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1. Global soil status 

Soils are very complex open systems and we are still far from adequately comprehending their 

functions and susceptibilities (Ibáñez and Boixadera, 2018). In many ways, soils are essential for 

life and the primary support of the biosphere. They provide a habitat for many organisms, act as 

a filtration system for surface water, carbon store, and maintenance of atmospheric gases. 

There is a network of elaborated material cycles that make life possible on earth that are soil-

dependent, such as the carbon, nitrogen, phosphorous, and other nutrient cycles. From a 

human point of view, by conserving traces of our past, soil is an important element of cultural 

and evolutionary heritage. Moreover, soil is the medium that enables us to grow food for 

people or animals, natural fibres and timber, and supports wildlife (European Environment 

Agency - EEA, 2010), being therefore a medium/support upon which human survival is 

completely dependent.  

Within the last decades, a number of negative effects have been accumulating in the soil, as for 

a consequence of its being neglected and overexploited (Food and Agriculture Organization - 

FAO, 2011). In a report released by EEA in 2015, entitled “The European environment - state and 

outlook 2015” there is a briefing about soil health stating the following: 

 

“The ability of soil to deliver ecosystem services - in terms of food production, as biodiversity 

pools and as a regulator of gasses, water and nutrients - is under increasing pressure. Observed 

rates of soil sealing, erosion, contamination and decline in organic matter all reduce soil 

capability. Organic carbon stocks in agricultural soil may have been overestimated by 25%. A 

coherent soil policy at EU level would provide the framework to coordinate efforts to survey soil 

status adequately.” 

                                                                                                                                       (EEA, 2015)   

 

In the same year, the United Nations (UN) have declared 2015 the year of soils, in an attempt to 

raise awareness and understanding about the importance of soil, for both food security and 

essential ecosystem functions. In a report released by FAO (2011), it is stated that there was an 

extensive increase in global food production in the last 50 years. However, “in too many places, 

achievements have been associated with management practices that have degraded the land 

and water systems upon which food production depends.” Today, a number of those systems 

“face the risk of progressive breakdown of their productive capacity under a combination of 

excessive demographic pressure and unsustainable agriculture use and practices,” the report 
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says. It is well understood that, not only soils are degrading around the world, but also that 

there are global consequences concerning this particular biosphere compartment that need to 

be prevented in order to maintain this essential element for a sustainable development of soil-

based ecosystem services.  

 

2. Developments in soil ecotoxicology 

The first steps in environmental toxicology or ecotoxicology appeared at the end of the 1960s, 

when it was realized that the ecosphere was being targeted with wide-spread pollution (Landis 

et al., 2003). It was denoted that populations of wild plants and animals were being frequently 

exposed to toxic risks derived from the industrial wastes, pesticides, heavy metals, and other 

compounds being released into the environment, most of them with extended persistence 

periods (this is currently a burning topic). Ecotoxicology is understood as the study of the 

impacts of such pollutants upon the structure and function of ecological systems (Landis et al., 

2003). This is often considered a multidisciplinary science situated at the interface between 

toxicology, ecology, and chemistry (Eijsackers et al., 2008; Römbke and Moltmann, 1996). 

Developments in soil ecotoxicology started in the 1960s, with observations on pesticide effects 

on soil invertebrates (Edwards, 1969; Fox, 1964). As a sub-discipline of ecotoxicology, the effects 

of toxic substances on the diversity and function in soil-based plants and animals are addressed 

by this research field. To serve this purpose, several considerations and standardized toxicity 

tests with soil invertebrates were developed along the past decades. International 

organizations, regulatory agencies, and legislations were created to deal with environmental 

problems and prevent negative impacts of contamination (Handford et al., 2015; L.Zimdahl, 

2018; Rattner, 2009; van Gestel, 2012). By the year 1995, two international standard 

ecotoxicological methods were developed and made available for soil organisms, one using 

earthworms in artificial soils and an assessment method using plants (van Gestel, 2012). Since 

then a number of new methodologies have been developed and standardized and the soil 

ecotoxicology database has notably increased (Sousa et al., 2004; van Gestel, 2012), and all 

these developmental tools converged to the mainstream study and the ultimate goal in 

ecotoxicology, Environmental Risk Assessment (ERA). Here, the quantitative and qualitative risks 

on environment and human health due to the potential presence or use of specific pollutants 

are evaluated. Risk is the probability of an adverse effect (direct or indirect), and extent of its 

consequences, to occur in the environment or human health (SETAC, Society of Environmental 

Toxicology and Chemistry; 2018). ERA forms the basal pillar for regulatory decision-making, 
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which is driven by legislative and policy requirements, and has been applied as the framework 

to follow in environmental assessments. It is based on multidisciplinary approaches involving 

observations, experiments, and models from various fields of science. A generalized proposed 

approach in ERA is often composed of a few stages (Pierre-Marie et al., 2011): (i) identify the 

possible sources of harm, which are a set of inherent properties of a substance, a mixture of 

substances, or a process that make it capable of causing adverse effects to living organisms or 

the environment (problem formulation); (ii) describe the potential damage these pollutants may 

cause (hazard and exposure assessments); (iii) record combined results from the assessments 

and identify precautions by producing a quantitative description of the probabilities of the 

damage (risk characterization); and (iv) describe sources of uncertainty, often by data 

extrapolation (uncertainty assessment). Although in step ii) both approaches are followed, ERA 

is often mostly exposure-driven, and exposure assessment is considered a key issue, more than 

effect assessment. Exposure assessment is usually based on a combination of monitoring (a 

posteriori or retrospective) and modelling (a priori or preventive) approaches. The way these 

four components relate to each other is presented in Figure 1.1. The results are then integrated 

and formulation of a scientifically defensible conclusion (regulations) is made by competent 

authorities, which often result in threshold values (Risk Management).  

 

 

Figure 1.1 Schematic representation on the flow between the different evaluation stages of an 
environmental risk assessment approach. 

 

However, current frameworks are prone to present uncertainty drawbacks, since many 

variables need to be considered and current methodologies probably lack favourable updates. 

Most of the ecotoxicological testing methods applied by regulatory agencies focus on apical 
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endpoints with conservative standard laboratory toxicity tests, from which arbitrary application 

factors are applied and extrapolated to real ecosystems scenarios (Birnbaum et al., 2016; De 

Coen et al., 2009). The use of standardized artificial and natural soils in the laboratory may well 

present different properties from a natural soil from the field, resulting in different 

bioavailability or toxicokinetics for contaminants. In fact, the way a chemical interacts with the 

organism is not a major focus in the actual assessment framework. The ecotoxicological tests 

are frequently based on classical phenotypic observations (e.g. survival, growth, and 

reproduction) and extrapolated to higher levels of biological organization. Despite being 

ecologically relevant, these approaches become frequently time- and cost-consuming. With the 

technological innovations during the last decade, the integration of faster methods and new 

data to evaluate and characterize toxicity would improve significantly the delivery and 

consistency of results from these evaluations. The European Commission (2012) has already 

recognized that advances in the identification and use of novel biomarkers for exposure are now 

possible and of major importance.    

 

3. Integration of Omics tools in ecotoxicology 

With the entrance in the new millennium, the suffix “-omics” appeared as a specific word 

describing this new field study in biology, integrating genomics, transcriptomics, proteomics, 

and metabolomics as major disciplines to study systemic genome responses to substances in 

cellular systems or whole organisms (Leung, 2018; Sauer et al., 2017; Van Straalen and Feder, 

2012). With the constant improvements in genome decoding techniques and high throughput 

technologies such as RNA sequencing, quantitative shotgun liquid-chromatography mass 

spectrometry (LC-MS), or even quantitative real-time polymerase chain reactions (qRT-PCR) 

(Van Emon, 2016), a more thorough insight into the biochemistry and physiology of the cell and 

any perturbing effects of xenobiotics was possible and increasingly cost-effective. Presented as 

fast detection and highly sensitive tools, omics technologies are thus able to provide short-term 

responses and a much deeper elucidation on the interactions between contaminants and 

organisms exposed to them. Soon it was realized that the application of these technologies to 

environmental toxicology research could present enormous advantages, representing a 

historical opportunity to transform the way to study toxic substances in ecosystems, through 

direct linkage of ecological effects with the systems biology of organisms (Snape et al., 2004; 

van Straalen and Roelofs, 2008). It ended up in the emergence of a new research field: 
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Environmental Omics (Ge et al., 2013), associating omics and environmental toxicology. 

Generally, the application of omics technologies encompasses five steps (Sauer et al., 2017): 

(i) Data generation, storing and curating; 

(ii) Data processing and normalization; 

(iii) Definition and recognition of probe and sample outliers (clustering); 

(iv) Statistical analysis of the processed data (hypothesis); 

(v) Data integration and interpretation (modelling); 

with large datasets generated by these methodologies, normally powerful bioinformatics tools 

are accompanied, specially to aid in steps (i) and (ii), where massive raw data is created and 

worked on, often following statistical enrichment analysis.  

According to Leung (2018), omics information may be successfully employed also to assist 

environmental risk assessment and management of chemicals. With such information, it is 

therefore possible to provide a more accurate scientific basis to early predict effects at a higher 

scale (Villeneuve and Garcia-Reyero, 2011). In Figure 1.2 some potential employments of omics 

technologies are summarized, concerning the ultimate goal in soil ecotoxicology, ERA.  

 

 

Figure 1.2 Illustration of possible applications of omics technologies to assist environmental risk 
assessment and management of chemicals in soil. Adapted from Leung (2018). 

 

The pollutants released in the environment cause adverse effects at all levels of biological 

organization, from the sub-cellular level to community and ecosystem. To link this cascade of 
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events and bring them to a higher level of biological organization, which is more relevant to 

support chemical risk assessment, analytical frameworks such as the use of Adverse Outcome 

Pathways (AOPs) have been adopted, resulting in a measurable ecotoxicological effect (Ankley 

et al., 2010). The AOP framework has gained firmness in regulatory science as it delivers 

efficient and effective means for linking toxicological mechanisms with the standardized toxicity 

endpoints required for regulatory assessments, increasing their relevance as predictors of 

ecosystem effects (Brockmeier et al., 2017; Carusi et al., 2018; Zhang et al., 2018). 

The best example is the Organization for Economic Cooperation and Development (OECD). The 

organization started an AOP development program in 2012 (Carusi et al., 2018) and continues to 

publish articles promoting AOP development (Jeong and Choi, 2018). More recently the Adverse 

Outcome Pathway Knowledge Base (AOP-KB) was created, which is a web-based IT management 

tool, currently under developmental supervision and execution by a collaborative group of 

international organizations (Pittman et al., 2018). Developed in 2014 by the OECD, the EU, and 

the US EPA, the Adverse Outcome Pathway repository module AOPWiki (https://aopwiki.org/) is 

an open source platform hosted in AOP-KB, serving as the primary repository of qualitative 

information for the international AOP development effort coordinated by the OECD and hosted 

by the Society for the Advancement of Adverse Outcome Pathways, SAAOP (Carusi et al., 2018; 

Jeong and Choi, 2018). To help in the development of these AOP frameworks, also a guidance 

document for developing and accessing AOPs was developed and updated along the past few 

years (OECD (Organisation for Economic Co-operation and, 2018).  

Despite the rapid evolution in omics-based research and the known potential to aid in risk 

assessment and management studies (as in the case of AOP frameworks), their potential is still 

untapped. Omics technologies are in general not yet applied to meet the requirements during 

regulatory hazard assessment, since no omics technology has been standardised or validated so 

far to promote their regulatory applicability and the opinions about the use of these approaches 

in ERA are still strongly controversial (Vighi and Villa, 2013). There is the need for a better 

understanding of the relationships between sub-individual effects and ecologically relevant 

endpoints (population dynamics or community structure). More evidence needs to be 

developed and the present thesis aims to make a contribution in this direction.  

For a proper acceptance of omics tools in ecotoxicology, it is also important to clarify how 

molecular markers are related between them to originate phenotypic effects, so that suitable 

gene or/and protein markers may be selected and used efficiently. Proteins are encoded by 

genes, and the transcription of these genes is therefore necessary for protein expression. 
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However, there has been some concerns in considering gene expression as an adequate proxy 

for protein levels and activity (Feder and Walser, 2005). Abundance of mRNA is not always 

correlated with protein abundance (Gygi et al., 1999), particularly not in complex biological 

samples (Maier et al., 2009) due to translational regulatory events or the difference in the 

average half-life of molecules (Haider and Pal, 2013). This problem is also addressed in the 

present thesis and to find a possible solution, a time-shift influence in the 

transcriptome/proteome correlations is considered.  

 

4. The use of pesticides in a growing global population 

The term “soil pollution” refers to the presence in the soil of a chemical or substance out of 

place and/or present at a higher than normal concentration that has adverse effects on any non-

target organism. Pollution is one of the major threats to soil function (Gregory et al., 2015). The 

main anthropogenic sources of soil pollution are the chemicals used in or produced as by-

products of industrial activities, domestic, livestock and municipal wastes (including 

wastewater), agrochemicals, and petroleum-derived products. These chemicals are released to 

the environment by accident or intentionally, as is the case with fertilizers and pesticides 

(Eugenio et al., 2018). The subject of pesticides and their use can be controversial. On one hand, 

pesticide usage is a major cause of contamination and hazard to human health. The routes of 

exposure and the impacts on human health have been increasing dramatically in the past years 

(Kim et al., 2017). On the other hand, as global population has doubled over the last 45 years 

(Pimentel and Wilson, 2004) and continues to increase, with an estimated world population of 

about 9.4–10 billion by 2050 (UN, 2015) there is an urge to increase food production. Since the 

first introduction of pesticides in crop protection, humanity became entirely dependent on 

these chemicals, increasing crop fields and variety (productivity), with also the emergence of a 

myriad of chemical varieties. From the 1960s, pesticide usage has increased for all types of 

pesticides, but herbicides were the group that expanded the most followed by insecticides and 

fungicides (Carvalho, 2017), amounting to about 3.3 × 106 t/y worldwide, of which 0.42 × 106 t/y 

were applied in Europe (FAO, 2016). Without the use of these synthetic chemicals, it is currently 

estimated that up to 50% of the agricultural products, mainly in tropical countries, would be lost 

(Colosio et al., 2017), which would be catastrophic to human public health.  

The bottom line is that pesticides are neither bad nor good of themselves. The problem can 

surely be in the way pesticides are “thrown” into the environment without proper information 

about their characteristics and potential impacts on living organisms, including humans (Chen et 
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al., 2011). Pesticide acceptance and use has been under strict regulatory evaluations by 

competent worldwide organizations, working together and creating assessment frameworks to 

ensure that they do not present unacceptable risks to humans, animals, or the environment 

(Handford et al., 2015). An important recent legislation implemented by the European 

Commission concerning the problem, is the Commission Regulation (EU) No 283/2013, 

implemented in 2014 for active substances and in 2016 for Plant Protection Products (PPP) 

(European Commission, 2013). This legislation was created to establish the data requirements 

for active substances, in accordance with Regulation (EC) No 1107/2009 of the European 

Parliament and of the Council concerning the placing of plant protection products on the 

market. Particularly, in the case of PPP, focus is given to the active ingredients present in the 

formulations, although very little is still known about their toxic modes of action in non-target 

organisms and possible ecotoxicological impacts. 

Moreover, a holistic overview on pesticide effects must be achieved. Pesticides are not 

composed of only an active ingredient in their formulations, but also different adjuvants or 

synergists that support or reinforce their action are added. This is an important consideration 

that is also addressed in the present thesis. Adjuvant compounds are regulated differently from 

active ingredients, with their toxic effects being generally ignored. According to Mesnage and 

Antoniou (2018), adjuvants are not subject to an acceptable daily intake nor included in the 

health risk assessment of dietary exposures to pesticide residues. Moreover, some of these 

additives are considered to be biologically inert substances, thus bypassing regulatory 

procedures. Many observations focus only on the active substances present in the formulations, 

or attribute overall effects solely to these chemicals. There are reports, however, where these 

adjuvants have been indicated to contribute significantly to the ecological side-effects of a 

pesticide (Mesnage et al., 2013; Mullin et al., 2016).  

 

5. Folsomia candida as model species 

The soil biota has been often described in literature as the “biological engine of the earth”, 

providing essential goods and services to the ecosystems. Soil living organisms are often used as 

a practical tool for assessing soil quality status (Briones, 2014). In a soil quality ecotoxicological 

assessment, normally one or more species with ecological relevance are used as model species. 

However, it was between the late 1980s and 1990s that the development of soil 

ecotoxicological tests received more attention of the scientific community and competent 

authorities, exploring also possibilities of developing standard toxicity tests with different soil 
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invertebrates, including Collembola among others (Løkke and Van Gestel 1998; Wiles and 

Frampton, 1996). In a review study van Gestel (2012) concluded that the two best studied 

groups are earthworms and Collembola, included in mortality, reproduction, and behaviour 

standard tests. Collembolans are a group of invertebrates which is highly abundant in almost 

any environment (Fountain and Hopkin, 2005) and therefore are representative of most soil 

environments around the globe. Despite presenting some sensitivity differences compared to 

other collembolan species, Folsomia candida (Figure 1.3) was presented as an ideal organisms 

for laboratory studies (Usher and Stoneman, 1977), ending up to be considered representative 

of the group for ecotoxicological purposes and used as standard species.  

 

 

Figure 1.1 Adult female Folsomia candida. The furca is held in place under the body by the tenaculum 
(ten). There are three thoracic segments and six abdominal segments. The last three (4–6) are fused. d, 
dens; m, manubrium; mu, mucro; PAO, post-antennal organ; VT, ventral tube (Figure adapted from 
Fountain et al. 2005). 

 

The species is relatively easy to culture and maintain under laboratory conditions. With 

preference for warm temperatures and humus-rich soils, it has a short generation time, 

parthenogenetic reproduction and becomes sexually mature within only 21 to 24 days of age 

(Fountain and Hopkin, 2005). In addition to these characteristics, F. candida is highly sensitive to 

contaminants. The bioavailable pollutants dissolved in the soil pore water are up-taken by the 

vesicles on the ventral tube and thus easily enter the haemolymph of the invertebrate. For 

water-soluble compounds this is considered to be the main exposure route (Lock and Janssen, 

2003), while compounds with low solubility can be taken up from the food or by direct 

permeation through the cuticle of the invertebrate. These characteristics, emphasizing the 

sensitivity to a wide range of contaminants, were decisive for its inclusion in the ISO guidelines 

as a bioindicator for soil quality assessments. In 1999, the International Standardization 

Organization (ISO) released a protocol (ISO, 1999) for the use of Folsomia candida as an 
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ecotoxicological test species, employing effects on reproduction as an endpoint. Since then, 

collembolans started to be used in risk assessment studies as an invertebrate model species. 

Ten years later, also the OECD included this assay into its guidelines for the testing of chemicals 

(OECD, 2009), with some modifications. It is also worth to mention that F. candida was 

proposed by Natal-da-Luz et al. (2004) to be used as standard species in avoidance tests, due to 

its high locomotor abilities. The decision to create a standardized test was made in 2011 (ISO 

17512-2, 2011). There is no doubt that along the last decades F. candida has been used in many 

research projects to determine the ecotoxicological effects of soil pollutants (Filser et al., 2014; 

Van Gestel and Hensbergen, 1997; Zortéa et al., 2018). And with the appearance of high-

throughput technologies, F. candida started to be pointed to be an ecotoxicogenomic model 

organism as well (Timmermans et al., 2007), with a full transcriptome released in 2015 

(Faddeeva et al., 2015) and culminating with a sequenced genome made recently available for 

the species (Faddeeva-Vakhrusheva et al., 2017).   

 

6. Aim of the thesis  

Exploring gene and protein expression techniques will complement the information on the 

effects at the individual/population level with responses at lower levels of biological 

organization. It will allow identifying the toxicity mechanisms behind chemical contamination 

and further unravel modes of action at early molecular events involved in toxicant responses, 

which are responsible for the adverse effects observed also at higher levels of biological 

organization (Lemos et al., 2010). The present work aims to improve the knowledge on the link 

between these individual and molecular responses, pursuing a systems toxicology approach 

where changes in gene and protein expression, along with effects on survival and reproduction, 

can be subject of integration. For a more thorough evaluation, the relationships between 

responses will be integrated following a time-shift analysis. To bring more realism to this 

research, a natural agricultural soil will be used for that matter. This scientific approach was 

designed, not only to provide relevant information about the pathways of toxicity of the tested 

pesticides, but also to develop and validate of a set of effective molecular tools to assess the 

effects of pesticides in edaphic invertebrates under realistic field scenarios (a major asset for 

Environmental Risk Assessment). Being part of agricultural procedures worldwide, two pesticide 

commercial formulations, namely Montana® (herbicide) and Bravo 500® (fungicide), with active 

ingredients glyphosate (CAS 1071-83-6) and chlorothalonil (CAS 1897-45-6), respectively, were 

selected to be tested.  
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The results from this study will thus enable to get hold of the continuum of biological response, 

from gene expression to individual and population effects, providing us with the scientific basis 

for a more comprehensive understanding on mechanisms of toxicity and environmental effects 

of the chemicals, aiming also to strengthen the bridge between ecological models and 

mechanism-based systems biology approaches. 

 

7. Scope of the thesis 

In order to achieve the general goals outlined for this thesis, several stages were carried out in a 

sequence of experiments and are here organized into six chapters, as described below:   

 

Chapter I – General Introduction and objectives 

In this chapter, a general overview is given on the current status of soil health and how the 

scientific community has been dealing with the increasing soil pollution along time, focusing on 

pesticides as major input sources of soil contamination. The development and benefits of 

integrating omics tools in current ecotoxicological frameworks is presented. Finally, a brief 

introduction is given to the ecotoxicological model organism, the invertebrate Folsomia candida.    

 

Chapter II - Fate and effects of two pesticide formulations in Folsomia candida using a natural 

Mediterranean agricultural soil 

An ecotoxicological characterization of the two pesticides studied in the present thesis was 

performed under laboratorial conditions, using a natural Mediterranean soil from the lower 

Mondego temperate region (Portugal) for the experiments. In this chapter, the effects at a 

higher organizational level (organism, population) were addressed for both the herbicide and 

the fungicide formulations. The soil characterization, degradation properties of the active 

compounds (DT50), and their effects on survival (lethal assessment) and reproduction (sub-

lethal assessment) of F. candida were evaluated to serve as basis for the exposures performed 

and reported in chapters III, IV, and V, where a focus on endpoints at a lower biological level 

(molecular) was given. A comparative behaviour (activity and half-life) between the 

formulations and their respective active ingredients in soil were here addressed as well.  

Chapter III - An integrative omics approach to unravel toxicity mechanisms of environmental 

chemicals: effects of a formulated herbicide 
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The concentration of the active ingredient (glyphosate) in the herbicide formulation, causing an 

inhibition of 50 % (EC50) on reproduction of F. candida, was estimated in a reproduction test 

(ISO 1999), by spiking the formulation in the natural soil. Synchronized organisms (10-12 days 

old) were then exposed to this concentration under laboratorial conditions, with samplings after 

4, 7, and 10 days. High-throughput RNAseq and LC-MS/MS technologies were used to compile 

and integrate transcriptomics and proteomics data, respectively. To obtain a thorough 

understanding of the relationships between gene expression and protein abundance, the 

correlations between omics information were evaluated through time. This exposure would 

serve to gather a more comprehensive understanding on the mechanistic ways of toxic action of 

the herbicide, retrieving information on possible molecular markers that could be used in 

further diagnostic studies in soil contamination.  

 

Chapter IV - Using a time-lapse approach to assess Omics relevance in Ecotoxicology: exposing 

soil invertebrate Folsomia candida to a formulated fungicide 

Using the same design conditions and techniques as in chapter III, the mechanisms of toxic 

action of the formulated fungicide in the non-target organism, F. candida, were here evaluated 

under laboratory conditions. The EC50 effect on reproduction was estimated before exposing 

the organisms to such concentration of the active substance (in the formulation). Organisms 

were then exposed for 10 days, with samplings after 2, 4, 7 days, and at the end of the 

experiment. The integrated transcriptomics and proteomics data was used to get a more 

mechanistic and holistic overview of the early effects caused by the pesticide and its 

consequences for F. candida. As in chapter III, it was intended here to retrieve specific 

(fingerprint) markers that could be tested as fast detection tools in a real field contamination 

scenario.   

 

Chapter V - From the laboratory to the field: validating molecular markers for fungicide-based 

formulations in soil contamination. 

The results from the laboratorial exposure in chapter IV would serve as basis to select a set of 

molecular markers to be explored and thus validate the mode of action of the fungicide under 

more realistic field conditions. The soil used in laboratory for the previous experiments was 

collected from the same site where this exposure was performed in the field. Two 

concentrations of the formulation were used to spray and contaminate several soil cores, 

containing synchronized F. candida organisms. A set of target and housekeeping genes were 
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selected to perform relative gene expression analysis by qRT-PCR method. The expression 

patterns of the targeted gene markers were compared to the results obtained under laboratory 

conditions (Chapter IV). Since collembolans can migrate vertically in soil to avoid possible 

stressors, the vertical migration of the formulated fungicide in the soil column was also studied 

to investigate the interaction between the pesticide and F. candida. This work aimed to 

contribute with a set of molecular biomarkers to possibly develop a more effective set of tools 

to assess the early effects of such fungicide formulations in real scenarios of soil contamination. 

 

Chapter VI – General discussion and conclusions 

In this chapter, the results obtained from the exposures to the formulated pesticides and their 

respective active substances are discussed in an integrative analysis overview. The importance 

of following correlations between gene and protein expression in a time series is also discussed. 

Future perspectives to validate omics tools, aiming to their integration in environmental risk 

assessments are here provided, focusing on the tested pesticides. 
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