). Analysis of 
the distribution of individual ASVs (“Species plot”, 
in NDMS terminology) showed that most of the 
microbiome was more or less evenly distributed 
in all soil samples (and therefore occupying 
the center of the plot). The analysis indicates 
that the repeated use of a same fertilizer in two 
consecutive agricultural campaigns increases the 
diversification of the microbiomes between the 
receiving fields, as indicated by the arrows in both 
plots (Figure 5)

Two-way PERMANOVA (Treatment x Campaign) 
revealed that both factors contributed to the 
observed variations, and a small, but significant 
interaction between them (Table 2). Parallel one-
way PERMANOVA for each individual campaign 
indicate that soil microbiome composition was 
only significantly altered in the second campaign, 
consistent with the distribution observed in NMDS 
plots (Figure 5).

3.3 Correlation between ARG loads and bacterial 
taxa distribution in soils

Correlation analysis (Pearson correlation, p ≤ 
0.01, Figure 6A) showed strong correlations 

(either positives or negatives) between the 
relative abundance of the identified ASVs and the 
prevalence (copies relative to 16S rDNA copies) 
of the genes in soils (Figure 6A). Hierarchical 
clustering revealed that, in the case of soils from the 
first harvest cycle, only two Phyla (Actinobacteria 
and Firmicutes) composed mainly by two orders 
(Micrococcales and Bacillales respectively), 
included most of the ASV showing positive 
correlation with all 5 ARGs plus intI1, meanwhile 
the orders Blastocatellales, Nitrosphaerales, 
Gemmatimonadales, Polyangiales and 
Nitrospirales, showed an equally strong 
negative correlation with all ARG prevalence and 
Cytophagales correlated negatively with intI1 and 
sul1. On the other hand, for soils from the second 
harvest cycle, four orders Micromonosporales, 
Clostridiales, Polyangiales, Steroidobacterales 
and Pseudomonadales correlated positively 
with intI1 and sul1 and Gemmatimonadales 
correlated positively with tetM, blaTEM, qnrS1 and 
blaCTX-M-32. The different taxonomical composition 
of ASVs positively or negatively correlated to 
ARG abundance can be visualized in the relative 
abundance plots in Figure 6B, which groups 
ASVs showing Pearson’s coefficients above 0.5 
(top, 204 ASVs) or below 0.5 (bottom, 141 ASVs) 
in the correlations from Figure 6A. Analysis of 
fertilizer’s microbiomes showed that the solid 
fractions presented the highest loads of ARG-
positively correlated ASVs in the solid fraction, 
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both in absolute (copies per gram of sample) and 
in relative (fraction of total ASVs), followed by the 
slurry fertilizer, whereas the liquid fraction and 
the digestate showed the lowest values (Figure 
6C). Essentially all these ASVs corresponded 
to Firmicutes groups (data not shown), and 
represented almost 4% of the total bacterial load 
of the solid fraction (Figure 6C).

4. Discussion

The use of manure from intensive farming as 
fertilizers is a strategy that solves at the same 
time the disposal of a livestock waste and the 
need of nutrients for plant growth. However, the 
potential consequences of these procedures 
for the spreading of pharmaceuticals (including 
antibiotics), antibiotic resistant bacteria, ARGs, 
and other biological hazards may limit its 

widespread use. It is known that the simple action 
of fertilizing soils induces significant changes in 
the soil microbiome (Blau et al., 2019; Hartmann et 
al., 2015; Sun et al., 2019) and deeply alters the soil 
resistomes (Blau et al., 2019; Nõlvak et al., 2016; 
Udikovic-Kolic et al., 2014; Wolters et al., 2016; 
Yang et al., 2018; Zhang et al., 2017), even when 
using mineral fertilizers. While these alterations do 
not intrinsically represent any health hazard, the 
presence of chemical and biological contaminants 
in the original slurries makes necessary to control 
their potential translocation to the final products 
and, eventually, to the consumers. 

There is abundant evidence on the migration of 
both pharmaceuticals and ARGs from fertilizers to 
soils and from soils to plants and crops (Cerqueira 
et al., 2019b; Christou et al., 2018; Rahube et al., 
2014; Tadić et al., 2021). One of the conclusions of 
these studies is that the uptake of contaminants 
from soil strongly depends on the type of crop, 
and that the final potential risk for consumers 

A
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varies depending on the part of the plant used as 
food or fodder (Cerqueira et al., 2019b; Christou 
et al., 2018). Our results with corn are wholly 
consistent with these data, as cereals and grains 
are supposed to have a moderate to low uptake 
capacity and low ARG content than leafy crops 
or vegetables (Cerqueira et al., 2019b; Christou 
et al., 2018; Domínguez et al., 2014; Margenat et 
al., 2017; Tadić et al., 2020). Indeed, the virtual 
absence of ARG and ABs in grains and their 
moderate presence in corn leaves was predictable 
when considering these antecedents. This is an 
important conclusion of our study, as it identifies 
a global staple food crop, as it is corn, as potential 
recipient for animal slurry-based fertilizers with 
only a minor added hazard of contributing to the 

spread of ARG-harboring bacteria in consumers’ 
guts. Although not specifically proven, it is likely 
that the same overall conclusion can be applied to 
other cereals and pseudo-cereal crops.

Organic fertilizers, and particularly those 
originated from animal farm slurry, present high 
levels of pharmaceuticals (including antibiotics), 
antibiotic resistant bacteria and ARGs, partially 
due to ill-controlled pharmaceutical treatments 
of animals (Sanz et al., 2021). This presence 
should be taken into consideration on the use 
of these potentially very advantageous source 
of nutrients in agriculture, and should promove 
the setting of legal requirements regarding the 
intensity and timing of their application. While our 
results support the use of organic fertilizer in corn 

C

B

Figure 6. A) Correlation analysis (Pearson) 
between ASV abundance and genetic element 
prevalence (copies per 16S rDNA copy) among soil 
samples from both harvest cycles. Only AVS with 
significative correlation with at least one genetic 
element are represented. Red and blue sectors 
correspond to positive and negative correlations, 
respectively (color scale on top). Names of some 
relevant Phyla are indicated at the top; names of 
some bacterial orders are also indicated at the 
bottom of the graphs. Genetic elements were 
grouped by hierarchical clustering. ASVs are 
ordered taxonomically, as indicated by the color 
bar at the top of the heatmaps, which follows 
the same color-code as in Figure 3. B) Relative 
distribution in fertilizers of ASVs positively- (top) 
or negatively- (bottom) correlated to soil ARG 
loads, represented as in Figure 3. C) Integrated 
absolute loads (blue bars, counts per g of sample) 
as relative abundances (orange line, % of total 
ASVs) in fertilizers of ASVs positively correlated 
to soil ARG loads. Bars represent average values, 
whiskers correspond to standard deviation (n=3 
for all fertilizers).
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fields under the current legal limitations, they also 
represent a call for caution in several aspects. In 
the first place, we observed an increase on intI1 
and sul1 levels in soils, as well as higher levels of 
tetracyclines, in samples fertilized with the slurry 
solid fraction. We also found higher contributions 
of the solid fraction´s microbiome into all samples’ 
microbiomes than the rest of fertilizers. More than 
a direct cause-relationship between AB and ARG 
levels in soils, we consider these coincidences as 
an indicator of a higher impact of this fraction in 
soils relative to digested fertilizers, liquid fraction, 
or even to the raw slurry. Our current hypothesis 
is that these levels correspond to the selective 
pressure occurring either in the pig guts or, less 
likely, in the decantation ponds, as revealed 
by the very high loads of intI1, sul1, tetM, and 
Tetracyclines we find in fertilizers derived from pig 
slurry (Sanz et al., 2021), this paper).

ARG loads in soils appeared linked mostly to the 
orders Micrococcales and Bacillales for the first 
harvest cycle, and intI1 and sul1 to the orders 
Micromonosporales, Clostridiales, Polyangiales 
and to the Gamma-Proteobacteria orders 
Steroidobacterales and Pseudomonadales for the 
second harvest cycle. Some of these groups were 
also found linked to high ARGs loads in fertilizers 
(Sanz et al., 2021) and to high ARG prevalence in 
soils, plants, and fruits (Cerqueira et al., 2019b; 
Fogler et al., 2019). The data also showed higher 
levels of intI1 and sul1 and higher diversification 
of the microbiomes for the soils of the second 
cycle relatively to the first-cycle soils, and that 
the type of fertilizer was only determinant in the 
ASV distribution for the second cycle samples. 
We conclude from these two lines of evidence that 
there was an impact of a repeated use of fertilizers 
in two consecutive harvest cycles. A similar 
temporal trend was observed in experimental 
orchards fertilized with either organic or mineral 
fertilizers,  as ARG total loads, ARG profiles and 
ASV distribution among soil samples depended 
on the time elapsed between fertilization and 

sampling (Sanz et al., 2021).

Our results suggest that, while the current 
directions on the application of swine fertilizers 
in agricultural soils are probably sufficient to 
minimize the potential risk associated the AB 
phenomenon, it is very likely that any relaxation 
on the rules of fertilizer intensity or timing of 
application may result in an increase of ARG 
levels in soils, the subsequent transmission to the 
plant and, ultimately, to leaves and grains. With 
the current data, it is difficult to identify which 
characteristics of the different fractions and 
derivatives are determinant for these effects, but 
in this case, it is clear that bacteria from the solid 
fraction reached a higher prevalence in the soil 
than those from other fertilizers. The solid fraction 
also showed the highest loads of ASVs identified 
as being positively correlated to ARG prevalence 
in soils, fact that could explain the increase on 
ARGs seen in soils treated with this fraction in the 
second cycle.  In contrast, the liquid fraction and 
the digestate showed both the lowest capacity 
of altering the soils microbiome and the lowest 
proportion of ARG-positively correlated ASVs. 
We consider that this data indicates that the 
implementation of treatments (e.g., composting 
or digestion) to the initial slurry may reduce ARG 
loads and/or the alteration of soil microbiomes 
by the fertilizer. This notwithstanding, it is clear 
that  the most straightforward measure to reduce 
the global risk associated to pharmaceuticals, 
antibiotics and ARGs should be the reduction of 
these elements by continuing to implement and 
optimise the actual animal-production practices 
on farms. (Muurinen et al., 2017; Sneeringer and 
Clancy, 2020).
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Abstract

Soil Aquifer Treatment (SAT) is a robust technology 
to increase groundwater recharge and to enhance 
reclaimed water quality. SAT is known to reduce 
Dissolved Organic Carbon, contaminants of 
emerging concern, nutrients and colloidal matter, 
including pathogen indicators, but much less is 
known about its effect on the loads of antibiotic 
resistance genes (ARGs) present in reclaimed 
waters. We tested six pilot SAT systems, five of them 
enhanced with reactive barriers, for their capacity 
to remove ARGs, pathogens, and wastewater 
bacterial groups from a wastewater treatment 
plant (WWTP) secondary effluent.  Water samples 
were taken during three recharge episodes (June 
2020, October 2020, and September 2021) with 
different SAT operations (continuous or pulsed 
recharge). Using flow cytometry, PCR, and 16S 
rRNA gene amplicon sequencing methods, we 
determined that all six SAT systems reduced 
total loads of bacteria by more than 90% and 
of clinically relevant ARG by more than 95%. 
These efficiencies are similar to those of UV/
oxidation or membrane-based tertiary treatments, 
which require much more energy and resources. 
Variations in reactive barrier composition, season, 
or flow regime did not affect significantly ARG 
removal, although they did alter significantly the 
microbial community composition, which suggests 
that further improvements can be obtained by an 
adequate design of the SAT reactive barriers. We 
observed an ecological succession of bacterial 
groups, linked to the changing physical-chemical 
conditions along the SAT, and likely correlated to 
the removal of ARGs. Overall results present SAT 
as cost-efficient technologies able to dramatically 
reduce ARG loads and other biological hazards 
from WWTP secondary effluents.
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CHAPTER THREE. BIOLOGICAL RISKS ASSOCIATED TO WASTEWATER EFFLUENTS. ROLE OF SAT TECHNOLOGIES

1. Introduction 

According to the Food and Agriculture Organization 
ofthe United Nations (FAO), the world population 
will reach 9,000 million inhabitants by 2050, 
which will lead to an increase in water demand for 
domestic, agricultural production and industrial 
purposes. This demand is often supplied by 
increasing groundwater pumping (Konikow and 
Kendy, 2005). This strategy, coupled with climate 
change, is causing groundwater levels to decrease 
globally, regionally, and locally (Aeschbach-
Hertig and Gleeson, 2012; Gurdak, 2017; Wada 
et al., 2010). Depressed groundwater levels 
favor seawater intrusion and limit groundwater 
discharge to springs, streams and wetlands, which 
lose part of their ecological services (Konikow and 
Kendy, 2005; Valhondo and Carrera, 2019; Wada et 
al., 2010). 

A strategy to revert this situation is to increase 
groundwater recharge by infiltrating reclaimed 
water through Managed Aquifer Recharge (MAR) 
technologies (Dillon, 2005; Valhondo and Carrera, 
2019; Dillon et al., 2020). Soil Aquifer Treatment 
(SAT) is a form of MAR that consists of infiltrating 
reclaimed water into the aquifer through the soil 
and the vadose zone, thus increasing groundwater 
resources while improving the quality of the 
recharged wastewater and benefiting groundwater-
dependent ecosystems. The main concern about 
SAT is that effluents from waste water treatment 
plants (WWTPs) contain variable concentrations 
of Contaminants of Emerging Concern (CECs) 
such as many biologically active compounds, 
including antibiotics (ABs), pharmaceutical and 
personal care products (PPCPs), and endocrine 
disruptors (EDs), both natural and synthetic. 
Many of these are particularly refractory to the 
conventional WWTP treatment technologies 
(Kumar et al., 2022). 

The efficiency of SAT in regenerating water 
free of CECs and pathogens can be boosted 

by the installation of reactive barriers (RBs). 
RBs include sorptive materials in order to 
increase the residence time of pollutants, thus 
facilitating their degradation. RBs also induce 
the development of a broad range of redox 
conditions (e.g., iron and manganese reducing) 
and a potential diversification of bacterial 
communities. The resulting diversity of microbial 
communities contributes to, first, facilitate 
biological degradation of compounds that are 
refractory to the comparatively more uniform 
digestions occurring at WWTPs, and, second, to 
limit or preclude growth of enteric bacteria, due 
to unfavorable environmental conditions. In fact, 
RB have been proven to contribute to the removal 
of both CECs and pathogen indicators (E. coli and 
Enterococci, Valhondo et al., 2020a, 2020b).

These redox states might be enhanced via water 
infiltration through a pulsating recharge. In this 
type of recharge, oxygen is pushed into the soil 
as the water level drops during the dry period and 
pushed out by the flowing water during the next wet 
period resulting in a much more oxidizing redox 
state when compared with a continuous recharge 
(Arad et al., 2022). This oxygen boost might also 
help reduce the high ammonium content of the 
WWTP effluent enabling higher nitrification rates.

WWTP effluents represent a substantial biological 
hazard beyond chemical pollutants. They may 
contain pathogens, parasites, viruses, antibiotic 
resistant bacteria (ARB) and antibiotic-resistance 
genes (ARGs). It is precisely the simultaneous 
presence of ABs, ARB and ARGs what makes 
WWTP effluents dangerous hotspots for antibiotic-
resistance growth and dissemination in the 
environment (Pazda et al 2019).  Antimicrobial 
resistance among human pathogens produces 
more 20,000 deaths annually in both the United 
States of America and the European Union (CDC, 
2021), which makes it a severe problem. But it is 
this wide spread what makes it a maximum global 
challenge for which no short-term solutions exist 
(WHO, 2014). Research and public efforts appear 
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to concentrate on monitoring this spread and 
seeking alternative antimicrobial pharmaceuticals 
(Larsson and Flach, 2022). We conjecture that the 
efficiency of SAT in removing organic pollutants 
and pathogens from reclaimed water may also 
contribute in reducing ARB and ARGs. But there 
are only a few studies addressing the behavior 
of ARGs in conventional SAT systems (Pei et al., 
2019; Elkayam et al., 2018), and none in the case 
of SAT enhanced with RBs.

In this context, the aim of this study was 
to assess the efficiency of SAT systems to 
regenerate WWTP effluents by lowering the ARG 
and microbial pathogen load, and to evaluate 
the role of the reactive barrier composition and 
operational parameters, such as and recharge 
regime (continuous vs pulsating) in reducing the 
biological hazard of reusing reclaimed water for 
aquifer recovery.

2. Methods

2.1 Description of the pilot SAT systems and their 
operation

Six pilot SAT systems (named T1 to T6) were built 
in a WWTP facility to study the role of reactive 
barriers in recharged water quality enhancement 
(Figure 1). The WWTPs is located in the Nord-
East Mediterranean Spanish coast and collects 
wastewater from several municipalities with 
seasonally varying population, reaching its 
maximum capacity in summer. Thus, the quality of 
its effluent may vary considerably throughout the 
year (see Supplementary Table ST1 and (Valhondo 
et al., 2020b). The plant integrates a pre-treatment, 
primary treatment, biologic secondary treatment 
(activated sludge), and secondary settlers. 

The effluent of the secondary treatment of the 
WWTP was stored in a reservoir (10 m3 with a 
residence time around 24 h, continuously re-
filled from the base with the effluent water) and 
pumped from there to the recharge areas of the 
SATs using PRIUS dosing pumps (EMEC, Rieti, 
Italy) and continuously monitored by ISOIL MS600 
electromagnetic flowmeters (ISOIL Industria, 
Milan, Italy). The pumps allowed us to allocate 
the inflow continuously or in pulses (controlled 
by a programmable digital timer). The water level 
of the outflow of the systems was controlled by 
the elevation of the discharge pipe. The discharge 

Figure 1. Graphic scheme of the six pilot SAT systems (T1 to T6) fed with WWTP effluent, and location of sampling points (A 
and C piezometers). Water reaches the recharge areas, infiltrates vertically through narrow unsaturated zones, and flows 
horizontally through the aquifer. Blue arrows indicate water flow.

PAPER IV



- 118 -

CHAPTER THREE. BIOLOGICAL RISKS ASSOCIATED TO WASTEWATER EFFLUENTS. ROLE OF SAT TECHNOLOGIES

flow rate was monitored by ETWD 110mm DN15 
volumetric water meters (ZENNER, Saarbrücken, 
Germany). All systems were fed with similar 
average inflows during the recharge episodes 
(0.37 m/d) and kept the same water level. 
Therefore, all systems exhibited similar residence 
times (Supplementary Table ST2). 

Each SAT system had a recharge area (1.5 m 
wide x 2.38 m long) characterized by vertical flow, 
connected with an aquifer (2.38 m wide x 15 m 
long x 1.5 m high) filled with sand of 0.1- 0.5 mm 
grain size, and characterized by horizontal flow 
(Figure 1). The reference system, T2, operated in 
a conventional way without reactive barrier, while 
the other five systems operated with a reactive 
barrier. In essence, all RBs consisted of a mixture 
of sand, to provide strength, organic matter 
(woodchips, vegetable compost), to promote 
the absorption of neutral organic compounds, 
and other minor components to increase the 
types of sorption sites (Valhondo et al.,2014). 
Moreover, we let plants grow in all systems, to 
increase the range of local environments visited 
by the recharged water and to delay clogging. A 
first set of reactive barriers, referred hereafter as 
“BR17”, were installed in December, 2017. The 
SAT systems started to operate in January 2018 
and went through nine recharge periods of several 
months until November 2020 when the BR17 were 
withdrawn. A second set of RBs, referred hereafter 

as “BR20”, were installed in December 2020. The 
BR20 SAT systems have operated since February 
2021. The actual composition of BR17 and BR20 is 
detailed in Table 1. A complete information on the 
reactive barriers installation has been published 
elsewhere  (Valhondo et al., 2020b). 

We used three sets of data to assess how the 
efficiency of SAT in removing ARG and microbial 
pathogen load is affected by the RBs composition 
and the recharge regime. For the RB composition, 
we examined several systems of the “BR17” 
and “BR20” (Table 1). For the recharge regime, 
we tested continuous and pulsating recharge 
(JUN20 and SEP21 continuous recharge, OCT20 
pulsating).  The composition of the water feeding 
the systems varied seasonally (slightly larger 
organic carbon and ammonium content during the 
summer) but, overall, it displayed average values 
of 44 mg/L of NH4, 2617,5 µS/cm conductivity and 
a negligible concentration of NO2- and NO3-  (see 
Supplementary Table ST1).  

2.2 Water sampling

Monitoring points were installed in each SAT 
system for water sampling along the flow path. 
Piezometers A and C, screened between 60-70 cm 
from the aquifer bottom, were located 1.5 m and 
12.5 m away from the recharge area, so recharged 

Table 1. Detailed composition of Reactive Barriers BR17 and BR20 for the six SAT systems, note that the Reference system, T2, is composed 
only of sand. Symbol % refers to the percentage in volume of each material over the 100% of reactive barrier volume (1.5 x 2.34 x 1 m3) at 
each system. The composition of the reactive barriers of the systems that sere sampled for this work are in bold.
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water could be sampled immediately after passing 
through the vadose zone (A piezometers) and at 
the end of each system (C piezometers, Figure 1). 

Three sampling campaigns took place in order 
to address the efficiency of different RBs and 
recharge operations. The first campaign took 
place in June 2020 (referred hereafter as 
JUN20 sampling) with the BR17 barriers and a 
continuous inflow. The following one was carried 
in October 2020 (OCT20), still with the BR17 
barriers, but after pulsating recharge throughout 
the preceding summer. The third campaign took 
place in September 2021 (SEP21) with the BR20 
barriers and after a continuous inflow. Recharge 
period lengths and samplings are shown in 
Supplementary Figure SF1 and the specifications 
of the recharge conditions for the three periods 
and samplings appear on Supplementary Table 
ST2.

Samples were collected from the WWTP inflow 
(referred hereafter as PRIM), from the secondary 
treatment effluent (referred hereafter as SEC), 
which was the source water for the SAT systems, 
and from monitoring points A and C (referred 
hereafter with the name of the SAT system 
followed by the name of the monitoring point, see 
Figure 1). Sampling schedules were adjusted for 
the different sampling points while taking into 
account the hydraulic residence time in the WWTP 
and along the SAT systems, so as to sample the 
same bulk water as it flowed through the whole 
system (see Supplementary Table ST3). In order 
to cover the most different reactive barriers, we 
sampled T4 and T5 for BR17 and T1, T3 and T6 
for BR20, always including the sand barrier control 
(T2).  

Samples for flow cytometry analysis were fixed 
in formaldehyde (2%) and frozen until further 
analysis. Samples for ARG quantification (5L) 
were collected in amber bottles (thoroughly 
washed, rinsed with ethanol 70% and dried at 
room temperature the day before the sampling) 

and transported to the lab in a 4ºC portable fridge. 

2.3 Flow cytometry

Formaldehyde-fixed water samples (2%, final 
concentration) were stained for 10 min in the dark 
at room temperature by SYBR Green I (1:10000 
dilution; Life Technologies, code S7563). The Total 
Cell Counts (TCC) were assessed by using the 
flow cytometer A50-Micro (Apogee Flow Systems, 
Hertfordshire, UK), equipped with a solid state 
laser set at 20 mV and tuned to an excitation wave 
length of 488 nm. Forward and side scatter, green 
fluorescence (530/30 nm), and red fluorescence 
(>610 nm) signals were acquired and plotted on log-
scales for the identification and characterization 
of cytometric events. Thresholding was set on the 
green channel and voltages were adjusted to move 
the background and instrumental noise below the 
first decade of the green fluorescence. Samples 
were run at low flow rates to keep the number of 
events below 1000 events/s. TCC were determined 
in SYBR-stained samples by the signatures of the 
prokaryotic cells in the density plots of the forward 
and side scatter vs the green fluorescence signals. 
The intensity of green fluorescence emitted by 
SYBR-positive prokaryotic cells allowed for the 
discrimination among cell groups exhibiting Low 
and High Nucleic Acid content (hereafter named 
LNA and HNA cells, respectively)  (Amalfitano et 
al., 2018).

2.4 Sample processing and DNA extraction for 16S 
rDNA amplicon sequencing and ARGs quantification

The 5L samples were stored in a 4ºC chamber 
overnight to allow coarse particle aggregates to 
sediment. The decanted liquid was centrifuged at 
3000 rpm during 15 min to form a pellet with the 
centrifuged solids in suspension. Both, the initially 
sedimented material and the pellet were stored in 
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50 ml sterile polypropylene tubes. The centrifuged 
water was filtered sequentially through 3µm and 
0.2µm filters (Isopore and Omnipore respectively, 
Merck KGaA, Darmstadt, Germany). Three size 
fractions were obtained from each sample: coarse 
fraction (Co), from the combination of sedimented 
material plus the centrifuged pellet; and fine (F) 
and ultrafine (UF) fractions, which come from 
materials retained by the 3µm and the 0.2 µm 
filters, respectively. These fractions were analyzed 
separately, although the DNA yield of some of them 
was not enough for DNA sequencing analysis. In 
total, we processed and analyzed 69 subsamples 
(Supplementary Table ST4).

Total DNA from the Co, F and UF fractions was 
extracted using the PowerSoil DNA isolation kit 
(Qiagen). The Co fraction was treated following 
manufacturer indications, while DNA isolation from 
F and UF fractions, had some minor modifications. 
Briefly, filters were cut into small pieces using a 
sterile scalpel onto a glass surface previously 
rinsed with ethanol at 70%, and those introduced 
into the bead tube using sterilized tweezers. Bead 
beating time for filter samples was increased to 
20 min. The final elution volume of all extracted 
samples was 100 μl. The concentration and the 
quality of the DNA were tested using a NanoDrop 
Spectrophotometer 8000 (Thermofisher Scientific, 
Inc) and extracted DNA samples were stored at 
−20 °C until further analysis.

2.5. Loop-Mediated Isothermal Amplification 
(LAMP)-PCR 

LAMP-PCR was used to evaluate the presence/
absence of pathogenic enterobacteria (Salmonella 
spp) and opportunistic pathogens (Legionella 
spp, Legionella pneumophila and Pseudomonas 
aeruginosa) along the sampling net. Each analysis 
was performed by using 3 µl of extracted DNA and 
the AVANTECH LAMP-PCR pathogens detection 
kits (EBT-615 Salmonella screen GLOW; EBT-629 

Legionella screen GLOW. EBT-621 Legionella 
pneumophila GLOW; EBT 626-Pseudomonas 
aeruginosa GLOW) by following literature protocols 
(Hara-Kudo et al., 2005).

2.6 Quantification of genetic elements by qPCR

Absolute quantification was performed for 16S 
rDNA (marker of absolute bacterial abundance), 
intI1 (marker of horizontal gene transfer 
(HGT)) and for the following set of ARGs:  sul1 
(dihydropteroate synthetase, conferring resistance 
to sulphonamide), qnrS1 (a Pentapeptide Repeat 
Protein family member that inhibits the effect of 
quinolones), tetM (a ribosomal protection protein, 
which confers tetracycline resistance by binding 
to the ribosome and preventing drug interaction 
with its binding site),  mecA (penicillin-binding 
protein 2A that enables transpeptidase activity 
in the presence of beta-lactams, preventing 
them from inhibiting cell wall synthesis), and 
blaTEM, blaCTX-M-32, and blaOXA-58, three β-lactamases 
conferring resistance to beta-lactamic antibiotics 
such as cephalosporins, monobactams, and 
carbapenems (Cerqueira et al., 2019) (primer 
sequences listed in Supplementary Table ST5). 
Optimal primer concentrations were 300 nM for 
all genes. qPCR reactions were carried on 96-
well plates in a final reaction volume of 20µl in a 
LightCycler 480 II (A F. Hoffmann–La Roche AG, 
Inc). Plasmids used for the quantification curves 
were pNORM1 conjugative plasmid (Gat et al., 
2017) for intI1, sul1, qnrS1, tetM, blaTEM, blaCTX-M-32, 
blaOXA-58 and individual pUC19 plasmids for mecA, 
tetM and blaOXA-58 (Laht et al., 2014; Szczepanowski 
et al., 2009; Tamminen et al., 2011). All samples 
were run as technical duplicates along with the 
quantification curve to reduce variability between 
assays. We established as quantification limit 
(LOQ) the minimum amount of plasmid that 
could be detected without interference from the 
negative control (Supplementary Table ST5). 
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The quality criteria within the standard curve was 
a R2 > 0.99, and a slope between −3.1 and −3.4, 
corresponding to an efficiency of the reaction from 
97% to 100%. The specificity of the amplification 
was assessed by analysis of the corresponding 
melting curves. Dynamo ColorFlash SYBR Green 
(Thermo Scientific, Inc.) was used for mecA, 
tetM and blaOXA-58 qPCR quantifications; all the 
other genes were quantified with LightCycler 480 
SYBR Green I Master (A F. Hoffmann–La Roche 
AG, Inc)(Cerqueira et al., 2019). Amplification 
protocol was adapted following manufacturers 
guidelines and different annealing temperatures 
were used as indicated in Supplementary Table 
ST5. Copy numbers per gene were calculated 
by extrapolation from the standard curves, and 
expressed in relation to the total filtered volume 
of each sample in ml (copies/ml). Prevalence 
values, understood as the fraction of the bacterial 
population harboring a given genetic element, 
was estimated as copies of the genetic element 
per million 16S rDNA copies. Statistical analysis 
and plots were performed in the R environment 
(version 3.6.1; http://www.rproject.org/).

2.7 Microbial community composition by 16S rRNA 
gene sequencing

The 69 extracted samples were sent to Novogene 
Europe (Cambridge, UK) for high throughput 
sequencing. Different regions of the 16S rRNA 
gene (16SV4/16SV3/16SV3-V4/16SV4-V5) were 
amplified using specific primers barcoding for 
amplicon generation. All PCR reactions were 
carried out with Phusion® High-Fidelity PCR 
Master Mix (New England Biolabs). Quality-
checked PCR products were mixed at equal density 
ratios and purified by Qiagen Gel Extraction Kit 
(Qiagen, Germany). Sequencing libraries were 
generated using NEBNext Ultra DNA Library 
Pre ®Kit for Illumina, following manufacturer’s 
recommendations, and index codes were added. 

Sequencing was carried out on an Illumina 
platform and 250 bp paired- end reads were 
generated. Total reads per sample and other DNA 
sequencing quality control parameters appear in 
Supplementary Table ST6. Note that composite 
Amplicon Sequence Variant (ASV) relative 
abundances for a given sample were calculated, 
when necessary, as the sum of frequencies of 
the corresponding subsamples (Co, F and UF), 
weighted by their relative amount of 16s rDNA. 
Clean Sequences were analysed and associated 
to 189,336 ASVs (Amplicon Sequence Variants) 
using the R package DADA2 (Callahan et al., 2016). 
The SILVA database v128, formatted for DADA2, 
was used to provide taxonomic annotation (Quast 
et al., 2013). The total count distribution appears 
in Supplementary Table ST7.  The number of 
bacterial taxa identified and the percentage of 
taxon coverage (fraction of ASVs annotated to 
each particular taxonomic level) are shown in 
Supplementary Table ST8. The significance of 
difference amongst the structure of microbial 
communities was analysed by a non-metric multi-
dimensional scaling (NMDS) with the Bray–Curtis 
dissimilarity index (Bray and Curtis, 1957), using 
the vegan R package. The functional assignment 
was carried out using the FAPROTAX Metabolic 
DataBase (Louca et al., 2016).

3. Results

3.1. Microbial load and pathogen removal

Figure 2 summarizes the total cell counts (TCC) 
in samples of SEC, A and C of JUN20, OCT20 
and SEP21 (top panel), and which of these were 
LNA or HNA cells (% of TCC, bottom panel). We 
observe how the water microbial load decreased 
consistently when WWTP effluents passed through 
the reactive barriers with no significant differences 
between either sampling periods or treatments (p 
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> 0.05). Overall, TCC was reduced by one order of 
magnitude. The percentage of LNA cells increased 
notably, passing from 59% in the effluent waters to 
82% of total cells at the exit of the aquifer.

Supplementary Table ST9 summarizes 
the presence(+)/absence(-) of pathogenic 
enterobacteria (Salmonella spp) and opportunistic 
pathogens (Legionella spp and Pseudomonas 
aeruginosa) measured in samples of SEC, A and 
C monitoring point of T2, T4, and T5 during JUN20 
and OCT20 recharge periods. LAMP-PCR showed 
that Salmonella spp. was not retrieved from any 
of the collected water samples, including SEC, 
whereas Legionella spp. was found in all samples. 
The occurrence of Pseudomonas aeruginosa was 
sporadic and lacked a clear retrieval pattern. 

3.2. ARG removal

All tested ARG were detected in all samples, 
although their prevalence was too low for an 
adequate quantification in some cases, so only 
intI1, sul1, qnrS1, blaTEM, blaCTX-M-32 and tetM were 
plotted (Figure 3). The estimated total bacterial 
loads (absolute abundance), measured as 16S 
rDNA copies per ml, exhibited a maximum in 
PRIM, a discrete decrease from PRIM to SEC 
and a drop from SEC to SAT samples in all three 
recharge periods (Figure 3, top panel). ARG 
prevalence values were maximal in the PRIM and 
SEC samples in all three sampling campaigns, and 
the comparison between their respective values 
indicated that the WWTP treatment reduced their 
loads only by a relatively minor fraction, if any 
(Figure 3, middle panel). Integron intI1 had the 

HNA

LNA

Figure 2. Flow cytometry results showing the microbial load removal by SAT systems. Top panel shows the total cell 
counts (TCC) in samples of SEC, A and C of JUN20, OCT20 and SEP21. Bottom panel shows the percentage of TCC that 
were HNA or LNA cells respectively.
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highest prevalence in PRIM and SEC samples 
for all campaigns (3 and 8% of the total bacteria 
loads, expressed as 16S rDNA counts). Their 
similar values indicates again that the reduction 
in ARG load is due to the reduction in TCCs, rather 
to a reduction in prevalence, which is increased for 
some ARGs (Figure 3, middle panel). In all three 
recharge periods, sul1 showed the highest relative 
abundance followed by tetM, qnrS1 and blaTEM, 
whereas blaCTX-M-32 loads remained relatively low in 
all cases (Figure 3, bottom panel) 

The SAT systems reduced considerably the 
total amount of bacteria (estimated as 16S 
rDNA copies and ARG loads in all aquifers in 
all campaigns (Figure 3, top panel), as well as 
the corresponding prevalence values (Figure 3, 
middle panel). Reduction ratios (Supplementary 
Figure SF2) depended on the system (nature of 
RB), recharge operation, and on the ARG. Loads 

of tetM and qnrS1 were reduced by 98 to 99.9% 
(values referred to the PRIM values) in the OCT20 
and SEPT21 recharge periods, and to 95% in the 
JUN20 period; blaTEM and blaCTX-M-32 showed a similar 
reduction, above (98 to 99.9%) in the OCT20 and 
SEPT21 periods, but only a much poorer one (75 
to 90%) in the JUN20 period; intI1 and sul1 showed 
a reversed pattern, with better removal ratios in 
the JUN20 period (97.5-99% for both) than in the 
OCT20 or SEP21 periods (90-98% and 73-98%, 
respectively,(see Supplementary Figure SF2). As 
a consequence, sul1 was the most predominant 
ARG in the outflows of the SAT systems for 
OCT20 or SEP21 periods, whereas during JUN20 
period the outflow of the SAT systems showed a 
combination of sul1, blaTEM and tetM sequences 
(Figure 3, bottom panel). We observed slight 
differences among the systems that could be 
related to the presence or the composition of 

Figure 3. Graphic representation of ARG removal in pilot SAT systems operated with and without (T2) reactive barriers and 
fed with continuous or in pulses (OCT20) flow. Top panel: Absolute abundances, in copies per ml of sample, of 16s ribosomal 
DNA (discontinuous black line, left scale) and of the sum of the tested ARGs (including intI1, blue bars, right scale) for the 
different sampling points in all three campaigns. Vertical lines separate the three sampling areas: WWTP primary (PRIM) 
and secondary (SEC) effluents, A and C piezometers. The names of the SAT systems are indicated at the top of the graph. 
Middle panel: Prevalence values, in copies per copy of 16s DNA copies, of the different ARG and intI1 tested (colors indicated 
in the inset on the right graph). Color codes on the right. Bottom panel: Relative abundance of only ARGs.
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the different reactive barriers, with T4, T5 and T6 
retrieving the highest reduction percentages at the 
C section samples for JUN20, OCT20 and SEP21 
campaigns respectively (Supplementary Figure 
SF2). 

The presence of ARG at the outflow of the SAT 
systems could, in principle, be related to either 
ARG-bearing strains from the SEC input, or to 
bacterial populations resident in the aquifer 
itself, or a combination of both. To test this, 
Supplementary Figure SF3 shows the distribution 
of ASV in the three recharge periods in SEC and 
SAT samples identified by their positive correlation 
with either blaTEM (JUN20) or sul1 loads (OCT20, 
SEP21) in A and C piezometers samples in the 
corresponding SAT system. As shown in the figure, 
only a minor fraction of these ASVs were already 
present in the SEC samples (black sectors in the 
graph indicate undetected ASVs). This might 
indicate that most of the ARG loads found in the C 
piezometers correspond to bacteria grown in the 
aquifer, whereas the ones coming from the SEC 
only represent a minor fraction, particularly for 
the blaTEM bearing bacteria from JUN20 (see also 
bottom panel in Figure 3).

3.3.  Phylogenetic profiles of the microbial 
community

Taxonomic classification showed a clear 
distinction between recharge periods, as well as 
substantial differences between PRIM and SEC 
samples and the rest (Figure 4). Proteobacteria 
and Campylobacterota predominated in PRIM and 
SEC, whereas SAT samples showed increasing 
proportion of Archaea, Patescibacteria and, for the 
SEP21 period, Desulfobacteria (Figure 4). We did 
not observe evident differences between the SAT 
systems in neither recharge period, nor between 
the different size fractions of a same sample (Co, 
F and UF, Figure 4). Non-metric multidimensional 
scaling (NMDS) analysis of ASV distribution 

among samples and recharge periods showed a 
separated ASV distribution for samples from all 
three periods, and an even stronger separation 
between PRIM and SEC samples and SAT samples 
(Figure 5), suggesting a stable composition of 
the microbiome along the WWTP process, and 
a radical change of bacterial groups in SATs. 
For JUN20 and OCT20 periods, A piezometers 
samples clustered between C piezometers and 
PRIM+SEC samples, meanwhile for SEP21, A and 
C samples appeared overlapped and separated 
from its respective PRIM+SEC samples (Figure 5). 

The changes in ASV taxonomic profiles from PRIM 
and SEC samples to SAT ones also implicated a 
shift in the metabolic capacity of these bacterial 
populations. Figure 6 shows the relative 
abundances of different metabolic categories 
(determined from the FAPROTAX Metabolic 
DataBase, note that a given ASV can, and most 
of them do, belong to more than one category). 
A shift between the metabolic profiles from the 
SEC samples to the SAT samples is clear (Figure 
6). Aerobic chemoheterotrophs, nitrate reducers 
and human pathogens were most predominant 
in SEC samples in the three recharge periods, 
whereas bacterial groups able to perform iron, 
manganese, arsenate, sulfur compound (including 
thiosulfates), and nitrogen respiration were 
predominant at the SAT samples (see Figure 7 and 
Supplementary Table ST10) which is consistent 
with the high values of Mn, Fe and As seen at zone 
C samples in all campaigns (see Supplementary 
Figure SF4). 

Data also shows similarities between the T2, T4, 
and T5 SAT systems in JUN20 and OCT20 recharge 
periods, as well as the much large diversification 
in taxonomic and functional profiles among 
the four aquifers (T1, T2, T5, and T6) in SEP21 
period (Figure 4 and Figure 6). The presence of 
taxonomically different microbial populations in 
PRIM and SEC samples compared to SAT samples 
suggests that the decrease in ARGs loads was 
linked to the removal of the corresponding 
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Figure 4. Taxonomic composition of the different samples. Relative abundances (%) of ASVs for the different samples is represented grouped at 
the Phylum level (color codes at the bottom on the right, only most abundant Phyla indicated). “Co”, “F” and “UF” correspond to the different size 
fractions obtained for each sample (see the text). Sample denomination is shown at the bottom of the graph. As in Figure 1, vertical bars separate 
samples from the WWTP from those from the SAT systems.

Figure 5. NMDS analysis. The score plot (left) shows the distribution of individual ASVs among subsamples (only ASVs with more than 1000 hits 
are included), with taxonomic (colors as in Figure 3) and relative abundance (circle size, log scale) information. The loadings plot (right) indicates 
the relative position of the samples; subfractions of a same sample are joined by lines intersecting at the medioid value. Values corresponding 
to each sample are further indicated by an oval; color codes are indicated on the right of the figure. In addition, the abbreviated codes for each 
sample is indicated.
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harboring bacteria from the total population, 
either by elimination or by their displacement by 
other bacterial groups. 

4. Discussion

The filtration process through the reactive barriers 
reduced the microbial load in water samples and 
affected the cytometric profiles regardless the 
recharge period and the presence and composition 
of reactive barrier. The removal of total microbial 
cells was in line with values reported for different 

filtration units and LNA cells were likely to dominate 
the microbial community after filtering (Amalfitano 
et al., 2018; Jenkins et al., 2011; Lautenschlager 
et al., 2014). LNA cells have been associated to 
oligotrophic environments (Hu et al., 2020), as 
their compact genomes represent a competitive 
advantage over HNA cells in conditions of nutrient 
limitation (Longnecker et al., 2005; Santos et al., 
2019; Servais et al., 2003). Therefore, we interpret 
the replacement of HNA by LNA bacterial groups 
as indicative of substitution of bacterial enteric 
groups by natural soil and groundwater-linked 
microbial populations.  

Despite the notable reduction in total microbial 
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cells, the detection of potential pathogens in 
sampled waters can represent a matter of concern, 
since their occurrence may limit the application of 
several treatment options at the full-scale level 
(Kumari, 2017). That being said, the abundance 
of waterborne opportunistic pathogens like 
Legionella spp and Pseudomonas spp in SAT, can 
be extremely variable depending on a number of 
factors, comprising the time of year, local public-
health and social-economic status and water per 
capita use (Regnery et al., 2017). 

Constructed aquifers demonstrated to be able to 
remove ARGs and microbial loads from WWTP 
effluents by 90-95% or more in almost all cases. 

This compares favorably with most of current 
tertiary-treatment methods, particularly with those 
not using membrane technology (Supplementary 
Table ST11). 

Metagenomic analyses provided insights about 
the mechanism of the removal of ARGs and 
pathogens by the system. It is clear that the 
barrier itself, that is, the first meter of the system 
in which there is either sand or a mixture of sand 
and different reactive materials, appears to  block 
many of the influent ASVs, along with the genetic 
element they carry, and allows the substitution of 
the initial microbiome, rich in gut-related bacteria 
like Bacteroidota and Campylobacterota, by other 

Figure 6. Heatmaps representing the 
sum of relative abundances of ASVs 
associated to given metabolic groups 
in the FARPROTAX database  for each 
sampling campaign (shown at the right 
of each plot). Note that a given ASV could 
belong to a more than a single metabolic 
group. Black, green, and red sectors 
indicate absence or low to high relative 
abundance values, respectively (column 
scaled). 
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groups, including Archaea, Proteobacteria and 
Patescibacteria, apparently different from those 
present in the origin. At the end, less than 95% of 
human-related ASVs found in SEC samples were 
present in the samples from zone C. 

We observed poor removal ratios for blaTEM in 
the JUN20 campaign and for sul1 in the OCT20 
and SEP21 campaigns. Our data suggest that 
these figures were associated to the growth of 
specific bacteria in the aquifer, as most groups 
whose abundance better explain the observed 
ARG loads were not found at the systems’ inflow 
(SEC) samples. Integron intI1, sul1, and blaTEM 

have been found present in many environments, 
including forest and remote soils (Cerqueira et 
al., 2019; Forsberg et al., 2014). While the origin 
of these aquifer-dwelling bacterial groups is to be 
determined yet, a suitable hypothesis being that 
they may arrived into the aquifers during the long 
period of time in which the systems had been 
operating (three years in the case of JUN20 and 
OCT20 campaigns, seven months for the SEP21 
campaign). 

The different composition of the barriers did not 
seem to have a crucial role in the removal of ARG 
or pathogens. It is clear that all RBs removed a 
substantial part of the incoming bacteria, but the 
reference system, consisting solely of sand, also 
did. That being said, best reduction ratios were 
obtained in RB enhanced SATs. Similarly, the 
effect of the recharging regime (continuous vs. 
pulsating) is presently unclear. One of the problems 
inherent of the use of such a pilot scale is that the 
influent material changes constantly, constituting 
a confounding factor that may complicate the 
global interpretation of the results. Another factor 
to be considered is the period of time the barriers 
have been operating. In this regard, the SEP21 
recharge period, (operated only seven months 
after the rebuilding of the barriers) showed higher 
total bacteria loads and more differentiation 
between the different SAT systems than the other 
two campaigns, performed on SATs let operating 

for more than three years. While these differences 
may reflect the long time needed for bacteria to re-
colonize the systems, it must be pointed out that 
the overall removal performance of the systems 
was essentially identical in the three campaigns. 

Our data indicates the establishment of an 
ecological succession of bacterial groups 
along the SATs, and that this seems to be the 
major determinant on the removal of ARG and 
pathogens. The changes in microbial population 
we observed (HNA/LNA ratio, metabolic profiles, 
etc.) are consistent with a transition from 
hypertrophic, nutrient rich environments, such 
is wastewater, even after the WWTP secondary 
treatment, to the eutrophic conditions of our sand 
tanks. We conjecture that the shift will be further 
enhanced in natural aquifers, as water reaches 
the typical groundwater oligotrophic conditions. 
This process is equivalent to a mineralization 
of the recharged water and consistent with the 
removal of CECs and other chemical pollutants 
by SAT (Valhondo et al., 2020b, 2020a).The pass 
through the SATs had a much stronger effect 
on changing the microbiome composition than 
the WWTP treatment, and this is probably one  
decisive feature of the system, not necessarily 
shared by other passive methods, like wetlands. 
The fact that the SATs performed even better than 
some active, disinfecting methodologies, like 
advanced oxidation, ozonation, and UV-treatment 
on removing ARGs (Leiva et al., 2021) (see also 
Supplementary Table ST11) suggests that the 
spontaneous substitution of wastewater-related 
microbiota by natural soil and groundwater-linked 
and ARG-poor microbial populations may be a more 
efficient water regeneration process than their 
active removal by chemical methods. It is worth 
noting that the rate of most ARG removal by the 
aquifers (more than 95%) is close to the practical 
limit of many membrane-based methodologies, 
due to pores and other defects of the material.

Taking into account that the setup used here 
was a relatively a small scale one, which aim 
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was to provide a testing site to gain insight on 
the processes controlling the evolution of the 
recharged water, the excellent performance of this 
systems could be enhanced with an expansion of 
both, the reactive barriers and the aquifers, at a 
relatively low cost. This scalation should take place 
(in terms of ARGs removal) defining the optimal 
recharge regime, considering all the temporal 
and climatic variations, the time necessary for 
the stabilization and bacterial colonization of the 
reactive barriers, and the total operating time of 
the systems.
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Abstract

Soil Aquifer Treatment (SAT) is recognized as a 
cost-effective approach to reduce contaminants 
of emerging concern from Wastewater Treatment 
Plant (WWTP) effluents. However, its efficiency in 
removing the associated biological effects is still 
poorly understood. In this study, we evaluated the 
efficiency of three pilot SAT systems equipped 
with and without reactive barriers and containing 
different proportions of sand and organic materials 
to remove toxicity associated to the presence of 
chemicals of emerging concern. SATs were fed 
with secondary effluents from the Palamós WWTP 
(N.E. Spain) during two consecutive campaigns 
scheduled before and after the summer of 2020. 
Fifteen water samples were collected from the 
WWTP effluent, below the barriers and at the end of 
the aquifer. Transcriptomic analyses of zebrafish 
embryos exposed to the corresponding water 
extracts revealed a wide range of toxic activities 
in the WWTP effluents. Results demonstrated that 
the associated responses were reduced by more 
than 70% by SAT, achieving control levels in some 
cases. Similar results were obtained when human 
HepG2 hepatic cells were tested for cytotoxic and 
dioxin-like responses. Toxicity reduction appeared 
to be partially determined by the reactive barrier 
composition and/or SAT managing and was 
correlated with the removal of contaminants 
of emerging concern by SAT. In conclusion, 
SAT appears as a very promising approach for 
efficiently reducing the effects of recalcitrant 
pollutants from WWTP secondary effluents on the 
environment and human health.
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1. Introduction

The ongoing climate crisis dramatically impacts 
water availability in many areas of the world. 
Increased extreme weather events reduces the 
natural recharge and increases the exploitation 
of aquifers, affecting the groundwater dependent 
ecosystems such as rivers and wetlands. 
Projected in the near future, this will translate 
into limited global freshwater access, that will 
result in severe water scarcity for the ever-
growing human population (Hristov et al., 2021). 
Mediterranean regions will be especially affected 
by these phenomena, as their basins have a strong 
climate seasonality remaining dry for most of the 
year (Ricart et al., 2021). This predicted decrease 
in freshwater availability will also have a strong 
impact on agricultural productivity that, together 
with the urban-tourist development, will induce 
agriculture, households, tourism, and industry 
sectors and the environment to compete for 
water use. Water scarcity has been traditionally 
addressed by accumulating water in reservoirs 
during periods of excess, installing desalination 
plants in coastal cities, and performing inter-basin 
water transfer. However, the required investment 
in energy, materials, and human resources is quite 
limited, mainly by the geographic location and 
topography (He et al., 2021). 

To face water scarcity by minimizing resource 
consumption, we need to improve the efficiency 
of water use and reuse. One of the proposed 
strategies for the effective management of 
water is wastewater recycling (Valhondo et al., 
2020b; Vymazal et al., 2021; Zhu et al., 2021). 
Although this might seem a sustainable and 
cost-effective strategy to alleviate the stress on 
water resources, it could also compromise the 
environment and human health due to the high 
loads of contaminants of emerging concern 
(CECs) present in the wastewater treatment plants 
(WWTPs) effluents (Valhondo and Carrera, 2019). 
CECs present in WWTPs effluents, encompasses 

a wide range of chemicals including pesticides, 
pharmaceuticals and personal care products 
(PPCPs), sex hormones, or per- and polyfluoroalkyl 
substances (PFASs), among others. Furthermore, 
WWTPs effluents can also carry relevant microbial 
hazards like antibiotic-resistant bacteria (ARBs) 
that can potentially spread antibiotic resistance 
genes (ARGs) across waterbodies microbiomes 
(Kumar et al., 2022; Valhondo et al., 2020b). 

The reuse of reclaimed water requires optimizing 
the present procedures to monitor and remove 
the presence of CECs in wastewater since 
conventional WWTPs were not designed for this 
purpose (Kumar et al., 2022; Rout et al., 2022). 
Managed aquifer recharge (MAR) technologies 
consisting in the induction of superficial impaired 
water recharge into aquifers, allows groundwater-
dependent regions to maintain, enhance and 
protect their water resources with limited use of 
energy and materials (Dillon et al., 2019). Among 
the different available MAR techniques, soil aquifer 
treatment (SAT) has been proposed as a useful 
tool to improve the quality of WWTPs effluents. 
SAT systems, that involve artificial recharge of 
the aquifers with wastewater, can be boosted with 
the installation of reactive barriers (RB) based on 
organic substrates in the recharge areas of the 
systems (Valhondo et al., 2020c, 2020b).

In the present study, we analyzed the capacity of 
SAT to reduce the potential toxicity associated 
with WWTP effluents using classic toxicological 
zebrafish and human cell bioassays. We analyzed 
their response to the water extracts from water 
samples collected before and after SAT. These 
analyses were complemented with wide-scope 
screening for the measurement of CECs loads. 

2. Methods

2.1 Soil aquifer treatments (SATs): Location, 
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description and water sampling

The pilot SAT systems were built in a WWTP 
situated on the Spanish Mediterranean coastal 
area. The WWTP integrates a pre-treatment, 
primary treatment, and biologic secondary 
treatment (activated sludge). The quality of this 
WWTP effluent varies considerably throughout the 
year since it collects wastewater from different 
coastal municipalities (high seasonal population 
increase) (Valhondo et al., 2020c) A detailed 
description of the SAT systems can be found 
elsewhere (Valhondo et al., 2020c). In brief, the 
SAT systems (hereinafter referred to as BR17) 
were built in 2017 and consisted of a recharge 
area (1.5 width x 2.38 length m2) with vertical 
flow connected to an artificial aquifer (1.5 width 
x 15 length x 1.5 high m3) filled with sand and 
characterized by horizontal flow (Figure 1). Before 
entering the SAT system, the WWTP effluent was 
stored in a reservoir for homogenization (10 m3 

with a residence time of around 24 h, continuously 
re-filled from the base with the WWTP effluent 
water) and pumped through a pipe. SATs started 
infiltrating on January 2018, going through 
diverse wet and dry recharge periods during three 
consecutive years. Specifications on average flow 
into the systems, duration of wet and dry phases 
and total recharged volume during the BR17’ 
recharge period are described in detail elsewhere 
(Paper IV and (Valhondo et al., 2020c)). The inflow 
was allocated continuously (along all the wet 
period) or in pulses (controlled by a programmable 
digital timer), pumped with PRIUS dosing pumps 
(EMEC, Rieti, Italy) and continuously monitored 
by ISOIL MS600 electromagnetic flowmeters 
(ISOIL industria, Milan, Italy). The water level of 
the outflow of the systems was controlled by the 
elevation of the discharge pipe and the discharge 
volume monitored by ETWD 110mm DN15 
volumetric water meters (ZENNER, Saarbrücken, 
Germany). A set of piezometers were installed in 
each SAT to monitor and sample recharged water 

along the flow paths (Valhondo et al., 2020c). This 
included piezometers installed between 60-70 cm 
from the system base and located 1.5 m and 12.5 
m away from the recharge area respectively that 
were used to obtain water samples. Wild grasses 
and weeds grew spontaneously in the recharge 
area of all the systems. 

Figure 1 shows a simplified scheme of the SAT 
system and indicates in color the three SAT 
systems used in the present study (color coding 
followed in the upcoming figures) and the 
collected samples. The recharge zone of these 
three SAT systems was composed by only sand 
(T2), sand with compost as RB (T4), or sand 
with woodchips as RB (T5). Water was collected 
from: 1) the influent of the WWTP (PRIM); 2) the 
influent water feeding the systems (SEC); and the 
monitoring points 3) immediately after passing 
through the vadose zone to evaluate possible 
differences between the installed barriers per se 
(AT) and 4) close to the systems discharge (CT). 
A total of 5 L of water per each sampling point 
was collected in amber glass bottles. Two sets 
of samples were collected in June and October 
2020 (further referred to as JUN20, and OCT20, 
respectively) during a recharge period with a 
continuous allocated inflow and a recharge period 
with a pulsating allocated inflow. Cumulative 
precipitation, temperature and conductivity as well 
as recharge period lengths during the experimental 
intervals appear in Supplementary Figure SF1. In 
the present study we selected the most different 
reactive barriers amongst the SAT pilot system 
and scheduled sampling based on the transit time 
of the recharged water to each monitoring point (B 
in Supplementary Figure SF1). Physicochemical 
parameters, including dissolved organic carbon, 
nitrates, nitrites and phosphates loads among 
others, were routinely measured in the water 
samples as described elsewhere (see Figure 3 in 
Valhondo et al., 2020b, and Supplementary Figure 
SF4 in Paper IV).
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2.2 Solid Phase Extraction (SPE) of Contaminants of 
Emerging Concern (CECs) 

Water samples were stored overnight at 4ºC, to allow 
the sedimentation of coarse particle aggregates, 
and subsequently decanted, centrifuged and 
filtered before the solid phase extraction (SPE) as 
described in Paper IV (see Sample processing and 
DNA extraction from the Methods section). SPE 
was performed according to (Downs et al., 2022), 
with some minor modifications. The extraction 
was optimized in order to extract non-polar and 
polar CECs separately out of the same 5L water 
samples. Briefly, 6 g Oasis HLB cartridges (Waters 
Corporation) were sequentially conditioned with 
ethyl acetate:dichlorometane (1:1; 3x20 mL, 
HPLC-grade); methanol (3x20 mL, HPLC-grade), 
methanol:water (1:1; 3x20 mL, HPLC-grade), and 
HPLC-grade water (3x20 mL). Then, samples were 
loaded onto the cartridges and were subsequently 
eluted. The polar CECs were extracted from the 
cartridge using methanol (3 X 20 mL) and the less 

polar using ethyl acetate:dichlorometane (1:1; 3 X 
20 mL). Polar and non-polar extract fractions were 
evaporated to dryness under vacuum. Afterwards, 
the eluates were washed with HPLC-grade ethanol 
and dried under a N2 stream. Polar and non-polar 
residue fractions were reconstituted with 1 mL 
HPLC-grade ethanol each and stored under Ar 
atmosphere at -20ºC. A control water sample 
(hereinafter referred to as CTRL) consisted of 5 L 
of Millipore Milli-Q water processed as the rest of 
the water samples.

2.3 Zebrafish toxicity assay

Rearing conditions

Zebrafish adult individuals (wild-type Danio rerio, 
12–18 months old, fed twice per day with dry flakes 
from TetraMin (Tetra, Germany)) were naturally 
mated to obtain eggs. Mating was performed in 
500 mL small breeding tanks using a ratio of three 

Figure 1. Simplified scheme of the installed SAT system. The three SAT systems studied in the present work are marked in 
color. Color pink codes for the SAT without reactive barrier filled only with sand, color orange codes for the SAT with a reactive 
barrier made of sand (49%), compost (49), clay (2%) and color blue codes for the SAT with a reactive barrier made of sand 
(49%), woodchips (49), clay (2%), Samples were taken prior WWTP treatment (PRIM), after WWTP at the effluent reservoir (SEC), 
after the immediate passage through the reactive barrier (AT), and at the very end of the systems (CT). Two sets of samples 
were taken in June 2020 and October 2020 (further referred as JUN20, and OCT20, respectively) through a recharge period 
with a continuous allocated inflow and a recharge period with a pulsating allocated inflow. 
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females and two males (3:2 proportion). Eggs were 
collected 2 h post fertilization (hpf), transferred to 
a methylene blue solution (0.01%) for 5 min, then 
rinsed and checked for fertilization. At 3 days post 
fertilization (dpf) embryos were placed in six-well 
plates (10 individuals per well) in 3 mL of clean fish 
water (reverse-osmosis purified water containing 
90 µg/mL of Instant Ocean (Aquarium Systems, 
Sarrebourg, France) and 0.58 mM of CaSO4·2H2O 
at 28 ºC) and kept under standard conditions (28.0 
± 1.0 °C, photoperiod of 12L:12D). All experimental 
procedures were conducted under the license 
DAMM 7669, 7964 from the competent authority 
in accordance with the institutional guidelines. 
These were approved by the Institutional Animal 
Care and Use Committees of the Research and 
Development Centre (CID) of the Spanish National 
Research Council (CSIC).

Zebrafish eleutheroembryos exposures to 
wastewater extracts

In all cases, zebrafish eleutheroembryos were 
exposed for 24 h from 4 to 5 dpf. Polar and 
non-polar fractions of the water extract were 
combined in a single flask, evaporated and 
reconstituted in the appropriate volume of fish 
water. Preliminary dose-response exposures to 
the WWTP influent (PRIM) extracts (0.3X, 0.8X, 
1X, 3X, 8X, and 20X concentration factors) of both 
campaigns were performed to assess general 
toxicity (Supplementary Figure SF2). In parallel, 
eleutheroembryos were exposed to 3X and 20X 
SEC extracts, 1 µM of β-naphthoflavone (BNF, 
CAS#: 6051-87-2, ≥98.0% purity, Sigma-Aldrich) 
and 1 µM 17-β-estradiol (E2, CAS#: 50-28-2, 
≥98.0% purity, Sigma-Aldrich) in order to evaluate 
optimal SEC extract exposures. In this experiment 
BNF and E2 were used as positive controls for 
dioxin-like and estrogenic responses, respectively 
and Dimethyl sulfoxide (DMSO) was used as a 
vehicle (0.2%). 

A concentration factor of 20X was chosen as the 

working concentration for the final exposures 
to water extracts from both JUN20 and OCT20 
campaigns since the responses to SEC extracts 
were closer to the ones observed for BNF and 
E2 (Supplementary Figure SF3). Thus, the final 
experimental groups were: Control (CTRL, as 
described in Section 2.1); influent water (SEC); 
monitoring points AT, located after the vadose zone 
for SAT systems with sand (AT2), sand+compost 
(AT4), sand+woodchips (AT5); and CT, located 
close to the systems discharge for SATs with sand 
(CT2), sand+compost (CT4), sand+woodchips 
(CT5) (see Figure 1). 

Anatomical development of embryos was 
followed as described in Kimmel et al., (1995). 
Survival and swim bladder inflation rates were 
recorded after the exposures for both the dose-
response (Supplementary Figure SF2) and the 
final exposure (Supplementary Figure SF4). Eight 
replicates per treatment (10 zebrafish embryos 
per replicate) were collected, snap-frozen in dry 
ice and stored at −80 °C until further procedures.

Sample processing for transcriptomic assessment: 
RNA extraction, high-throughput RNA sequencing 
and target transcriptomics by real-time RT-PCR

Total RNA was extracted by using the TRIzol 
Reagent (Invitrogen Life Technologies, Carlsbad, 
CA, USA). RNA concentration and quality was 
measured spectrophotometrically using a 
NanoDrop™ ND-8000 spectrophotometer (Fisher 
Scientific). After DNase I treatment, total RNA was 
retro-transcribed to cDNA using a Transcriptor First 
Strand cDNA Synthesis Kit (Roche Diagnostics) 
following the manufacturer’s protocol. 

RNA-sequencing was performed in five CTRL 
and SEC replicates from both campaigns to 
assess global transcriptomic changes caused 
by exposure to the wastewater extract. Previous 
to library construction, RNA quantity and quality 
of samples was determined by Qubit RNA BR 
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Assay kit (Thermo Fisher Scientific) and RNA 
6000 Nano Assay on a Bioanalyzer 2100 (Agilent 
Technologies). RNA concentration in all samples 
was higher than 200 ng/µL, free of DNA and 
with RNA integrity number (RIN) >8. Library 
construction and RNA-sequencing (RNA-seq) was 
performed by the National Center for Genomic 
Analysis (CNAG, Barcelona, Spain). The RNA-Seq 
library was prepared with KAPA Stranded mRNA-
Seq Illumina Platforms Kit (Roche) following the 
manufacturer´s recommendations using Illumina 
platform compatible adaptors with unique 
dual indexes and unique molecular identifiers 
(Integrated DNA Technologies). The final library 
was validated on an Agilent 2100 Bioanalyzer with 
the DNA 7500 assay. The libraries were sequenced 
on NovaSeq 6000 (Illumina) with a read length of 
2x51bp following the manufacturer’s protocol for 
dual indexing. Image analysis, base calling and 

quality scoring of the run were processed using 
the manufacturer’s software Real Time Analysis 
(RTA v3.4.4) and followed by generation of FASTQ 
sequence files.

After identifying the main transcriptomic 
biomarkers of exposure to the SEC water extract 
by RNA-seq analysis, an assessment of the 
effectiveness of the SAT systems to remove 
associated toxicity (restoration of normal 
transcriptomic levels) was carried out by real-
time RT-PCR.  The selected biomarkers included 
robust markers for: dioxin-like activity with the 
cytochrome P450 family 1, subfamily A (cyp1a) 
and the aryl- hydrocarbon receptor repressor 
(ahrra) (Chamorro et al., 2018; Mesquita et al., 
2016; Olivares et al., 2013; Pelayo et al., 2011); 
estrogenic activity (brain aromatase (cyp19a1b)) 
(Chamorro et al., 2018; Ortiz-Villanueva et al., 
2017; Sposito et al., 2018) and another 20 

Table 1.  Main biological pathways, gene symbol, complete gene description and corresponding primer sequences of the chosen biomarkers. 
Color red codes for up-regulated genes and color blue codes for down-regulated genes. Information extracted from https://zfin.org/.
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additional biomarkers related to xenotoxicity and 
embryotoxic responses (ugt1a1, ugt5a4, gstp2, 
cyp2k18, cyp3a65, cidec, cxcl19, anxa1c, abcc12, 
slc34a2a, hmox1a, hsp70.2, opn1mw1, eevs, nr1d1, 
alas1, bbox, lrata, tpmt.2, tspo). The housekeeping 
gene, ppia2 was selected as an internal control. 
Appropriated primer sequences (Table 1) were 
obtained from published sources or designed 
using Primer Express 2.0 software (Applied 
Biosystems, Foster City, CA, USA) and the Primer-
Blast server (http://www.ncbi.nlm.nih.gov/Tools/
primer-blast), and synthesized by Sigma-Aldrich. 
Total RNA of all samples was retrotranscribed to 
cDNA using the Transcriptor First Strand cDNA 
Synthesis Kit (Roche Diagnostics) following the 
manufacturer’s protocol. Every sample was run in 
duplicate in 96-well plates in a volume of 20 µl. 
Every reaction contained: 1µg of RNA transformed 
to cDNA (2 µl) and a master mix with 10 µL of SYBR 
Green Master (Roche Diagnostics), 300 nM (2 µl) 
of the appropriate primer set and 6 µL of nuclease-
free water. Reactions were performed using a 
LightCycler 480 Real-Time PCR System (Roche 
Diagnostics). The cycling parameters consisted 
of 10 min at 95 ºC followed by 45 cycles of 10 s 
at 95 ºC and 30 s at 60 ºC. After amplification, a 
dissociation analysis was conducted to evaluate 
the specificity of the reaction. Two negative 
controls, non-template and RT-minus, were 
included on each plate to confirm the absence of 
primer dimers or genomic DNA contamination.  The 
amplification reaction efficiency was evaluated for 
each primer pair by serial dilutions of cDNA under 
the same conditions. Amplification curves yielded 
an efficiency of 100 ± 10% (slope between –3.1 
and –3.6) and r2>0.98. 

2.4 Human HepG2 hepatic cell line assays

Cell culture and exposure

The human HepG2 hepatic cell line (ATTC, HB 
8065) was used as a model system to evaluate in 

vitro toxicity since it displays many of the genetic/
metabolic features of hepatic cells (Choi et al., 2015; 
Schoonen et al., 2005). HepG2 cells were grown in 
RPMI 1640 medium (Invitrogen) containing 2 mM 
L-glutamine, supplemented with 10% fetal bovine 
serum (Invitrogen), and 100 U/ml penicillin/100 
µg/ml streptomycin, at 37 °C in a humidified 
atmosphere with 5% CO2. Cells were subcultured 
after reaching approximately 80% confluency. In 
all cases, cells were trypsinized and seeded in flat-
bottomed 96-well plates (50 µl of cell suspension 
at a density of 2.5 × 104 cells/well) and allowed 
to attach for 24 h. Extracts were reconstituted in 
RPMI-1640 medium without phenol red to a final 
concentration of 3000x (equivalent to 3000 ml of 
water sample). Successive serial dilutions in the 
20x-2000x range were obtained (equivalent to 20, 
70, 200, 700, or 2000 ml of wastewater). Cells 
were exposed in triplicate to the different dilutions 
for 24 h. Negative controls consisted of HepG2 
cells incubated with 50 µl supplemented RPMI-
1640 medium without phenol red.

Cell proliferation assay

Cell proliferation was evaluated by the resazurin 
reduction (AlamarBlue) assay, which monitors 
functional metabolic activity. Cells were exposed 
to water extracts or 5% DMSO as a positive 
control. After 24 h exposure, cells were rinsed 
with PBS and incubated for 1h with 100 µl 5% v/v 
AlamarBlue reagent (Biosource, Invitrogen, Spain) 
in phenol red-free RPMI-1640 medium without FBS. 
AlamarBlue metabolization, a parameter for cell 
proliferation, was recorded spectrofluorimetrically 
using a microplate reader (Synergy 2 Multi-Mode 
Microplate Reader, BioTek Instruments, Vermont, 
USA), at the excitation/emission wavelengths of 
530/590 nm. Results are expressed as the mean 
percentage of cell proliferation compared to 
unexposed control cells ± SEM of at least three 
replicates.
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EROD activity measurement

The enzymatic activity of the CYP1A gene product 
was determined by the spectrofluorometric micro-
EROD assay as published (Ouellet et al., 2020; 
Rudzok et al., 2010), with minor modifications. 
In brief, HepG2 cells were exposed in triplicate 
to various concentrations of water samples or 
4 µM β-naphthoflavone as a positive control. 
After exposure, the medium was removed from 
the wells, and cells were rinsed with PBS and 
100 µL of a 100-fold ethoxyresorufin solution 
0.5 µM 7-ethoxyresorufin (Resorufin ethyl ether, 
Sigma), 10 µM dicoumarol (3,3´-Methylene-bis(4-
hydroxycoumarin), Sigma) in cell culture medium 
without FBS was added in every well. Resorufin 
production was measured fluorometrically at 530 
nm excitation and 590 nm emission. The amount of 
resorufin produced was determined by comparison 
to a calibration curve of known resorufin 
concentrations (resorufin sodium salt, Sigma), 
ranging from 0 to 300 nM. Enzymatic activity 
was normalized for total protein concentration, 
determined by the Bradford assay (Bio-Rad). For 
protein extraction, cells were washed twice with 
PBS, and, after drying at room temperature, 25 ul 
0.1 M sodium hydrogen phosphate buffer (pH 7.8) 
was added per well. Plates were kept at −80 °C 
and lysates were obtained after a threefold freeze-
thaw-cycle (−80 °C, 25 °C). Total protein was 
measured spectrophotometrically at 570 nm using 
a calibration curve made with bovine seroalbumin 
(BSA). Specific EROD activity was expressed as 
pmol of resorufin formed per hour per milligram of 
protein (pmol/h/mg protein) (mean ± SEM; n=3).

2.5  Chemical analysis and semi-quantification of 
CECs 

Aliquots from the same water extracts used 
for toxicity assays were analyzed by liquid 
chromatography coupled to HRMS following the 
steps and conditions used elsewhere (Gil-Solsona 

et al., 2021). Briefly, separation was performed 
with a CORTECS UHPLC BEH C18 (100 mm x 2.1 
mm, 2.7 μm) column (Waters Corporation) with 
a precolumn of the same material (5 mm x 2.1 
mm, 2.7 μm) in an Acquity ultra-high performance 
liquid chromatographic system (UHPLC) (Waters 
Corporation) coupled to an electrospray source 
(ESI) to a Q-Exactive Orbitrap mass analyser 
(Thermo Scientific). ESI ionization operated in 
positive (ESI+) and negative (ESI-) ionization 
modes in two different injections. Samples were 
analysed twice with different acquisition modes 
i.e. Data Dependent Acquisition (DDA), where the 
5 most intense ions from the low energy scan 
(4 eV) were selected and fragmented again at 
high collision energy (35 eV) to acquire MS/MS 
(excluding already selected ions for the next 30 
seconds), and Data Independent Acquisition (DIA) 
using a ramp of 10-40 eV of collision energy (CE) 
for the high energy function. 

A home-made database of 726 compounds usually 
found in water bodies was used (spreadsheet 
with the compounds, m/z values and SMILES 
is available in Supplementary Table ST1). It 
compiled pharmaceuticals and personal care 
products, pesticides and a wide range of industrial 
chemicals such as plasticizers, flame retardants 
or PFAS, among others. Data processing of the 
samples started with the transformation of the DIA 
files from proprietary ( *.raw) format to generic 
(*.mzML) with ProteoWizard v. 3.0.2 (Kessner et 
al., 2008). Then, (*.mzML) files were uploaded to 
mzMine2 software v. 2.53 (Pluskal et al., 2010), and 
the home-made database was used to check for 
possible matches. After processing, 428 features 
matched the database input, but after (I) blank 
subtraction, (II) fragment ions checking and (II) 
manual checking of each feature, 166 compounds 
were kept as confirmed in the water samples. 
After confirmation, a semi-quantification protocol, 
retrieved from the work published by Liigand et 
al., (2020) was used to estimate concentrations 
of the identified chemicals (see Supplementary 
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Materials and Methods for more details). 

2.6 Data analysis

Zebrafish data

Statistical analysis and plots for the zebrafish 
phenotypic and transcriptomic data were 
performed under the R environment (version 4.2.1; 
http://www.rproject.org/). Unless specified, data 
processing and plotting were performed using 
tidyverse, dyplr and factoextra packages (Irnawati 
et al., 2020; Lee et al., 2020; Yarberry, 2021) in the 
R environment.

Survival and swim bladder inflation rates

To determine differences in the survival and 
swim bladder inflation of the eleutheroembryos 
triggered by exposure to the different water 
extracts, analysis of variance (ANOVA) and Tukey’s 
B post-hoc test for multiple tests were carried out 
in the normally distributed data (Levene´s test) 
using ggpubr package (Yang et al., 2021) in the R 
environment.

Trancriptomic data

RNA-Seq reads were aligned to the Danio Rerio 
reference genome (GRCz11) using the STAR 
software version 2.7.8a (Dobin et al., 2013) with 
ENCODE parameters. The total sequencing output 
was 60 million paired end reads for each sample and 
100% mapped properly to the reference genome. 
Quality control of the mapping was performed 
with Samtools and Gemtools. Detailed description 
of mapping quality statistics is presented in 
Supplementary Table ST2. The majority mapped 
to protein-coding genes and exonic regions, with 
a total of 32.520 genes detected per sample 
(Supplementary Table ST2). The RSEM software 
version 1.3.0 (Li and Dewey, 2011) was used for 

the quantification of the annotated genes (using 
default parameters). Counts were normalized 
with the DESeq2 (v.1.10.1) R package (Love et 
al., 2014), which normalizes for sequencing depth 
and RNA composition using the median of ratios 
method. RNA-seq data was deposited in NCBI’s 
Gene Expression Omnibus (Edgar et al., 2002) and 
are accessible through GEO (data to be submitted) 
Statistical analysis to determine differentially 
expressed genes (DEGs) between CTRL and SEC 
treatment groups was carried out with the DESeq2 
(v.1.10.1) R package Wald test analysis both 
regardless of the campaign and in each campaign 
separately (Love et al., 2014). DEGs enrichment 
analysis of the common genes was performed 
using DAVID 2021 Bioinformatic resources (https://
david.ncifcrf.gov/) using the default Danio Rerio 
background and considering the GO:Biological 
Process and KEGG (Kyoto Encyclopedia of Genes 
and Genomes) datasets. Network analysis was 
performed only with pathways that contained at 
least five hits using the reshape2, igraph packages 
(Li and Yan, 2018; Robinson et al., 2017). Lollipop 
charts were created using ShinyGO 0.76 (http://
bioinformatics.sdstate.edu/go/) chart tool and 
normalized counts heatmaps using ggplot2 
package in R environment.

Relative mRNA abundances of different genes 
assessed by real-time RT-PCR were calculated 
based on the second derivative maximum of their 
respective amplification curves (Cp, calculated by 
duplicate). Cp values for the target genes (Cptg) 
were normalized to the average Cp values of the 
reference gene (ppia2), following the equation 
∆Cptg = Cpppia2 - Cptg. To calculate the differences 
between mRNA abundances we used the ∆∆Cp 
method (Pfaffl, 2001) using ∆Cptg values from 
samples the different experimental groups 
exposed to water extracts and samples from the 
control group following the equation:

∆∆Cptg = ∆Cptg_control - ∆Cptg_exposed waters.

Data normality was tested by Levene’s test 
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and diferences in mRNA abundance between 
experimental groups assessed by ANOVA and 
Tukey’s B post-hoc test for multiple tests in R 
environment.

Human HepG2 hepatic cells data

Origin 6.0 software was used to adjust response 
curves in the AlamarBlue cell proliferation assays 
to non-linear regression slope models and calculate 
the IC50 (concentrations causing a 50% decline in 
cell proliferation). Significant differences in EROD 
activity among samples were determined by one-
way ANOVA followed by Tukey’s post hoc test, 
carried out in the R environment.

CECs and RT-PCR data correlations

From the 166 confirmed compounds (sheet 
“confirmed compounds” in Supplementary Table 
ST1) we removed those whose contribution to 
the blank was higher than to the rest of samples, 
ending up with 127 semi-quantified compounds 
(Supplementary Table ST3). To find the main 
compounds that best predicted the biological 
effects in JUN20 and OCT20, we run an Analysis of 
Variance-Partial Least Square with 2 components 
(ANOVA-PLS2) test using the mixOmics package 
in R environment (A. F. Santos et al., 2020). Briefly, 
this analysis consisted of a decomposition of 
the combined (chemical+transcriptomic) data 
matrixes for all treatments through a linear model 
that considers the experimental design (SEC, 
ATs, CTs,), and builds a regression between the 
matrices obtained in the first linear decomposition 
(x) and a vector (y) defining the class membership 
of the samples. This analysis allowed to identify 
70 and 38 Variables Important for Prediction (VIP 
compounds) for JUN20 and OCT20 campaigns, 
respectively, that significantly best described the 
differences between groups (p ≤ 0.05). Afterwards, 
we performed a linear Pearson`s correlation 
using the package psych in R environment 

(Revelle, 2016) to assess correlations between 
the concentration of the identified VIP CECs and 
the biological responses measured as changes in 
mRNA (transcriptomic data assessed by real-time 
RT-PCR), Finally, to assess the spatial distribution 
of the RT-PCR and chemical samples, we undertook 
PCA analyses for each campaign separately using 
factoextra in R (Kassambara and Mundt, 2017)

3. Results

3.1 Zebrafish general toxicity assays

Survival analysis showed, as expected, that 
extracts from PRIM  water samples were much 
more toxic than extracts from SEC samples 
(Supplementary Figure SF2). This was especially 
notorious for OCT20 PRIM extract, which showed 
a significant toxic effect at 1X concentration 
factor and 0% survival at 8X. In contrast, the 
JUN20 PRIM extract showed 100% survival at 1X, 
85% survival at the 3X, and 20% survival at the 8X 
(Supplementary Figure SF2). Regarding the swim 
bladder inflation rates, findings were similar to the 
ones observed in survival. There was a significant 
decrease at 8X for JUN20, and 1X and 3X for 
OCT20 (Supplementary Figure SF2). In contrast, 
the rest of water extracts (including SEC, ATs and 
CTs), showed only a marginal decrease in survival 
even at the 20X concentration (Supplementary 
Figure SF4). A slightly significant decrease in 
survival was observed for SEC in both JUN20 
and OCT20 campaigns (90% and 80% of survival, 
respectively). No significant alterations of the 
swim bladder inflation rates were observed for 
neither of the two campaigns (Supplementary 
Figure SF4).
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3.2 Transcriptomic analysis

DESeq2 workflow analysis identified 5199 DEGs 
when the Wald analysis was carried out regardless 
of campaign, 4160 DEGs for JUN20 samples and 
3516 DEGs for OCT20 samples (Table ST4). 
Venn Diagram revealed that the three approaches 
rendered 1785 common DEGs (Figure 2A), with 
1077 of them being up-regulated and 708 down-
regulated compared to CTRL samples (Figure 2B).  
When carrying enrichment pathway analysis over 
the general 5199 DEGs, the JUN20 4160 DEGs, the 
OCT20 3516 DEGs and the 1785 common DEGs, 
we observed that the top 20 significant pathways 
of the common DEGs were always within the top 20 
significant pathways of all the other approaches 
(Supplementary Figure SF5). Consequently, 

further analysis and biomarker discovery 
focused in the common DEGs enriched pathways 
(Supplementary Figure SF5). Enrichment analysis 
of the common DEGs identified 19 pathways, mainly 
implicated in different detoxification mechanisms 
(general detoxification and xenobiotic metabolism 
and detoxification), transmembrane transport, and 
reaction to extreme abiotic conditions (see lollipop 
graph for common genes in Supplementary Figure 
SF5 and Supplementary Table ST5).  The network 
in Figure 2C illustrates the mutual interaction 
between the different enriched pathways for the 
common genes. Note that similar nodes have 
been grouped into broader, easy to interpret 
functional descriptions (eg: “response to reactive 
oxygen species/ xenobiotic stimulus/ oxidative 
stress”, “Small molecule metabolism”, “Organic 
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Figure 2. Normalized counts and enrichment analysis of the common 1785 DEGs. A) Venn diagram highlights the common 1785 DEGs within 
the total DEGs from the three approaches (1. DEGs regardless of campaign, 2. JUN20 DEGs, 3. OCT20 DEGs). B) Heatmap shows the normalized 
count data for the common DEGs in both campaigns. C) Enrichment analysis for the 1785 common DEGs. Network displays all the enriched 
biological processes, illustrating the mutual interaction between the different pathways. Note that similar nodes have been grouped into 
broader, easy to interpret functional descriptions. Red and blue colors in network code for up and down regulated genes respectively.
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acid and lipid metabolism”, “Sulfur and glutathione 
metabolism”, “Lipid transport”, “Transmembrane 
transport”, “Mitochondrion organization”, 
“Response to abiotic stimulus” and “Cell matrix 
adhesion”). Most of the involved genes were up-
regulated with a small fraction of down-regulated 
ones. 

Targeted mRNA abundance analyses by real-
time RT-PCR were consistent with the RNA-seq 
results (Figure 3), showing a stronger response 
of zebrafish eleutheroembryos exposed to SEC 
water extracts from OCT20. A general recovery 
of the control levels was seen for most of the 
analyzed transcripts due to SAT, corresponding to 
a reduction of the observed transcriptomic effects 

caused by SEC of 50-100% for JUN20 and 70-100% 
for OCT20 samples (Table 2). The reduction of the 
three strongest toxic responses observed in SEC 
samples i.e. estrogenic response (cyp19a1b), 
xenobiotic metabolism (cyp2k18) and dioxin-like 
(cyp1a, ahrra) was especially remarkable (Table 2, 
Supplementary Figure SF6. In general, our results 
show that most of this reduction already occurred 
in the reactive barriers, since similar reduction 
levels were found in both AT and CT extracts, 
except for the AT2 JUN20 sample (Figure 3, Table 
2). 

Figure 3. Abundance of mRNA biomarkers before and after SAT treatment for both JUN20 and OCT20 campaigns. A) Heatmaps with the 
selected transcriptomic biomarker´s RNA-seq data from SEC and CTRL water extracts. B) Heatmaps showing fold change transcriptomic data 
obtained by real time RT-PCR of SEC, ATs, CTs and CTRL water extracts. In both cases, data was scaled and centered before plotting data.
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3.3 Human HepG2 hepatic cell line assays

HepG2 hepatic cells proliferation profiles 
(Supplementary Figure SF2B) upon addition of 
PRIM extracts revealed that the OCT20 PRIM 
extracts had a higher toxicity than the JUN20 
PRIM extracts. Analysis of samples before and 
after SAT (Supplementary Figure SF4B) indicated 
a reduction of the observed toxicity (i.e., inhibition 
of cell proliferation) aligned with the zebrafish 
data. In this case, SAT T4 was the most efficient 
one, particularly in OCT20 (IC50 values are indicated 
in Supplementary Figure SF4).

Specific toxic effects in HepG2 cells were explored 
by analyzing the CYP1A/EROD activity in cells 
exposed to the water extracts (Figure 4). EROD 
significantly increased in cells exposed to SEC 
samples while it was significantly reduced in both 
the ATs and CTs extracts. As seen with cyp1a 
activity in zebrafish larvae, the T2 SAT was less 
efficient in removing EROD than the other two 
SATs, especially in OCT20 samples (Figure 4) and 
EROD reduction mainly occurred at the RB (Figure 
4), highlighting the operative capacity of RBs. 

3.4 CECs analysis and correlation with biological 
data

A total of 127 CECs were identified by LC-HRMS-
based screening in SEC, ATs, and CTs water extracts, 
which included pharmaceuticals and pesticides, 
among others, as well as related transformation 
products (Supplementary Table ST3). ANOVA-
PLS2 carried out for JUN20 and OCT20 samples 
separately, identified 70 and 38 CECs, respectively 
that best predicted changes in the transcriptomic 
data for each campaign. Hierarchical clustering 
in the heatmaps built from the correlation values 
between the selected CECs and the RT-PCR data 
revealed two well differentiated clusters (A and 
B) for the two campaigns (Figure 5A&D). In both 
campaigns all the compounds that significantly 
correlated with the presence of the evaluated 
toxic responses (understanded as up-regulation 
of genes not normally activated in controls, and 
inhibition/down-regulation of genes normally 
activated in controls appeared in cluster A. On the 
other hand, compounds from cluster B negatively 
correlated to the up-regulation of genes not 
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Table 2.  Reduction percentage of the targeted biomarkers in ATs and CTs samples for both campaigns with its respective SEC sample (Fold Change 
+- SEM) value. Black boxes highlight those percentages statistically indistinguishable from their respective CTRL value. Red and blue color in gene 
name code for up-regulated and down-regulated genes respectively. Genes are ordered by their highest toxic response in each campaign (highest 
SEC (Fold Change +- SEM) value). Minimum and maximum reduction percentage values for each sample are shown at the end of the table.
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Figure 4. EROD activity of HepG2 cells exposed to SEC, AT, and CT extracts. Letters denote statistical differences amongst experimental 
groups (ANOVA test, followed by pairwise comparisons using Tukey's test, p<0.05).

Figure 5. Heatmap showing Pearson’s correlation between real-time RT-PCR transcriptomic data and ANOVA-PLS2 selected CECs loads for 
JUN20 (A) and OCT20 (D) campaigns respectively. Pearson’s correlations validated ANOVA-PLS2 analysis finding significative correlations 
between the selected CECs that best predicted the transcriptomic responses and the biological data. Color code denotes Pearson’s 
correlation values (red positive correlation, blue negative correlation) and asterisks represents significant correlations (p< 0.05). Bar 
plot graphs, show the CECs summatory concentration (in ng/L), for each experimental group, of the compounds allocated in clusters A 
(C and F graphs) and B (B and E graphs) spotted in the respective heatmaps of correlation values. 
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normally activated in controls, and in most cases 
positively correlated with the activation of genes 
normally expressed in controls. The total loads 
of CECs from cluster A (58 CECs and 27 CECs 
for JUN20 and OCT20 campaigns respectively) 
experienced an outstanding reduction in SATs, 
finding their highest concentration in SEC extracts 
and the lowest in CTs extracts (Figure 5C&F). 
Conversely, the total loads of CECs from cluster 
B (12 CECs and 11 CECs for JUN20 and OCT20 
campaigns respectively) were highly concentrated 
in the SAT samples, not being removed during 
treatment (Figure 5B&E). 

The  graphical distribution of the biological 
(transcriptomics) and chemical (selected CECs 
by ANOVA-PLS2) data by PCA analysis showed 
a clear separation between both SEC and CTRL 
extracts for both campaigns (Figure 6A). Water 
extracts from SAT systems were positioned in the 
PCA plot in between SEC and CTRL extracts, with 
no clear differences amongst their distributions. 
A partial overlap between SEC and SAT extracts 
was observed in the case of JUN20 transcriptomic 
data. On the other hand, PCA analysis was also 
plotted considering the sampling location within 

the SAT system (immediately after passing the 
vadose zone (AT) or close to the system discharge 
(CT)), regardless of the composition of the SAT 
(Figure 6B). In this case, ATs and CTs extracts 
overlapped when plotting transcriptomic data, 
while a clear separation between both could be 
observed when plotting the selected CECs data. 

4. Discussion

It is generally acknowledged that WWTP are highly 
efficient in removing loads of carbon, nitrogen and 
phosphorous from influent wastewaters, and very 
efficient in removing pathogens, but they were 
not designed to eliminate other contaminants 
such as CECs (Margot et al., 2015; Tisler et al., 
2021). This has fueled the need for supplementary 
treatment steps (the so-called tertiary treatments) 
to eliminate the hazardous activities associated 
to these quantitatively minor, but potentially 
dangerous pollutants. In the present study, 
we were capable to identify a total of 127 
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Figure 6. Principal Component Analysis (PCA) of the biological and the chemical data for JUN20 and OCT20 campaigns. A) Color coding 
differentiates between sampling location between SEC, SATs, and CTRL samples. B) Color coding differentiates between sampling location 
including SEC, AT, CT and CTRL samples.
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chemicals, with a wide range of physicochemical 
properties, by using wide-scope HRMS-based 
screening, including pharmaceuticals (PhACs) 
(e.g. metformin or venlafaxine), plastic additives 
(e.g. bisphenol S or phthalate metabolites), food 
related chemicals (such as caffeine, theobromine 
or theophylline), pesticides (e.g. imidacloprid or 
acetamiprid), as well as other types of chemicals 
typically found in urban or industrial wastewaters 
(e.g. nicotine, the UV filter benzophenone-3 or 
polypropylene glycols). The levels of the identified 
compounds observed in the SEC extracts were 
consistent with those usually found in wastewater 
effluents worldwide  (Gago-Ferrero et al., 2020; 
Sunyer-Caldú et al., 2023; Tisler et al., 2021). This 
study used zebrafish embryos to analyze toxic 
effects associated to the presence of CECs in the 
wastewater extracts, as they represent an excellent 
model for both animal and human toxicity (Raldúa 
et al., 2012). Our results showed that exposure to 
SEC extracts was linked with a general triggering 
of detoxification pathways and the disruption of 
embryo general development. 

In particular we observed the activation of 
cellular responses related to the exposure to 
xenobiotics, mainly related to both Phase I and 
Phase II detoxification pathways. On the other 
hand, exposure to SEC extracts also activated a 
“dioxin-like” response, which is associated with 
the presence of ligands to the aryl hydrocarbon 
receptors (AhR), and is characterized as both 
response to, and primary driver of, poisoning by 
dioxins (Pelayo et al., 2011). This specific response, 
was not only observed by the upregulation of 
cyp1a and ahrra mRNA levels in zebrafish, but 
also observed by the induction of EROD activity 
in human HepG2 hepatic cells exposed to SEC 
extracts. Estrogenicity is often associated to 
urban and industrial wastewaters, due to the 
presence of a variety of pollutants, such as natural 
and synthetic estrogens, pharmaceuticals, pulp 
mill residues or industrial wastes (Cooper et al., 
2021a, 2021b; Romana et al., 2021). It represents 

one of the major limitations on the reuse and direct 
discharge of treated wastewater, because of their 
potential detrimental effects on fish and other 
vertebrate species (i.e, impaired sexual maturation, 
feminization, immune system modulation (Milla 
et al., 2011; Robitaille et al., 2022).  The effects 
on humans are presently unclear, although it is 
assumed to have potential long terms effects for 
exposed children and fetuses (Aksglaede et al., 
2006). The effect is mediated by interaction of 
natural or artificial compounds to the estrogen 
receptor (ER), present in all vertebrates. Given 
their rather high potency, with EC50 values within 
the picomolar or nanomolar range, ER agonists 
are rarely detected or quantified in wastewaters by 
chemical analyses (Brion et al., 2019). It is well 
known that the induction of the brain aromatase 
cyp19a1b (Chamorro et al., 2018; Martínez et 
al., 2020; Sposito et al., 2018) in zebrafish larvae 
is a direct marker of exposure to estrogenic 
compounds, so is a proven excellent biomarker 
of estrogenicity. In this regard, the present study 
showed a 50-fold increase of cyp19a1b mRNA 
levels in zebrafish embryos exposed to the SEC 
extracts, demonstrating once again, the estrogenic 
capacity of WWTP effluents. In addition to Phase 
I and II detoxification responses and estrogenic 
activity, our results showed that exposure to SEC 
extracts caused alterations in lipid metabolism 
and transport, transmembrane transport and 
mitochondrion organization, cellular response 
to light stimulus and phototransduction, retinol 
metabolism, circadian rhythm and locomotion, 
amongst others. Alterations in lipid metabolism 
and transport could impair cell membrane or 
dysregulate embryonic development (Martínez et 
al., 2020; Ortiz-Villanueva et al., 2018; Vremere 
et al., 2022) and they are also typically linked to 
endocrine disruption (Maradonna and Carnevali, 
2018; Ortiz-Villanueva et al., 2018). Activation 
of the transmembrane transport can be linked 
to recovering homeostasis by regulating pH or 
chloride levels (Xu et al., 2016). The activation 
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of mitochondrion organization pathways might 
compensate mitochondrial dysfunctions (Imran 
et al., 2022). The latter effect usually correlates 
with alterations in heme and iron homeostasis, 
involvement of aryl hydrocarbon receptor (AhR) 
signaling and oxidative stress (Imran et al., 2022), in 
a response that partially overlaps the detoxification 
mechanisms. Circadian rhythm network is vital to 
mediate cellular and physiological processes such 
as the neurodevelopment and visual function (Li 
and Dowling, 2000). Therefore, we suggest that 
alterations on the transcriptomic profile of the 
‘visual and rythmic’ pathways could be related 
to general embryotoxicity. Particularly, exposure 
to SEC decreased transcriptomic abundance of 
opn1mw1 (involved in the cellular response to 
light stimulus and phototransduction) and lrata 
(involved in retinol metabolism). Eyes and brain 
are important sensory organs with high intensity 
of oscillations, and are sensitive to the external 
influence (Shi et al., 2022). Hence, we suggest that 
transcriptomic biomarkers related to light stimulus 
and photoreception, such as opn1mw1, can be 
used as sensitive markers of exposure to CECs. 
Finally, it is well known the involvement of the 
retinoid pathway in eye development (Bohnsack 
et al., 2012; Valdivia et al., 2016), which could 
explain alterations in photoreception, vision and 
behavior. Altogether, our results demonstrate that 
exposure of WWTP effluents extracts is capable to 
trigger the activation of detoxification pathways, 
estrogenicity and disruption of embryo general 
development in zebrafish.

The main finding of this study was that SAT 
treatment of the WWTP effluents provoked a major 
reduction of the evaluated toxic responses. For 
instance, in the case of the dioxin-like responses, 
cyp1a and ahrra mRNA levels in exposed larvae 
were significantly decreased thanks to the SAT 
treatment with a maximum of 82% removal, and this 
reduction was further observed with the reduction 
of EROD activity induction in exposed HepG2 
hepatic cells.  Remarkably, the SAT systems were 

also capable to reduce estrogenicity (induction of 
cyp19a1b) caused by exposure to SEC extracts 
by 83-92%, reaching control levels after the SAT 
treatment. It is worth mentioning that WWTP 
have been deemed as almost unable to eliminate 
estrogenic compounds from wastewaters (Meade 
et al., 2022), thus the relevance of this capability 
of SAT cannot be underestimated. We observed 
a major decrease on CECs loads in extracts 
obtained after the vadose zone, although this 
removal was still noticed through the SAT system. 
In concordance with these results, we observed 
that the major reduction of toxicological effects 
was already observed in water extracts obtained 
immediately after the vadose zone. This suggests 
that the retention/degradation of the most 
toxic compounds present in the SEC effluent 
might mainly occur passed the recharge areas. 
Correlation analysis of both the transcriptomic 
and the chemical data validated ANOVA-PLS2 
analysis confirming that the abundance of a total 
of 108 CECs significantly predicted the observed 
changes in transcriptomic responses along the 
SAT treatment. The majority of this CECs (67), 
which included, caffeine, losartan, bisoprolol 
among others, experienced a considerable 
removal after the SAT treatment, which was 
significantly correlated with a decrease in the 
transcriptomic toxic responses. Altogether these 
results support the effectiveness of SATs in 
removing toxic CECs. On the other hand, a smaller 
number of CECs (17), like benzotriazole, melamine 
and some transformation products, such as 
2-hydroxybenzothiazole, or valsartan acid were 
not removed or even increased their levels after 
the SAT treatment. As observed in the studied 
SATs, some of these CECs also appear recalcitrant 
to current wastewater treatments (Akao et al., 
2022; Javadi et al., 2018). These results could 
explain the fact that although high rates of toxicity 
reduction were achieved after the SAT treatment, 
in some cases, control levels were not achieved, 
suggesting that the remaining toxicity could be 
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due to the presence of recalcitrant CECs in the 
SATs discharge waters. 

Another aspect to highlight based on the results 
of this study is that the T2 system, which did not 
include an RB and was composed only by sand, 
was slightly less efficient in removing CECs 
and presented a lower performance in terms of 
toxicity removal than the systems that included 
RBs with different types organic matter. No 
apparent differences were observed between 
the SAT system that included woodchips or 
compost. Therefore, our results need to support 
the hypothesis that the provision of organic matter 
in the RBs located in the recharge areas of SATs 
could be required to boost SATs’ performance in 
removing CECs and associated toxicity.  In fact, 
the implementation of permeable reactive barriers 
has already proven efficient in increasing the 
removal of several CECs during SAT operations 
(Valhondo et al., 2020a, 2015, 2014) reaffirming 
their capability of improving water quality in 
short times, facilitating its application as tertiary 
treatments. Beyond toxicity and contaminants 
removal, SAT technologies have a beneficial 
ecological impact since they contribute to 
aquifer’s recovering promoting in this way the 
exchange of groundwaters and surface waters 
(hyporheic exchange) in rivers and the associated 
ecosystems (Sunyer-Caldú et al., 2023).  In 
summary, we conclude that the proposed SAT 
systems significantly improved CECs removal and 
its associated toxicological effects, demonstrating 
their effectiveness as cost-effective green tertiary 
treatments. That being said, additional follow-up 
studies are needed to evaluate new strategies in 
order to make SAT systems even more efficient 
and capable of removing recalcitrant CECs. 

To the best of author’s knowledge this is the 
first study that couples both in vitro and in vivo 
assays with wide-scope CECs suspect screening 
successfully evaluating the fate of CECs and their 
associated toxicity in WWTP effluents and the role 
of SAT treatment in their removal. The comparative 

approach followed in this study appears as an 
efficient and integrative tool for a representative 
biomonitoring of both WWTP effluents and SATs 
performance that could be easily implemented 
in future wastewater regeneration and effluents 
surveillance projects. 

5. Conclusions

In summary, our results showed that exposure 
to SEC extracts caused alterations in lipid 
metabolism and transport, transmembrane 
transport and mitochondrion organization, cellular 
response to light stimulus and phototransduction, 
retinol metabolism, circadian rhythm and 
locomotion, amongst others. Simultaneously, we 
have demonstrated that the infiltration of WWTP 
effluents through the SAT systems enhanced 
the quality of the WWTP effluent by efficiently 
reducing between 46-100% toxicity responses 
such as general detoxification, estrogenicity and 
dioxin-like in zebrafish eleutheroembryos and 
human dioxin-like responses in HepG2 hepatic 
cells (markers heavily associated with detrimental 
effects on environmental and human health). 
This decrease in the detoxification response 
correlated with a 50-100% reduction of CECs 
cumulative loads. Our results demonstrated that 
the implementation of SAT holds great potential to 
reduce CECs loads and attenuate the toxic effects 
associated with WWTP effluents, allowing their 
safer disposal or potential use in aquifer recharge 
schemes. Identifying recalcitrant CECs and 
observing residual toxicity after SAT, aligned with 
the fact that the degradation of CECs seems to be 
compound-dependent, appear as key elements to 
consider in future SAT optimizations. We suggest 
designing and implementing combinations of 
barrier materials that can optimize the SAT, thereby 
improving the removal of possible toxic recalcitrant 
hazards. By integrating toxicogenomic analysis 
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with wide-scope suspect screening chemical 
analysis, we were able to link CECs removal with 
a reduction of associated toxic effects by the 
SAT treatments. We provide strong evidences 
that promote the implementation of enhanced 
SAT systems as a very promising approach to 
reduce, in a cost-efficient and ecofriendly manner, 
the environmental and human health effects of 
recalcitrant pollutants present in WWTP effluents.
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1. General Discussion

The work presented in this thesis adds new 
information on the risks associated to the use 
of regenerated materials on the environment. 
We focused in two aspects of this use: the 
application of biosolids to agricultural fields 
and the recharge of aquifers using reclaimed 
wastewater. We contributed with new insights into 
ARG loads transmission and potential microbiome 
alterations under realistic conditions. In addition, 
we assessed the role of WWTP effluents in ARG, 
CECs and associated toxic responses spreading 
and their potential removal after SAT treatment, 
in order to attenuate their impact in receiving 
underground and surficial water bodies.

A particular strength of this thesis resides in the 
provision of experimental data on the impact 
linked to the reuse of a large variety of biosolids 
for the fertilization of different target soils and 
crops. Additionally, we explored the effects of 
consecutive wastewater regeneration episodes, 
a piece of information specially lacking in field 
studies that is urgently required by policy-makers, 
since it represents an essential information 
for a complete assessment of WWTP effluents 
associated risk monitoring and reduction 
(Bondarczuk et al., 2016). Specifically, the 
publications of the second Chapter surveilled the 
occurrence of ABs, ARGs and ARBs in different 
agroecosystems under organic fertilization and 
the fate of these hazards in both fertilizers and 
fertilized soils and crops. On the other hand, the 
publications of the third Chapter helped us gain 
insight on the occurrence of ARGs, ARBs, and 
associated toxic responses in a given WWTP 
effluent through successive sampling campaigns 
and the potential role of SAT techniques in their 
removal. In the light of the obtained results, we 
developed a guide of different risk mitigation 
strategies for both reusing biosolids as organic 
fertilizers and handling wastewater effluents for 
water regeneration purposes.

General discussion and conclusions
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1.1 Occurrence of ABs, ARGs and ARBs in the studied 
agroecosystems. From ABs use to AR in foodstuffs

In the reports published by the European Center 
for Disease Prevention and Control (ECDC) on 
the specific prescription of antibiotics in human 
medicine (defined daily doses, DDD), a gradual 
increase was observed between 2000 and 2015. 
By 2015, Penicillins accounted for 46% of the 
total consumed ABs, followed by other β-lactams, 
macrolides, tetracyclines, quinolones, and 
sulfonamides (Pan and Chu, 2017, Figure 1A). 
Conversely, the ECDC observed large inter-country 
variations in antibiotic sales for food-producing 
activities (Pan and Chu, 2017). Tetracyclines 
accounted for approximately 33,4% of total AB 
consumption for food-producing animals in twenty-
nine European countries, followed by penicillins, 
sulfonamides, macrolides, and polymixins (Figure 
1B). Both the parent and metabolite forms of 
these ABs enter the environment via sewage 
(human urine and feces) and animal manure 
(90% excreted in urine, 75% in feces (Sarmah et 
al., 2006)). These residues contaminate soil, and 
surface and ground waters through leaching, 
runoff or, more directly, through soil fertilization 

with these matrices (Ezzariai et al., 2018; Gao et 
al., 2020; Michael et al., 2013). 

The low-volatility and high persistence rates of a 
wide variety of ABs determine their accumulation 
in soil and their uptake by crops. They can be 
translocated and reallocated in different plant 
tissues depending on the plant genotype, on its 
physiological state, and on the presence of other 
stressors (Matamoros et al., 2022). Pan & Chu 
compilated in their review of 2017 a battery of 
studies that quantified different ABs in animal 
manure, other biosolids, soils and crops.  Their 
results showed AB concentrations ranging from 
10000 to 80000 ng/g (dry weight, dw) in animal 
manure, 300 to 1500 ng/g dw in other biosolids, 
700 to 20 ng/g dw in soil and 500 to 10 ng/g 
dw in crop tissues. Tetracyclines appeared as 
the predominant family in the case of animal 
manure, soils, and crops, whereas quinolones 
were predominant in other biosolids (Figure 2). 
This accumulation pattern was also observed in 
the results from Chapter Two (see ST6 in Paper 
I, Tables 1 and 2 in Matamoros et al., (2022) 
and ST6 in Paper III), where the highest ABs 
concentrations were found in pig-based fertilizers 
followed by sewage biosolids, target soils, and, 

Figure 1. A) European consumption of antibiotics in human medicine (community and hospital sector) by classes in thirty 
European countries in 2015, expressed in daily defined doses (DDD)/1000 inhabitants/day. (ECDC, 2015). B) European consumption 
of antibiotics for food-producing animals by classes in twenty-nine European countries in 2014, expressed as percentage of the 
total sales in mg/population correction unit (PCU) (ECDC, 2014). Adapted from Pan and Chu (2017).

DISCUSSION



- 157 -

lastly, crops. We observed that the treatment 
of pig-slurry did have a strong impact on ABs 
concentration, corresponding the lowest AB 
loads to solid fractions and digested slurries, and 
the highest ones to liquid fractions and raw pig 
slurries. Nonetheless, the loads of tetracyclines 
and lincosamides in pig-based fractions were 
around 4000 ng/g fw on average even in digested 
slurries. Consistently with the data in the Pan & 
Chu review, our results showed that quinolones 
were the highest AB family in sewage biosolid 
while any AB was quantified in the organic fraction 
of municipal solid waste (OFMSW). Regarding 
fertilized soils, tetracyclines reached their highest 
values in soils fertilized with solid fraction of pig 
slurry. For edible crops, ABs were only detected in 
lettuces and radishes at very low concentrations 
for all ABs families with a predominance of 
tetracyclines in the case of radish (Matamoros et 
al., 2022; Sanz et al., 2022a). On the other hand, no 
AB residues were found in corn, suggesting  that 
the uptake capacity of cereals and grains ranged 
from moderate to low (Christou et al., 2019; Eggen 

and Lillo, 2012). Taken together, these results 
reveal that tetracyclines and quinolones and, to 
a lower extent, sulfonamides and lincosamides, 
are widespread amongst biosolids effectively 
reaching fertilized soils and crops. The potential 
propagation of ARGs and ARBs in the fertilizer-
soil-crop continuum derived from ABs use/
presence and their subsequent selective pressure 
still remain insufficiently characterized, with 
only a handful of available mesocosms studies 
that approach ARGs distribution over several 
compartments (Chen et al., 2018; Zhang et al., 
2019a; Zhu et al., 2017). In contrast, the potential 
effects of ABs residues in soils and crops have 
been quite intensively assessed in literature, 
including inhibition of bacterial growth, bacterial 
respiration, toxic effects on meso and macrofauna 
and phytotoxicity (Conde-Cid et al., 2020; Li et al., 
2011). In this context, the information retrieved in 
our laboratory over the past few years (Cerqueira 
et al., 2020, 2019b, 2019c, 2019a) and the results 
derived from this thesis (Sanz et al., 2022a, 2022b, 
2021) become highly relevant.

Figure 2. Average concentrations range of different antibiotic families measured in animal manure, other biosolids, soil and 
crops across available literature. Data from Table S1 in Pan and Chu (2017).
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Culture-independent qPCR methods allowed 
us to identify the possible sources of AR in 
agroecosystems with the screening of AR-
associated genetic elements (ARGs and intI1). 
Supplementary Table ST1, summarizes the 
quantified genetic elements average abundance 
in all the analyzed matrices in the works included 
in Chapter Two. Fertilizers showed highest loads 
of all detected genes, particularly in raw pig slurry 
and processed pig slurry fractions, with a clear 
predominance of intI1, sul1 and tetM in all cases. 
This data is consistent with the fact that ABs 
administration enhances the prevalence of ARBs 
and ARGs in animal manure, as seen in a large body 
of studies (Looft et al., 2012; You and Silbergeld, 
2014; Zhu et al., 2017). For instance, in the study 
by Zhu and collaborators (2013), manure samples 
from large-scale commercial swine farms showed 
three to four orders of magnitude more ARGs than 
manure samples from animals not exposed to 
antibiotics. Consistently with our results, many 
reports on agriculture-associated ARGs found high 
prevalence of tetracycline (i.e tetG, tetM, tetPB) 
and sulphonamide resistance genes (i.e, sul1, 
sul2)  in animal manures (Wang et al., 2015; Zhao 
et al., 2019; Zhou et al., 2017), as well as a high 
prevalence of integrons, transposons, plasmids, 
and other MGEs (Cheng et al., 2013; Johnson et 
al., 2016; Xie et al., 2016; Zhu et al., 2013). Our 
finding that different ARG profiles can be found 
amongst animal wastes reinforces the hypothesis 
that animal handling and farm conditions have 
a fundamental role in determining the loads of 
released ARGs. The fact that sul1 and tetM were 
widespread amongst all analyzed wastes, while 
loads of markers of quinolones and beta lactams 
resistance were relatively low, reveals that the past 
use and abuse of this “classical ABs” lead to the 
presence of their corresponding resistance genes 
in wastes, even in animals not currently treated 
with this ABs. New ABs families may not be so 
widely used and thus their prevalence may still 
depend on continuous selective pressure. As a 

possible example, the relatively minor qnrS1 gene 
showed the strongest correlations with the high 
loads of quantified quinolones in Paper I (Sanz et 
al., 2021). Any relaxation in the use of quinolones 
and other ABs could translate in their respective 
resistance genes becoming part of the “general” 
resistome in animal and human guts. Our data 
confirms that the potential selective pressure 
associated to organic fertilizers may be enough to 
favor the soil colonization by antibiotic-resistant 
bacteria from either the same fertilizers or from the 
pre-existing soil microbial community. In Paper II & 
III (Sanz et al., 2022a, 2022b), ARG total loads and 
ARG profiles depended on the fertilizer type, and 
they were influenced by time between fertilization 
and sampling. In general, ARG loads were higher in 
the amended soils than in the minerally fertilized 
ones, although their levels appeared  unstable and 
transient. For crops, and as observed for ABs, AR-
related genetic elements were relatively low in all 
cases, particularly in radish and corn samples, 
although intI1 and sul1 and tetM achieved 
significantly high loads in lettuce when pig slurry 
was used as fertilizer (Supplementary Table ST1). 
intI1, sul1, and tetM were the genetic markers with 
highest loads in all three compartments analyzed 
(fertilizers, soils and crops). This correlates 
with works that identified tetracycline (tet) and 
sulfonamide (sul) resistances genes as the 
predominant resistance determinants in livestock 
waste and manured agricultural soils (He et al., 
2020; Radu et al., 2021) followed by macrolide 
(erm) and β-lactam (bla) ARGs (Radu et al., 2021). 
The highest loads of these elements were found in 
raw pig slurry, its fractions, and in soils and crops 
fertilized with these materials. This suggests 
that pig slurry-based amendments have a strong 
potential for influencing ARG loads and increasing 
HGT in soils and crops, consistently with previous 
data on pig manure fertilization (Chen et al., 2019; 
Rahman et al., 2018; Zhang et al., 2021).

Knowing which fraction of the total bacterial 
communities qualify as ARG-harboring is a 
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really difficult task. This notwithstanding, the 
taxonomical information retrieved in works from 
Chapter Two with the sequencing of the 16S 
rDNA gene, allowed us to correlate ARG loads 
with the respective microbiome composition 
in the same samples. Moreover, we were able 
to compare fertilizers’ microbiome to target 
soils’ and crops’ microbiomes in order to track 
potential contributions. A number of previous 
studies have shown that bacterial phylogeny and 
taxonomic structure significantly correlate with 
resistome composition in animal manure (Xie 
et al., 2018a), sewage sludge (Cai et al., 2022), 
and soils (Forsberg et al., 2014; Wang et al., 
2020a). Pig-slurry microbiomes in Paper I (Sanz 
et al., 2021) showed the expected predominance 
of facultative anaerobic bacteria with a strong 
contribution of Firmicutes, mainly the Clostridia 
group, which includes some species related to 
serious foodborne diseases for man and animals. 
Minor contributors were Bacteroidetes (widely 
distributed in the environment and highly abundant 
in the gastrointestinal animal microbiome) and 
Spirochaetes groups. A similar composition have 
been described for fecal microbiomes elsewhere 
(Lamendella et al., 2011; Zhang et al., 2019b). 
Microbiota from the fertilizers from Paper II (Sanz 
et al., 2022a)  also showed the predominance 
of Firmicutes and Bacteroidota groups. In 
contrast, a significant fraction of Archaea (mostly 
Crenarchaeota and Halobacterota, thermophilic 
and methanogenic taxa, respectively) appeared in 
sewage sludge and pig slurry, whilst Proteobacteria 
were only predominant in the sludge microbiome. 
Pig-based fertilizers from Paper III  (Sanz et al., 
2022b) found again Bacteroidota and Firmicutes 
as their predominant bacterial Phyla, along with 
methanogenic and thermophilic archaeal groups 
(Halobacterota and Thermoplasmatota). For 
fertilized soils and crops, Proteobacteria were 
the dominant bacterial Phyla in soils, corn leaves, 
and corn grains, with variable representations of 
Actinobacteriota, Bacteroidota, Acidobacteriota, 

Gemmatimonadota and a small fraction of 
Firmicutes, groups described elsewhere as being 
highly prevalent in soils (Karimi et al., 2018). 

With the retrieved taxonomical information, we 
aimed to evaluate 1) the impact of fertilizers 
microbiome in the nature and distribution of 
sequenced taxa in soils, and 2) the occurrence 
of bacterial strains positively related with higher 
ARG loads in soils after fertilization. In Paper 
II & Paper III (Sanz et al., 2022a, 2022b), ASV 
sequence identification allowed us to identify 
small, but significant contributions of fertilizer 
microbiomes to the receiving soils, indicating 
a moderate persistence of gut bacteria in soil 
conditions. However, as observed with ARG loads, 
these alterations of the soil microbiome appeared 
to be transient, returning to a normal soil-like 
bacterial distribution in a matter of months. 
This aligns with recent evidence describing the 
strong capacity of agricultural soils to recover 
their basal ARG profiles after application of 
organic fertilizers. Radu and collaborators (2021) 
showed that ARG concentrations after manure 
amendment returned to baseline levels within a 
crop growing season. In the work from Muurinen 
et al., (2017), manure predominant ARGs  were 
detected in soil short after application, but their 
abundance decreased over time, with many of 
them becoming undetectable, suggesting that the 
observed increase after fertilizing was temporary. 
That being said, we observed in both Paper I 
& II a cumulative effect of fertilizers on ASV 
distribution in soils from the second fertilization 
periods. The same effect was observed when 
analyzing the correlations between ARG loads and 
sequenced taxa. Organic fertilization increased 
the occurrence of bacterial strains positively 
correlated with ARG loads in treated soils, mainly 
belonging to the Proteobacteria, Actinobacteria 
and Firmicutes phyla. Some of these groups were 
also linked to high ARGs loads in the fertilizers 
analyzed in Paper I (Sanz et al., 2021) and to high 
ARG prevalence in soils, plants, and fruits in other 
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publications (Cerqueira et al., 2019b; Fogler et 
al., 2019). However, the majority of the identified 
members are normally found in soils (Karimi 
et al., 2018), in agreement with the evidence 
that the long-term influence of fertilizers on soil 
resistomes takes place primarily through the 
alteration of native bacterial composition, rather 
than through the direct introduction of manure-
borne bacteria (Chu et al., 2007; Sun et al., 2015; 
Xun et al., 2016). Altogether, these results suggest 
that consecutive fertilization practices do have an 
additive effect on soil microbiome distribution 
and diversification. This evidence underscores 
the importance of respecting the optimal time 
between fertilization and harvest and of controlling 
the fertilization rates in order to decrease the risk 
of ARGs transmission and microbiome alterations 
over consecutive campaigns. 

Another relevant observation extracted from the 
taxonomical and ARG data correlations carried 
in this thesis, is the effect of processing wastes 
on bacterial composition and its potential 
repercussion on ARG loads in both fertilizers and 
amended soils. When looking at the bacterial 
profile of more processed pig wastes in Paper I and 
Paper III (Sanz et al., 2022b, 2021), we observed 
the appearance of methanogenic and thermophilic 
taxa that could indicate the maturation of the 
initial swine slurry microbiome profile although 
this shift did not always translate into a lower ARG 
prevalence. In Paper II (Sanz et al., 2022a), more 
processed fertilizers (OFMSW and sewage sludge) 
showed a more soil-like bacterial profile along with 
a lower ARG prevalence (specially for tetM) when 
compared with raw pig slurry. Soils amended with 
these fractions also showed lower ARG prevalence 
than those fertilized with pig slurry. In conclusion 
we suggest that the implementation of treatments 
(e.g., composting or digestion) to the initial waste 
might promote bacterial succession and decrease 
ARG loads. There is growing evidence on the effect 
of thermophilic composting on the reduction 
of ARGs, and especially tetracycline resistance 

genes, in pig manure (Liu et al., 2020) in poultry 
manure (Esperón et al., 2020; Subirats et al., 2020) 
and on the removal of ARGs and MGEs in sewage 
sludge (Liao et al., 2018).

The ability of AR-associated genetic elements and 
ARB to colonize the gut microbiome of exposed 
humans and animals through foodstuffs is still 
largely unknown (Piña et al., 2020). The potential 
ARG transmission rate and ARB propagation in 
animal and human’s guts will largely depend on 
the selective pressure posed by their ABs use/
consumption. ABs subinhibitory concentrations 
and the combination of trace residues from both 
parental compounds and transformation products 
can have a dramatic effect on the maintenance 
of ARBs in the guts of farm animals and humans 
(Piña et al., 2020). The monitoring of AB residues 
through food chains is still a developing field, 
although we can find some works that quantified 
and estimated exposure rates of other pollutants. A 
seminal study demonstrated that the antiepileptic 
drug carbamazepine and its metabolites can 
be detected at considerable concentrations 
in the urine of people consuming wastewater 
irrigated vegetables (Paltiel et al., 2016). Another 
study showed that children resident in urban 
areas of Israel (Freeman et al., 2016) showed 
higher potential exposures rates to food-borne 
pesticides than the general population for several 
target compounds, with ten of them exceeding 
the Acceptable Daily Intake values. Therefore, the 
current evidence indicates that micropollutants 
can effectively disseminate from wastes to soil 
and crops reaching consumers and, consequently, 
that the general public exposure to ABs and ARG/
ARB through food needs to be investigated.

In light of the results of this thesis, pig-slurry 
fertilizers were identified as the waste category 
with the highest risk associated to ARG/ARB 
transmission for both exposed workers and 
final consumers. Despite the limited capacity 
of bacterial colonization of this type of wastes, 
we confirmed that they have a strong potential 
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for influencing ARG loads and HGT in target 
soils and crops. Thus, the setting of legal 
requirements regarding their handling/treatment 
and the intensity and timing of their application 
appear crucial for their safe use as fertilizers. 
An interesting recent study shed some light on 
the occupational ARG exposure related to farms 
and slaughterhouses (Yang et al., 2022). The 
study monitored aph(3′)-III, ermB, sul2 and tetW 
genes in animal faeces, farm-produced meat, 
environmental samples (electrostatic dustfall 
collector and gloves of slaughterhouse workers) 
and faeces from humans occupationally exposed 
to pigs or broilers at Dutch and German farms 
and slaughterhouses. They found a high variation 
of ARG abundance across animal species, 
environmental samples and human individuals. 
They concluded that the ARG abundance in the 
environmental samples significantly correlated 
with ARG abundance in the exposed human’s 
faeces, fact that highlights the threat that raw 
pig-slurry handling might be already posing farm 
workers. However, they found a decreasing trend 
in the ‘farm to fork’ transmission of ARGs, partially 
attributed to recent farm biosecurity levels and 
regulation of ABs use. 

In conclusion, our data validates the hypothesis 
that the simultaneous presence of AB residues 
and ARG loads in fertilizers, makes them important 
vectors of AR transmission through organic 
fertilization, especially with pig-based fertilizers. 
Although the observed increase in ARG loads and 
the modulation of fertilized soils microbiome 
appeared as transient impacts, the cumulative 
effect observed in the microbial distribution and 
diversification in soils from the second cycles 
highlight the importance of establishing adequate 
fertilization rates and properly scheduling harvest 
after organic fertilization. That being said, further 
studies are needed in order to fully evaluate the AR 
risk associated to organic fertilization based on 
the monitoring of AR residues and AR-associated 
genetic elements through food chains.

1.2. Occurrence of ARGs, ARB and toxic responses in 
wastewater effluents

Another  potential risk to exposed environments 
evaluated in this thesis is that related to the handling 
of WWTP effluents in the context of water scarcity. 
The use of reclaimed wastewater represents a 
reliable source of water supply when weather 
variability and water over-abstraction compromise 
a sustainable water access. Nonetheless, WWTPs 
were initially designed to remove organic matter, 
pathogens and reducing ammonium loads and 
their effluents still contain high loads of both 
chemical and biological unregulated hazards after 
wastewater depuration, highly compromising a 
safe use/discharge without proper treatment. 

The recent advances in analytical chemistry 
allowed the detection of a wide range of 
unregulated compounds, including ABs 
(Rodriguez-Mozaz et al., 2020), pharmaceuticals 
(de Oliveira et al., 2020), and plasticizers (Okoffo 
et al., 2019) in WWTP effluents. However, the 
analysis of the biological relevance derived from 
their presence in effluents is still an on-going task. 
In the context of AR transmission, a growing effort 
is being made in order to understand the potential 
role of WWTP effluents in this problematic 
(Alexander et al., 2020). The simultaneous 
presence of ABs and ARB makes WWTP effluents 
dangerous hotspots for antibiotic resistance 
spreading (Pazda et al., 2019). The persistent 
selective pressure from antibiotic residues at 
subinhibitory concentrations, along with the high 
density and diversity of microorganisms sustained 
by a nutrient rich environment create favorable 
conditions for antibiotic resistance dissemination 
(Rizzo et al., 2013).  Antibiotics have been 
detected in WWTPs at concentrations ranging 
from < 10 to 7900 ng/l for influent wastewater 
and < 10 to 5600 ng/l in effluent wastewater 
(Omuferen et al., 2022). Among the most-detected 
compounds we find clarithromycin, erythromycin, 
azithromycin, roxithromycin, sulfamethoxazole, 
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trimethoprim, ofloxacin, ciprofloxacin, norfloxacin 
and tetracycline, probably due to the fact 
that these antibiotics are the most frequently 
prescribed and have a relatively stable structure 
(Wang et al., 2020b). However, their frequency and 
concentrations are heavily influenced by seasonal 
changes, usually achieving higher levels in winter 
than in summer correlated to a higher prescription 
rate (Wu et al., 2016). Other factor that could 
contribute to their seasonal variability is the 
regional socioeconomic context, like in the case 
of massive touristic areas (Cocozza et al., 2023). 

The presence of ABs residues is likely related 
to the significant enrichment of ARGs encoding 
resistance to macrolides (ereA, ermB, ermC, 
erm43), sulfonamides (sul1, sul2, dhfr1), 
quinolones (qnrS, qnrC, qnrD), tetracyclines 
(tetA, tetB, tetE, tetG, tetH, tetS, tetT, tetX, tetM), 
and to a lower extent, β-lactam (blaCTXM , blaTEM, 
blaOXA-A, blaSHV, mecA) observed in WWTP effluents 
and WWTP activated sludges, with the latter 
usually presenting the highest concentrations 
(Mao et al., 2015; Munir et al., 2011; Wang et 
al., 2020b). Moreover, mobile elements such as 
plasmids, transposons, and integrons carrying 
ARGs have also been detected in effluents 
and activated sludge samples, indicating that 
gene transfer may occur in these environments 
(Guo et al., 2017; Zhuang et al., 2015). The ARG 
presence monitored in the effluents from Paper 
IV is consistent with this evidence, finding the 
highest relative abundance for sul1 followed by 
tetM, qnrS1 and blaTEM genes. The integron intI1 
was the genetic element with highest prevalence 
in effluent samples for all sampling campaigns, 
suggesting gene-transfer activities in the studied 
microbiomes. Several studies have monitored 
the presence of ARG in both WWTP influent 
and effluent to assess the role of wastewater 
treatment in ARG removal. Contradictory results 
have been reported with some of them describing 
a significant decrease in ARGs after wastewater 
treatment with activated sludge (Hultman et al., 

2018; Laht et al., 2014), while others showed ARG 
enrichment in the WWTP effluent (Alexander et al., 
2015; Amador et al., 2015; Bengtsson-Palme et al., 
2016). Results from Paper IV revealed that in our 
study, the maximal values of ARG prevalence were 
observed in both influent and effluent samples 
for all sampling campaigns and the comparison 
between their respective values indicated that 
the WWTP treatment reduced ARG loads only by a 
relatively minor fraction in one sampling episode.

With the aim of characterizing the multi-faceted 
biological impact of WWTP effluents, different 
approaches have been taken for toxicity monitoring 
(Robitaille et al., 2022). This included in vitro cell 
assays that encompassed simple cytotoxicity 
tests (Žegura et al., 2009), biomarker studies 
(Gagné et al., 2013) and metabolomic methods 
(Žegura et al., 2009; Zhen et al., 2018). In these 
studies, wastewater effluents from diverse origin 
appeared cytotoxic, increased the expression of 
stress-related genes and disrupted energy and 
lipid metabolism in exposed cells. The magnitude 
of the observed effects depended on the size 
of population served by the WWTP, the influent 
flow rate, and the wastewater treatment method 
applied in each case. In Paper V, we also observed 
a dramatic effect of effluent extracts on HepG2 
cell proliferation rate and on the induction of EROD 
activity, a highly sensitive indicator of contaminant 
exposure/detoxification that provides evidence of 
a AhR -mediated induction of the cyp1a subfamily 
(Dehn et al., 2004). 

Although in vitro cell assays represent a great 
option for monitoring specific modes of action and 
they are able to predict and model exposure risks 
related to WWTP effluents, they do not consider 
synergistic or counter-regulatory processes 
within whole organisms, whose study requires a 
systemic approach. (Prasse et al., 2015). This can 
been achieved by coupling in vitro assays with 
the search of transcriptomic signatures of WWTP 
effluents exposure in in vivo assays (Meade et al., 
2022). A battery of physiological effects has been 
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linked to surface water gradients in WWTP effluents 
chemistry by means of transcriptomics. This 
includes alterations in reproductive, endocrine and 
immunological functions in zebrafish and fathead 
minnow (Berninger et al., 2014; Zhang et al., 2018) 
as well as  genotoxicity  and disruption of vascular 
development in zebrafish (Zhang et al., 2018). This 
is consistent with the evidence found in Paper V, 
were the exposure of zebrafish embryos to WWTP 
effluent extracts induced estrogenic and phase 
I and II detoxification responses, impaired lipid 
metabolism and transport, alteration of cellular 
response to light stimulus and phototransduction, 
among other potentially adverse effects. It is 
important to note that robust transcriptomic 
biomarkers of CECs exposure in effluents are still 
lacking, since pathway-based impacts of exposure 
in fish models are not well characterized beyond 
those that involve steroidal reproductive hormones 
(Meade et al., 2022).

In summary,  the information collected in Papers 
IV & V underscores the risk associated to WWTP 
effluents derived from their role in ARG transmission 
and their proven ability to induce toxic responses 
in both in vitro and in vivo assays. Characterizing 
the toxicity linked to the complex mixtures of 
chemical compounds present in effluents is still 
an on-going task where future efforts should be 
centered in finding robust exposure biomarkers for 
a complete comprehension of the toxic effects. 
Additionally, given the high risk associated with 
effluents discharges, the optimization of cost-
effective tertiary treatments capable of removing 
both chemical and biological hazards appears as 
a clear challenge.

1.3 Risk mitigation strategies in fertilizers and 
wastewater effluents handling

The knowledge gained in the studies carried in this 
thesis contributed to the development of a set of 
risk mitigation strategies in order to ensure the 

safety of organic fertilizers and WWTP’ effluents 
reuse.

Organic fertilizers handling.

In light of evidence, the first step for minimizing 
the risk associated with organic fertilization, in 
terms of antibiotic resistance dissemination, 
should be the exhaustive control of AB usage. A 
hopeful example is the decreasing trend in the ARG 
transmission observed in farms and attributed 
to ABs prescription regulations. Given that the 
spread of ARB/ARGs is dependent on selective 
pressure, relaxing this regulation might increase 
the microbiome resistance to new ABs, therefore 
reducing their effectiveness.  

Simultaneously to regulating AB prescriptions, 
we support the idea that the treatment of 
generated wastes at the sources also represents 
a fundamental tool to reduce AB loads and tackle 
ARG transmission. Our work demonstrated that 
the handling and processing of farm wastes plays 
an instrumental role in reducing their AB loads, 
modulating their microbiome profile, lowering their 
ARG levels, and diminishing the impact on fertilized 
soils. Waste treatment should take place under 
conditions that do not favor typical intestinal/
fecal microbiomes (represented by orders like 
Lactobacillales, Eubacteriales, Bacteroidales, 
and others (Chen et al., 2021)) and that favor 
ecological succession towards soil-related 
taxa normally correlated to low ARG prevalence 
(Bacillales, Xanthomonadales, Rhizobiales, etc. 
(Fierer, 2017)) and to the degradation of organic 
compounds (Cellulomonas, Pseudomonas, 
Bacillales, etc.  (Rastogi et al., 2020)). Some of 
the key elements promoting this transition are 
pH, quality and quantity of organic carbon, redox 
status, moisture, and nitrogen and phosphorus 
availability, since they are the factors that majorly 
influence soil bacterial composition (Fierer, 2017). 
Thermophilic composting has proven very efficient 
in lowering ARG loads and reducing MGEs in a 
wide range of wastes, and there is also a growing 
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body of knowledge regarding its potential to 
promote compositional and functional succession 
of bacterial and fungal communities. For instance, 
the change in abiotic properties during pig-manure 
composting promoted the substitution of the 
initially dominant cellulose degrading bacteria 
by saprophytic fungi specialized in recalcitrant 
substrates on the latter stages (Wang et al., 
(2021). In another study by Lei and colaborators 
(2021), changes in pH during swine composting 
were the main drivers of bacterial and fungal 
communities succession, explaining about 60% 
of their total variation. In this study Turicibacter 
and Terrisporobacter genera, predominant in the 
initial phase, were substituted by Bacillus and 
Ureibacillus, thermotolerant bacteria with an active 
role in the degradation of waste materials, while 
the fungal genera Thermomyces and Dipodascus 
were substituted by Mycothermus, involved in the 
degradation of cellulose and hemicellulose.

Second only to the proper processing of wastes, 
the timing of application constitutes a key 
element to minimize the risk of ARG transmission 
to soils. Despite the known high re-naturalization 
capacity of soils, we observed a greater impact in 
soil ARG loads and ASV distribution by the second 
fertilization cycles when compared with their 
respective first cycles. This long-term impact was 
also observed on a bigger scale in the study by 
(Xie et al., 2018b), in which 25 years application 
of pig manure dramatically increased the diversity 
and abundance of ARGs in soil over the years in 
comparison with minerally fertilized plots, through 
both exogenous ARGs introduction and boosting 
of indigenous ARGs. In this case, ARG distribution 
seemed relatively independent from bacterial 
phylogeny, suggesting that the impact on ARG 
loads was mainly driven by HGT (stimulated with 
manure additions) rather than by microbiome 
modulation. Considering this evidence, we 
propose that organic fertilization cycles need to 
be paced in order to allow soil re-naturalization 
while minimizing cumulative impacts on soils.

Wastewater effluents handling. Soil Aquifer 
Treatment role and performance.

Taken together, the studies included in Chapter 
Three demonstrate the associated toxicity of 
WWTP effluents and their role as reservoirs of both 
ARGs and CECs, highlighting their potential risk to 
human and environmental health. As in the case of 
ABs, we propose that the first step on diminishing 
the toxicity risk should be limiting CECs use and 
uncontrolled disposal. Upcoming regulations aim 
to control the use of some emerging compounds, 
but the impact of their complex mixtures has 
never been contemplated, and the regulation of 
such a few members appears to be insufficient to 
tackle this problem. In this context, wastewater 
regeneration practices are presented as an almost 
indispensable tool for the safe use and discharge 
of WWTP effluents (Valhondo et al., 2020a, 2020b; 
Vymazal et al., 2021).

Similarly to the composting processes, a water 
regeneration system that favors the displacement 
of gut-related, copiotrophic bacteria by oligotrophic 
or mesotrophic microbiomes seems to play a 
big role on water depuration in terms of ARGs 
removal. The potential role of bacterial succession 
in wastewater regeneration was identified in Paper 
IV, where SAT systems enhanced with reactive 
barriers appeared as suitable tertiary treatments 
to promote a microbiome shift likely leading to 
a reduction of ARG loads. Functional analysis 
revealed that aerobic chemoheterotrophs, nitrate 
reducers and human pathogens present in the 
effluent were eventually substituted at the end 
of the systems by groundwater-like bacterial 
groups able to perform iron, manganese, 
arsenate, sulfur and nitrogen respiration. This 
microbial succession most likely contributed to 
the outstanding 90-95% ARG removal observed 
across all three sampling campaigns. As 
mentioned in Paper IV, this ARG removal favorably 
compares with most of current tertiary-treatment 
methods (Advance Oxidation, Membrane-based 
procedures, etc. (Leiva et al., 2021). Moreover, 
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the enhanced SAT systems studied in this thesis 
have proven capable of not only removing ARGs 
but both CECs and pathogen indicators (Valhondo 
et al., 2020a, 2020b, Figure 3). We believe that 
the diversification of bacterial communities 
facilitate the degradation of compounds and the 
precluding growth of enteric bacteria (Paper IV). 
Paper V helped us gain insight into the biological 
repercussion of the removal of toxic hazards by 
SATs in two independent biological systems 
(Figure 3). Comparative approaches that integrate 
information from different biological systems 
through target and non-target methodologies 
are highly recommended for a representative 
biomonitoring of WWTP effluents (Meade et al., 
2022). Following this approach, the integration 
of target and non-target RNA analysis, enzymatic 
activities, and CEC wide-scope suspect screening 
allowed us to link the removal of the toxic hazards 
cocktail by SATs to a reduction, of more than 70% 
on average, of the associated toxic effects. 

To our knowledge, a simultaneous reduction of 
ARG and CEC loads and estrogenic, dioxin-like 

and detoxification responses has never been 
reported for any tertiary treatment. This could be 
due to the fact that (1) the combined screening of 
these parameters has never been contemplated in 
wastewater monitoring (2) the role of microbiome 
substitution has never been assessed in this 
context which can explain the failure of tertiary 
treatments in eliminating many relevant hazards. 
We promote the use of SATs as appropriate tertiary 
treatments able to reduce the risk associated with 
wastewater effluents allowing their safe discharge 
or their potential use in aquifer recharge schemes 
or agricultural irrigation, among many other uses. 
For instance, the safety of SAT-regenerated water 
for agricultural irrigation was monitored by our 
project partners in terms of CECs and pathogens 
uptake in comparison with untreated effluent 
water irrigation (Sunyer-Caldú et al., 2022). In 
this work, irrigating crops with SAT-regenerated 
water drastically reduced the loads of pathogens 
and CECs transferred to crops, especially in 
plots under sprinkler irrigation, underscoring the 
potential role of these systems as water providers 
in agriculture. The benefits derived from the use of 
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Figure 3. Percentage of reduction of microbial and toxic hazards relative to the WWTP effluent by SATs monitored in this thesis. 
Supplementary data from Valhondo et al., (2020a)  and some unpublished data.
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SATs as tertiary treatments extend beyond toxicity 
and hazards removal since they promote aquifer’s 
recovering facilitating hyporheic exchange in 
rivers, fact that makes them environmentally 
friendly, efficient, and cost-effective techniques 
to improve recharge wastewater quality while 
increasing fresh water reserves (Valhondo et al., 
2020b).

The work carried in Paper IV & V demonstrate the 
feasibility of monitoring simultaneously the risk of 
ARG transmission and the risk of inducing toxic 
responses. These two endpoints were evaluated 
following a complementary methodology that 
provided the scientific community with valuable 
experimental information regarding wastewater 
regeneration by SAT that could be easily 
implemented in the evaluation of other potentially 
suitable tertiary treatments and in the regulated 
biomonitoring of WWTP effluents. 

2. Conclusions

The main conclusions of the thesis are described 
below.

1. The potential selective pressure associated to 
the application of fertilizers in soil is enough to 
favor the soil colonization by antibiotic-resistant 
bacteria, either from the same fertilizers or from 
the pre-existing soil microbial community.

2. intI1, sul1 and tetM appeared as the AR-
associated genetic elements with higher 
prevalence across fertilizers, target soils and 
crops.

3. Pig slurry-based amendments show the 
strongest potential for influencing ARG loads and 

increasing HGT in target soils and crops

4. Corn appears as a particularly adequate crop 
for animal slurry-based fertilizers, given its low 
uptake capacity for ARG-harboring bacteria.

5. Animal handling and farm conditions play a 
fundamental role in biosolids ARG loads, so the 
strict control of AB use at source combined with 
the processing of the generated waste promoting 
bacterial succession represent valuable tools to 
decrease the risk of ARG transmission through 
organic fertilization. 

6. Both increased ARG loads and fertilizers 
microbiome contributions in soils appear 
as transient impacts although consecutive 
fertilization practices do have an additive effect 
on microbiome distribution and diversification.

7. SAT systems constitute a cost-effective 
alternative to power-consuming tertiary 
wastewater treatments and their efficiency on 
removing biological hazards, and particularly ARG 
loads, appears to match the state-of-the art current 
membrane and advanced-oxidation technologies.

8. Reactive barriers do not seem to play a relevant 
role in microbiome modulation and ARG removal 
but they do influence CECs loads and associated 
toxic activities, with the control barrier (sand) 
appearing as the less effective treatment in some 
cases. 

9. The displacement of gut-related, copiotrophic 
bacteria by groundwater-like microbiomes in SATs 
seems to play a big role on ARGs, CECs, and toxic 
responses removal.
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10. The identification of both recalcitrant CECs 
and potentially associated residual toxicity after 
SAT treatment in two consecutive campaigns call 
for further implementations on barrier materials 
combinations for an optimal removal performance 
of these systems. 

3. Future research perspectives

The current ability to describe whole microbiomes 
by high throughput DNA sequencing opened 
complete new ways of monitoring alterations, 
anthropogenic or not, on the ecosystems. In our 
work, microbial metabolism and growth appeared 
central in the process of depuration of water bodies 
and polluted soils. During this thesis, we observed 
in different field studies how the microbiome was 
changed by the presence of anthropogenic pollution 
and how its reversal to a normal microbial profile 
took place under distinct scenarios. This process 
occurred after the exposure to both biological 
(ARG/ARBs) and chemical hazards (CECs). Future 
efforts should be made in order to gain insight on 
the role of microbiota as drivers and markers of 
water and soil pollution and recovery. We propose 
microbiome analysis as a way to monitor the 
pollution of impacted sites and, at the same time, 
a guide to develop treatment schemes favoring 
bacterial succession.

On the other hand, in Paper IV we observed a 
larger diversification in taxonomic and functional 
profiles in SEP21 SATs in comparison with 
JUN20 and OCT20 mature SATs. Thus, a further 
line of investigation could be centered on the 
progressive monitoring of bacterial colonization 
in SAT systems and how it compromises ARG, 
CECs and associated toxic responses removal 
over time. A suitable way to accomplish this goal 
could take place through the successive sampling 

of reactive barrier material from the monitored 
SATs, following in this way bacterial colonization/
succession, locating key bacterial shifts for an 
accurate estimation of SATs optimal operational 
time.

Lastly,  given the fact that the pilot scale of the 
studied SATs was indeed a confounding factor 
from which only preliminary conclusions could 
be drawn, the same complementary monitoring of 
ARG, CECs and toxic responses removal carried 
in Chapter Three should take place in larger 
experimental SATs in order to understand the role 
of scale in the monitored processes.
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Supporting Figures

Supplementary Figure SF1. Pearson correlations between ARG prevalence and relative abundance of  bacterial entities identified 
at least at the Genus level. Blue and red sectors represent positive and negative correlations, respectively; asterisks indicate 
significant correlations (5% FDR).

Supplementary Figure SF2. Paired-end reads assembly and quality control.
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Supplementary Table ST2. Plasmid, primers and LOQs used for detection and quantifications of antibiotic resistance genes in amendments.

PAPER I



- 175 -

Supplementary Table ST3. Sequencing quality control parameters.
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Supplementary Table ST4. Taxonomic sequencing results.
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Supplementary Table ST5. Quantitative pPCR results for all amplified genetic elements and samples.
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Supplementary Table ST6. Concentrations of antibiotics detected at pig slurry samples at ng/g dw by LC-MS/MA and confirmed by LC-HRMS and 
authentic standards.

Supplementary Table ST7. Taxon abundance, at the family level. 
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Paper II: Implications of the use of organic fertilizers for Antibiotic Resistance Gene distribution in 
agricultural soils and fresh food products. A plot-scale study

Claudia Sanz1, Marta Casado1, Laia Navarro-Martin1, Núria Cañameras2, Núria Carazo2, Victor Matamoros1, Josep Maria 
Bayona1, Benjamin Piña1

1) IDAEA-CSIC, Jordi Girona, 18. E-08034, Barcelona, Spain
2) Department of Agri-Food Engineering and Biotechnology DEAB-UPC, Esteve Terrades 8, Building 4, Castelldefels, 08860, Spain

Supporting Figures

Supplementary Figure S1. Processing of lettuce and radish samples.

Supplementary Figure S2. Absolute abundance 16S rDNA values for the different groups of samples. Boxes 
are color-coded by the type of fertilizer used in the amendment: grey, none (initial soil), pale blue, mineral 
fertilizer; brown, sludge; orange, slurry; magenta, USW.  Data are expressed as copies of 16S rDNA sequences 
per gram of soil. Thick black line, boxes and whiskers represent the median, first-to third percentiles and total 
distribution of samples, respectively.
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Supplementary Table S1. Main physico-chemical properties of organic fertilizers in this study. Analyses were done by 
Eurofins Agroambiental, S.A. Lleida (Spain) under standard methods.

Supplementary Table S2. Key physico-chemical properties of experimental soils after a cycle. prior to the new biosolid 
application. Analyses were done by Eurofins Agroambiental, S.A. Lleida (Spain) under standard methods.

Supporting Tables
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Supplementary Table S3. Plasmid, primers and LOQs used for detection and quantifications of antibiotic resistance genes in amendments.
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Supplementary Table S4. Quality parameters of sequencing results.
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Supplementary Table S4. Continued.

PAPER II



SUPPORTING INFORMATION

- 184 -

Supplementary Table S5. Annotation statistics.

Supplementary Table S6. PERMANOVA ADONIS tests.
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Paper III: Impact of organic soil amendments in antibiotic levels, antibiotic resistance gene loads, 
and microbiome composition in corn fields and crops

Sanz, Claudia1; Casado, Marta1; Ðorde Tadic1; Pastor-López, Edward J1.; Navarro-Martin, Laia1; Parera, Joan2; Tugues, Jordi2; Ortiz, 
Carlos A.2, Bayona, Josep M.1; Piña, Benjamin1

1) IDAEA-CSIC, Jordi Girona, 18. E-08034, Barcelona, Spain
2) DACC, Departament d’Acció Climàtica, Alimentació i Agenda Rural, Generalitat de Catalunya, Gran Via de les Corts Catalanes, 612-
614, E-08007, Barcelona, Spain

Supporting Figures

Supplementary Figure SF1. Absolute abundance of bacterial taxa classified as pathogenic in the FAPROTAX database (http://www.
zoology.ubc.ca/louca/FAPROTAX).

Supporting Tables
Supplementary Table ST1. Initial soil characterization of the 
different plots (0-30 cm).
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Supplementary Table ST2. Composition of soil amendments for the 2019 and 2010 productive cycles.

Supplementary Table ST3. Plasmid, primers and LOQs used for detection and quantifications of antibiotic resistance genes in 
amendments.
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Supplementary Table ST4. Quality control parameters for high throughput sequencing results.
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Supplementary Table ST5. Annotation statistics.

Supplementary Table ST6. Detection and quantification limits, and absolute recoveries (%) of the analysed antibiotics.

Supplementary Table ST7. ARG loads in corn and leaves samples Values in italic were below quantification limit and 0 were below detection limit.

PAPER III



- 189 -

Supplementary Table ST8. Plastid fraction of sequenced samples.
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Paper IV: Use of soil-aquifer treatment to efficiently remove microbial pathogens and antibiotic 
resistance genes from treated wastewaters

Claudia Sanz1, Marta Casado1, Lurdes Martinez-Landa2,3, Cristina Valhondo1,2,4, Stefano Amalfitano5, Francesca Di Pippo5, 
Caterina Levantesi5, Jesús Carrera1,2, Benjamin Piña1

1) IDAEA-CSIC, Jordi Girona, 18. E-08034, Barcelona, Spain
2) Associated Unit: Hydrogeology Group (UPC-CSIC)
3) Dept. of Civil and Environmental Engineering. Universitat Politècnica de Catalunya, Barcelona, Spain
4) Geosciences Montpellier, Université de Montpellier, CNRS, Montpellier, France
5) Water Research Institute, National Research Council of Italy (IRSA-CNR), Monterotondo, Rome, 00015, Italy

Supporting Figures

Supplementary Figure SF1. Cumulative precipitation and temperature at the experimental site and SEC´s electrical conductivity (EC) are shown in 
A. Recharge period lenghts are indicated using solid yellow rectangles for continuous recharge and stripped yellow rectangles for pulse recharge. 
Gray boxes indicate other continuous recharge periods that took place but were not sampled in this study. The start of the sampling campaigns are 
marked as a vertical gray line. B displays an scheme of the Recharge Management specifying the phases involved in a continuous and pulse recharge 
respectively for a better understanding of Supplementary Table ST2. 
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Supplementary Figure SF2. Remaining ARG loads relative to SEC for the analysed samples

Supplementary Figure SF3. Heatmaps representing absolute abundances (copies per ml of sample, log values) of ASVs significantly correlated 
with the prevalence of blaTEM in JUN20 (left) or sul1 in OCT20 and SEP21 (middle and left panels, respectively) recharge periods. Each column 
corresponds to a single ASV, and abundances are color coded, from black (absence) to red (more than 106 copies/ml, see the scale at the bottom). 
Note that abundance values of the same ASVs in SEC samples is included at the top row(s) of the plot, although these figures were not included 
in the regression (black sectors in the graph indicate undetected ASVs).
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Supplementary Figure SF4. Heatmap of the quantified physico-chemical parameters in the studied samples 

Supporting Tables

Supplementary Table ST1. Seasonal average routine physico-chemical parameters measured at the WWTP effluent (SEC) from 2018 to 2021. BOD5 
stands for Biochemical Oxygen Demand measured at 5 days, COD stands for Chemical Oxygen Demand, SS stands for Suspended Solids, and COND 
stands for Electrical Conductivity.
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Supplementary Table ST2. Specification of the recharge conditions during the recharge periods 1, 2 and 3 and the three corresponding 
samplings.

Supplementary Table ST3. Sampling dates were established taking into account hydraulic retention in the WWTP and residence times 
along the  systems. 
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Supplementary Table ST4. Specification of the size fraction analysed in the 69 processed samples.

Supplementary Table ST5. Plasmid, primers and LOQs used for detection and quantifications of antibiotic resistance genes in samples.
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Supplementary Table ST6 Total reads and quality control parameters for the analysed samples.
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Supplementary Table ST7. Total count distribution. Supplementary Table ST8. Annotation statistics.

Supplementary Table ST10. Metabolic 
groups reduced and increased by the 
SATs. Orange color stands for positive, 
white for negative and yellow for 
conflict (present in different lists 
depending on the campaign).

PAPER IV

Supplementary Table ST9. Presence(+)/absence(-) of pathogenic enterobacteria (Salmonella spp) and opportunistic pathogens (Legionella spp and 
Pseudomonas aeruginosa) assessed by LAMP-PCR in samples from JUN20 and OCT20, respectively. 
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Supplementary Table ST11. Comparison of removal efficiencies across different tertiary treatments including those studied in this work.
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Paper V: Detoxification of wastewater plant effluents by soil aquifer treatment methodologies

Claudia Sanz1, Adrià Sunyer-Caldú1, Marta Casado1, Sylvia Mansilla1, Lurdes Martinez-Landa2,3, Cristina Valhondo1,2,4, Ruben Gil-Solsona1, 
Pablo Gago-Ferrero1, Jose Portugal1, M. Silvia Diaz-Cruz1, Jesús Carrera1,2, Benjamin Piña1, Laia Navarro-Martín1

1) IDAEA-CSIC, Jordi Girona, 18. E-08034, Barcelona, Spain
2) Associated Unit: Hydrogeology Group (UPC-CSIC)
3) Dept. of Civil and Environmental Engineering. Universitat Politècnica de Catalunya, Barcelona, Spain
4) Geosciences Montpellier, Université de Montpellier, CNRS, Montpellier, France
5) Water Research Institute, National Research Council of Italy (IRSA-CNR), Monterotondo, Rome, 00015, Italy

Supplementary Materials and Methods

Briefly, the SMILES of the confirmed chemicals were obtained from a Chemical Identifier Resolver database 
(CADD Group Chemoinformatics Tools and User Services, 2022). Those SMILES  were uploaded to PaDEL-
Descriptor software v. 2.21 (Yap, 2011), which generated more than 1400 descriptors of each structure. The same 
descriptors were generated for two training sets (positive and negative ionization) of 3139 and 1286 compounds, 
respectively, of known ionization efficiency (logIE) measured under different conditions (e.g. pH or solvents of the 
mobile phase, instrument, ionization technique, etc). The most relevant descriptors were retrieved from another 
study (Liigand et al., 2020), including 450 in positive and 145 in negative ionization, as well as 5 empirical eluent 
descriptors (viscosity, surface tension, polarity index, pH, and NH4+ content), which were used to create training 
and results sets. Then, a machine learning algorithm (random forest regression) was used (R package RRF) 
(Deng & Runger, 2012) to develop different models for the prediction of logIE in positive and negative ionization 
modes (Liigand et al., 2020), and it was applied to the compounds found in the samples. As the model output 
was in universal ionization efficiency values, calibration curves were used to transform the predicted logIE values 
to instrumentation specific quantitative values, accounting for specific matrix effect reduction in each sample 
type, which was compensated using labelled internal standards. These calibration curves were analysed in the 
same conditions as the samples. Finally, concentration of each compound in the extract was obtained with the 
application of Equation 1: 

Where Area is the response of the instrument for a given compound (the one to be semi-quantified), slope CC is the 
slope of the semi-quantification calibration curve (created by correlating the predicted logIE for all the chemicals 
included in the calibration curve and observed area of these chemicals in the curve for a given concentration of 
1 ng/mL), the Predicted logIE is the ionization efficiency, Area IS Samples the area of the internal standard in the 
samples, and Area IS CC the area of the internal standard in the calibration curve. The units of the calculated 
concentration are the same used for the calibration curves (ng/mL).
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Supplementary Figure SF1. Cumulative precipitation and temperature at the experimental site and SEC´s electrical conductivity are 
shown in A) Recharge period lenghts are indicated using solid yellow rectangles for continuous recharge and stripped yellow rectangles 
for pulse recharge. Gray boxes indicate other continuous recharge periods that took place but were not sampled in this study. The start of 
the sampling campaigns are marked as a vertical gray line. B) Specifies the sampling dates for the sampled recharge periods. 
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Supplementary Figure SF2. Results of PRIM exposure in both biological models. Figure A shows the survival and swim bladder inflation rate 
in percentage for the dose-response assay on zebrafish larvae for JUN20 and OCT20 campaigns. Figure B shows the results of the AlamarBlue 
cell proliferation assay for PRIM sample in percentage on HepG2 hepatic cells for JUN20 and OCT20 campaigns. Dashed lines in cell proliferation 
graphs mark the IC50 value for each sample expressed as the volume (mL) that inhibits cell proliferation by 50% (95% confidence interval): 
(JUN20 PRIM: 79 ± 56 ; OCT20 PRIM: 20 ± 1). Letters on bars code for statistical differences amongst samples.

Supplementary Figure SF3. Dioxin-like activity biomarker (cyp1a) and estrogenicity biomarker (cyp19a1b) for the 3x and 20x SEC extracts exposure 
plus positive control 1 µm β-Naphthoflavone (BNF) and 1µm 17β-estradiol (E2) respectively. Note that DMSO was used as a vehicle, so included control 
samples (CTRL) were treated with the same concentration of DMSO (0.2%). Letters on boxplots code for statistical differences amongst samples.
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Supplementary Figure SF4. Results regarding exposure to SEC, ATs and CTs samples in both biological models. Figure A shows the survival and swim 
bladder inflation rate in percentage for the 20x exposure on zebrafish larvae for JUN20 and OCT20 campaigns. Figura B shows the results of the 
AlamarBlue cell proliferation assay for SEC, As and Cs samples on HepG2 hepatic cells for JUN20 and OCT20 campaigns. Dashed lines in cell proliferation 
graphs mark the IC50 value for each sample expressed as the volume (mL) that inhibits cell proliferation by 50% (95% confidence interval): JUN20: 
SEC: 204 ± 35, AT2: 757 ± 102, CT2: 723 ± 108, AT4: 828 ± 98, CT4: 842 ± 53, AT5: 715 ± 113, CT5: 776 ± 96; OCT20: SEC: 232 ± 21, AT2: 592 ± 118, CT2: 599 ± 
158, AT4: 713 ± 121, CT4: 851 ± 116, AT5: 632 ± 118, CT5: 587 ± 142. Letters on bars code for statistical differences amongst samples.
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Supplementary Figure SF5. Enrichment analysis of the obtained DEGs. Figure shows the top 20 enriched pathways lollipop graphs (created with 
ShinyGO 0.76 (http://bioinformatics.sdstate.edu/go/)) for the three approaches and for the common genes.
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Supplementary Figure SF6. Fold change values for SEC, ATs, CTs and CTRL samples for both campaings of 
biomarkers of A) xenobiotic detoxification, B) transmembrane transport, mithochondrial dysfunction, heme 
iron homeostasis AhR signaling and oxidative stress, C) effects on circadian rhythm and phototransduction, D)
of estrogenicity. Letters on boxplots code for statistical differences amongst samples.
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Supporting Tables

Supplementary Table ST1. Home-made database of compounds usually found in water bodies semi-quantified in positive, negative, 
and resultant confirmed compounds.  Available in :
https://www.dropbox.com/scl/fo/l9osr7jywmo802tp2ynja/h?dl=0&rlkey=i5ty4jc7ficyi3lgv9zmctmvu .

Supplementary Table ST4. Normalized counts and differentially expressed genes (DEGs) for the four approaches. Sheets “1”, “2”, 
“3” and “4”, show the normalized counts obtained after the Wald analysis regardless of the campaign, for JUN20 campaign, for 
OCT20 campaign and for the common genes respectively. Sheets “5”, “6”, “7” and “8”, show the DEGs selected after DESeq2 analysis 
(v.1.10.1) for the four approaches respectively. Available in :
https://www.dropbox.com/scl/fo/l9osr7jywmo802tp2ynja/h?dl=0&rlkey=i5ty4jc7ficyi3lgv9zmctmvu .

Supplementary Table ST2. Description of mapping quality statistics of sequenced samples. Available in :
https://www.dropbox.com/scl/fo/l9osr7jywmo802tp2ynja/h?dl=0&rlkey=i5ty4jc7ficyi3lgv9zmctmvu .

Supplementary Table ST5. Enrichment analysis of the common 1785 DEGs performed in DAVID (https://david.ncifcrf.gov/) . Available in :
https://www.dropbox.com/scl/fo/l9osr7jywmo802tp2ynja/h?dl=0&rlkey=i5ty4jc7ficyi3lgv9zmctmvu .

Supplementary Table ST3. Spreadsheet shows the concentration , Predicted No Effect Concentration (PNEC)  and chemical structure 
of the 127 semi-quantified compounds. Sheets 2 and 3 show the  VIP compunds identified  in the ANOVA-PLS2 analysis for JUN20 
and OCT20 samples respectively. Available in :
https://www.dropbox.com/scl/fo/l9osr7jywmo802tp2ynja/h?dl=0&rlkey=i5ty4jc7ficyi3lgv9zmctmvu .
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General discussion

SupplementaryTable ST1. Average of the abundance of the different genetic elements in all analyzed matrices in Chapter Two. Data are expressed 
as copies of each sequence per g of sample. Data in purple highlights average distributions that included estimates from values under the limit 
of quantitation. Non detected copies were stated as “n.d.”.

DISCUSSION
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Tal y como comienzo a rellenar este documento 
que creé hace cuatro años, me envuelve una 
sensación de incredulidad combinada con un 
amor y agradecimiento infinitos. Creo que la única 
forma que encuentro para ordenar mis emociones 
es trazar una línea temporal añadiendo con 
cuidado a las maravillosas personas que me han 
permitido llegar a este momento.

Todo comenzó cuando mi co-directora Laia 
Navarro encontró entre sus cien correos mi 
carta de motivación para el puesto y pensó que 
encajaría y lo disfrutaría. Gracias Laia por confiar 
en mi y darme esta oportunidad de evolucionar y 
crecer en todos los aspectos y por contagiarme tu 
pasión científica y tu perseverancia, ha sido una 
tesis accidentada entre pandemias y retos vitales 
pero lo hemos conseguido y estamos orgullosas 
del resultado. Estoy segura de que te espera 
una vida llena de emocionantes proyectos y que 
conseguirás crear el grupo de investigación con el 
que sueñas. Y seguidamente debo agradecer a mi 
director Benjamí Piña, que se dejó convencer para 
acoger a una doctoranda más, y a pesar de ello 
no me dejó de guiar, acompañar y enseñar durante 
todo el proceso. Muchas gracias por darme 
prioridad cuando la agenda aprieta y por hacer 
todo lo que estaba en tu mano para que llegara lo 
más preparada al final de esta etapa.

Cuando recién aterrizaba al laboratorio me 
encontré con humanos increíbles que se 
convirtieron en imprescindibles en muy pocos 
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