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“Science, my lad, has been built upon many errors; 
but they are errors which it was good to fall into, for 
they led to the truth.” 
 
Jules Verne, Journey to the Center of the Earth 
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Abstract 

In the last decades, studies related with radiobiology proved that the genetic 

damages observed in cells/ tissues exposed to ionizing radiation can be communicated 

trough gap-junction of by diffusion of signals into the medium to other entities not 

themselves exposed, a process known as radiation induced bystander effect (RIBE). 

Considerable evidences now prove that this mechanism is observed between organisms 

and responds to ionizing radiation and to a range of chemotherapeutic drugs, metals and 

other stressors. The ecological implications of such mechanism are purely understood and 

there is a lack of knowledge regarding this effect between different taxonomic groups. 

Moreover, no data for this effect in vivo between terrestrial invertebrates are available so 

far. 

Taking these facts into consideration, this work was firstly design aiming to collect 

data about the individual genotoxicity of uranium and cadmium in two species of terrestrial 

oligochaetes (Eisenia fetida and Enchytraeus albidus). Secondly, we aimed to test the 

occurrence of bystander signaling between the two species (inter-species bystander effect) 

in response to metals, proving that this effect is not exclusive to ionizing radiation. The 

evaluation of the genotoxicity was based on the quantification of the effects in the integrity 

of coelomocytes DNA using the alkaline comet assay technique.  From the data collected 

with this work, we observed for the first time that earthworms and enchytraeids exposed to 

cadmium induce bystander effects in non exposed organisms of a different species, 

compromising their genetic integrity. Moreover, we observed that Cd is a stronger genotoxic 

agent in comparison to uranium. The later despite being a chemical and radiotoxic element 

was not able to induce a bystander effect between both species of invertebrates. These 

findings support the idea that the bystander effect is likely related with the genotoxicity of 

the contaminants and is not exclusive of ionizing radiation. The relevance and impacts of 

this effect in the environment requires more complex studies, including other species and 

DNA damage evaluation tools. Nevertheless, these results bring a new insights about the 

role played by the bystander effect in the terrestrial compartment between different 

taxonomic groups in response to metals. 

  



 
  

 



 
 

Resumo 

Estudos relacionados com radiobiologia realizados nas últimas décadas comprovaram que 

a exposição a radiações ionizantes pode resultar em danos em células ou tecidos que 

podem ser comunicados para outras que não foram expostas, através de gap-junctions ou 

por difusão de sinais para o meio, um processo conhecido como efeito bystander induzido 

por radiação. Múltiplas evidências demonstram que este mecanismo é observado entre 

organismos e em reposta a radiação ionizantes e múltiplos agentes utilizados em 

quimioterapia, metais e outros stressores. As implicações ecológicas deste mecanismo 

requerem estou pouco estudada e existem poucos estudos focados na existência destes 

efeitos entre diferentes grupos taxonómicos. Para além disso, não existem, até à data, 

dados sobre a ocorrência de comunicação bystander entre invertebrados terrestres in vivo.  

Tendo em conta os factos anteriormente referidos, este trabalho foi desenhado com 

vista a, em primeiro lugar, obter dados sobre a genotoxicidade individual para o urânio e 

cádmio em duas espécies de oligoquetas terrestres (Eisenia fetida e Enchytraeus albidus). 

Em segundo lugar, o presente trabalho teve como objetivo testar a ocorrência de 

sinalização bystander nas duas espécies em reposta aos metais referidos, provando que 

o efeito não é exclusivo da radiação ionizante. A avaliação da genotoxicidade foi feita 

recorrendo à quantificação dos efeitos na integridade do ADN nos coelomócitos, utilizando 

o ensaio de cometa alcalino. Os dados recolhidos neste trabalho reportam, pela primeira 

vez, que minhocas terrestres e enquitreídeos expostos ao cádmio são capazes de induzir 

efeitos de genotoxicidade em organismos não expostos de uma espécie diferente, 

comprometendo a sua integridade genética. Para além disso, observou-se que o Cd é um 

genotóxicos mais potente do que o urânio, que não demonstrou induzir sinalização 

bystander entre os invertebrados, apesar de ser um elemento com propriedades quimio e 

radiotóxicas. Estes resultados reforçam a ideia de que o efeito bystander está relacionado 

com a genotoxicidade dos contamintes, não sendo exclusivo da radiação ionizante. A 

relevância e impactos dos efeitos observados no ambiente requerem estudos mais 

aprofundados, tendo em conta outras espécies e outras ferramentas para a avaliação dos 

danos no material genético. Ainda assim, os resultados obtidos contribuem para 

esclarecerem o papel do efeito bystander no compartimento terrestre entre diferentes 

grupos taxonómicos em resposta a metais. 
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1.1. Radiation Induced Bystander Effect  

During the 20th century, considerable studies reported that the damage in the genetic 

material was not exclusively observed in cells or tissues directly exposed to ionizing 

radiation (IR). In fact, cells/ tissues not directly irradiated (also referred as unirradiated 

bystander/ reporter cells), receive signals from other cells/ tissues and respond similarly. 

These demonstrations challenged the central paradigm in radiation biology that only 

targeted cells traversed by IR exhibited a response (Mothersill et al. 2018a). Such 

phenomenon, currently accepted as a non-target effect (NTE) of radiation, is referred as the 

radiation-induced bystander effect (RIBE).  

In 1992, studies by Nagasawa and Little (1992), gave the first steps in the modern 

studies dedicated to RIBE. Following a low dose of alpha particles given to only a small 

fraction (1%) of a population of Chinese hamster ovary cells, 30% of the cells examined 

showed a significant increase in the occurrence of sister chromatid exchanges. More recent 

evidences with multiple types of tissues and cell lines have documented that multiple types 

of IR (including α-, β-, γ-, X-rays, neutrons and heavy ions) can result in this effect (Hong, 

2014; Mothersill et al., 2018; Le, et al., 2018; Y. Wu et al., 2010). The responses detected 

include changes in cell proliferation and death (Choi et al., 2013), reactive oxygen species 

(ROS) and reactive nitrogen species (RNS) increment (Li et al. 2018); DNA double-strand 

breaks (DSBs) (Sedelnikova et al., 2007); chromosomal aberrations (Nagasawa and Little, 

2002), micronuclei induction (Khan et al. 2003); mutations (Zhang et al. 2009) and changes 

in gene expression profiles (Jiang et al., 2014).  

1.1.1. Occurrence at intra- and inter-organismic level  

From the literature currently found there are strong evidences that bystander effect is 

observed in multiple cell lines and tissues studied in vitro. However, this phenomenon is not 

exclusively observed at the cellular level. In fact, a limited number of studies in the last 

decade addressed the occurrence of bystander effect at an intra- and inter-organismic level. 

In the first case, when the organism is exposed to the IR in vivo in a region of the body, the 

reported effects, i.e. DNA damage, are also observed in distant regions. In the second case, 

when the organism is irradiated, the responses are also reported in non-irradiated 

organisms that were housed together or shared the same medium. It is hypothesized that 

the signal transmitted in some cases result in adaptive responses to the stress induced. 

Multiple works supported that the radiation-induced effects communicated to tissues 

distant from the site of direct exposure. For instance, Murphy and Norton (1915) proved that 

NTEs were observed in organs of mice distant from the site of x-ray irradiation. Later, it was 

proved that patients with chronic granulocytic leukemia treated with X radiation, showed 

reduction in the number of cells in their sternal bone marrow (Parsons et al. 1954). The 
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communication of effects between two distinct biological systems was first observed in vitro 

by Goh and Sumner (1968) via blood factors. These authors reported chromosomal 

aberrations in unirradiated lymphocytes incubated with plasma from irradiated individuals.  

The bystander signaling between organisms was firstly referred by Surinov et al. 

(1998). When non-irradiated rats and mice shared the cage with irradiated animals during 

1 to 2 weeks, the counts of leukocyte and nuclear neutrophils in the blood, the mass of the 

thymus and the immune response were significantly reduced when compared to the control 

groups. Later, the same authors showed that the exposure of naïve (unexposed to the 

stress factor) rats to the secretions of individuals exposed to IR on a dose of 4 Gy decreased 

the immune response of the non irradiated animals (Surinov et al. 2004). Mothersill et al. 

(2014a) determined the abscopal effects (modifications induced in non-targeted 

tissues/organ within an organism irradiated directly in a specific region) on rats exposed to 

a single radiosurgical dose of radiation (35 or 350 Gy skin-entry doses) targeting one of 

their cerebral hemispheres. In this study, similarly to other results of the same group 

(Fernandez-Palomo et al., 2013; Smith et al., 2013), the irradiation of one of the 

hemispheres of the brain elicit the transmission of a strong bystander signal do the other 

hemisphere and a weaker, but still significant, signaling to distant organs (bladder). The 

observations also confirmed that the exposed animals induced the production of a signal 

with similar or greater strength in the brain and bladder of non irradiated rats that shared 

the cage for 48h with irradiated animals (Mothersill et al., 2014a).  

RIBE is nowadays also an established consequence of exposure to IR in aquatic 

organisms. While with mice it was suspected that the volatilization of compounds present 

in the urine was the carrier of the signal (Surinov et al., 2005), in aquatic environments, the 

water can be the vehicle of signaling. Fish in cohabitation with other fish that had been 

irradiated demonstrated themselves effects similar to the targeted animals. Choi et al. 

(2013) used zebra fish embryos (Danio rerio) as models for studying the bystander effect 

signaling between fish in vivo. Briefly, 50 zebra fish embryos were irradiated with 4 Gy of 

X-ray 5h post fertilization (hpf) and after that ten non-irradiated embryos were introduced in 

the same medium. Twenty-five hpf, the endogenous apoptotic signals revealed through 

terminal dUTP transferase-mediated nick end-labeling (TUNEL) assay increased 

significantly in the non-irradiated fish (Choi et al., 2013). Neutron irradiated embryos of D. 

rerio induced an increase in the amount of apoptotic cells in non-irradiated embryos both 

through partnering or medium transfer (Ng et al., 2015). Following an irradiation with 0.5 Gy 

total body dose of X-ray, rainbow trout (Oncorhynchus mykiss) explants from surface 

tissues (gill, fin, and epidermis) were removed and placed in culture medium. This media 

resulted in significant reduced HPV-G reporter cells survival. The same work reported that 

when naïve fish were exposed to the X-rayed animals, either by cohabiting the same tank 
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or by swimming in the water previously containing irradiated fish, explants form their tissues 

increased cell death in a reporter system (HPV-G cells) (Mothersill et al., 2006). The same 

species, when exposed to an equivalent dose of radiation in an early stages of the life cycle 

(F0), produced a subsequent generation (F1) capable of inducing bystander effect in 

unirradiated trout (Smith et al. 2016). Recently findings from our group proved for the first 

time the induction of bystander DNA damage in Daphnia magna exposed to waterborne 

uranium and to a uranium mine effluent (2.72E-03 Gy d−1). The damages observed in non-

exposed organisms with different ages (24hours and 5 days old) were significantly 

increased after 24h of co-habitation (Reis et al., 2018). In the same study, after exposure, 

the organisms were placed in clean medium and only the older organisms (5 days-old) 

exposed to waterborne uranium were able to repair the damages observed. To date, only 

one study with tardigrades was published (Fernandez et al., 2016). These organisms are 

known to tolerate high radiation doses. Nevertheless, when groups of these organisms were 

irradiated with 3 and 5 kGy of gamma radiation, the survivorship of bystander groups 

decreased significantly. 

The review of the literature suggest, as was stated by different authors (i.e. DeVeaux 

et al., 2006; Mothersill et al., 2006), that the bystander effect between organisms may 

constitute an evolutionarily conserved response to IR (and other stressor as discussed in 

section 1.1.2) that, besides the detrimental effect described, can improve the response of 

populations to adverse scenarios. The observation of RIBE with the unicellular eukaryote 

(Schizosaccharomyces pombe) proves that this mechanism arises much earlier in the 

evolutionary process. When cells from the same species but different strains (with different 

colored colonies, allowing their distinction during the assays) were irradiated at 2 kGy, an 

approximately 17-fold increase was observed in the mutation rate of unirradiated cells 

present in the same medium. This rate remained elevated when levels of radiation were up 

to 6 kGy, even when the survival rate of the irradiated cells was less than 1% of the initial, 

proving that the signal produced had effect on the unirradiated cells even after the death or 

during the death process of the emitting cells (DeVeaux et al., 2006). Further studies with 

more complex organism proposed that the RIBE can be part of a radio adaptative response 

(RAR). For instance, Audette-Stuart and Yankovich (2012) reported that bullfrog tadpoles 

(Rana catesbeiana) previously exposed to waters contaminated with tritium (Bq) increased 

resistance to radiation in tadpoles from uncontaminated environments. After a period of 

exposure to a dose of 3.0 × 104 Bq L-1, the tadpoles were placed in tanks with unexposed 

organism. These were later irradiated with 4 Gy 60Co-gamma radiation and the frequency 

in liver micronucleus was observed. There was not a marked increase in micronucleus 

frequency in bystander tadpoles, contrary to what happen in the control organisms (tadpoles 

that hat no contact with irradiated organisms). Experiments conducted with embryos of D. 
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rerio suggested a similar result following irradiation with low-dose alpha particles (Choi et 

al., 2010). Groups of embryos partnered with embryos previously exposed to alpha radiation 

showed a decreased number of apoptotic signals in comparison with naïve embryos 

irradiated in the same conditions. The same authors (Choi et al., 2012), in agreement with 

other studies (Yum et al. 2010), proved that embryos of zebrafish partnered with alpha-

irradiated embryos exhibit an hormetic response to similar irradiation. The measured 

number of apoptotic signals in irradiated embryos was significantly decreased below small 

doses of radiation (<2.8 mGy) and increased significantly over 5.5 mGy. The same pattern 

was registered for non-irradiated organisms partnered with target ones.  

1.1.2. A generalized response to a range of toxic agents 

Most of the studies related with bystander effect are exclusively interested in the relation 

between this mechanism and different types of ionizing radiation. Therefore, fewer studies 

are focused on the induction of bystander responses by other genotoxic chemicals and 

stressors. Even so, some authors suggested that these effects are part of a stress response 

mechanism non-specifically associated with ionizing radiation (e.g. DeVeaux et al., 2006; 

Verma and Tiku, 2017). 

Like what is observed in exposure to radiation, there are documented evidences of 

chemical induced bystander effect (CIBE). Human B-lymphoblastoid (GM15510) cell lines 

exhibited increased number of micronuclei formation when exposed to conditioned media 

of similar cells treated with mitomycin C and phleomycin, two chemicals capable of inducing 

DNA cross-links and double-strand breaks, respectively (Asur et al. 2009a). Similarly, CIBE 

was demonstrated with other chemotherapeutic agents like paclitaxel and 

chloroethylnitrosourea (Alexandre et al. 2007; Demidem et al. 2006). Some antibiotics like 

adriamycin and bleomycin where also described as potential CIBE agents in human cell 

lines (Chinnadurai et al., 2011; Di et al., 2008). 

Metals are as capable of inducing direct genotoxicity in low concentrations, and this 

process can also be related to bystander effect. Cogan et al. (2010) demonstrated that low 

doses and short exposures to Cr(VI), a proven carcinogenic with long-term genotoxic 

effects, could elicited bystander signaling in vitro. When stem cells, cancer cells and 

fibroblasts were exposed to low doses of the metal, they secreted bystander signals which 

induced DNA damage in neighboring cells. Guo et al. (2014), reported that rat cells exposed 

to Pb2+ induced ROS generation, apoptosis and mitochondrial membrane collapse in 

unexposed cells. The exposure of O. mykiss, in vivo, to water artificially contaminated with 

Al, resulted in the reduction on the survival of HPV-G cells exposed to gill cells of the 

exposed animal (Smith et al. 2015).  
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Other stressors such as heat and UV induced detectable responses in naïve cells 

incubated with the treated cells. For example, conditioned media from MCF7 cells heat 

shocked (45ºC) added to naïve cells resulted in a significant increase in the DNA damages 

(measured by comet assay) and apoptosis of these cells (Bewicke-Copley et al., 2017).  

Exposure to UVA and UVB can induce bystander response in human keratinocytes cells 

promoting the expression of genes related with apoptosis (Banerjee et al., 2005). 

Furthermore, irradiation of UVA in keratinocytes and fibroblast reduced the clonogenic 

survival in a population of unirradiated cells (Whiteside and McMillan, 2009). Studies with 

nanoparticles demonstrated that polystyrene and gold nanoparticles induced bystander 

effect in human colorectal adenocarcinoma cells and in lung fibroblasts, respectively (Ng et 

al., 2015; Thubagere and  Reinhard, 2010). Notwithstanding, studies focusing the induction 

of bystander response between organisms of different species in response to these 

stressors are not available to date. 

1.1.3. Communication mechanisms responsible by bystander effects 

As mentioned in the literature available so far, the bystander mechanism existence is well 

supported, but the mechanisms operating on the bystander signaling still needs to be 

clarified. Generally speaking, bystander effect signals affect neighboring or distant 

cells/tissues and organisms trough factors exchanged facilitated by gap-junction 

intercellular communication (GJIC) between adjacent cells (Azzam et al.  2001; Guo et al., 

2014) or by the diffusion into the medium, not requiring direct contact between organisms 

or cells (Mothersill et al., 2015; Tu et al., 2019). 

These factors can be short-lived molecule such as ROS or RNS. For instance, 

studies with fish embryos proved that NO was a component of signaling pathways involved 

in the bystander effect observed in this organisms when exposed to X-rays (Choi et al., 

2013). In addition, Konopacka and Rzeszowska-Wolny (2006) showed that the addition of 

an antioxidant compound to a culture medium, where irradiated cells were maintained, 

reduced the frequency of micronuclei and apoptosis in non-irradiated cells exposed to that 

conditioned medium. There are evidences that secreted cytokines (important polypeptides 

involved in the inflammatory process) and p53 proteins (apoptosis-related tumor protein) 

from irradiated cells can also be responsible by the induction of bystander response in other 

cells (Mothersill et al., 2011; Schaue et al., 2012). The signal transduction pathways of 

mitogen-activated protein kinase (MAPK) family may also play a role in this signaling (Asur 

et al., 2010b). Moreover, different studies have reported the existence of physical 

components, such as volatile molecules, UV biophotons and sound/vibrational signals in 

the bystander mechanism (Mothersill et al., 2012; Mothersill, et al., 2018b; Surinov et al., 

2007). 
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1.1.4. Ecological implications of bystander communication 

Chemical signaling between organisms is well accepted process in ecosystems dynamics. 

For example, plants can detect airborne chemical compounds released by other plants 

under stress and animals can change their lifecycle or body characteristics in response to 

predators (Dicke and Bruin, 2001; MATVEEV, 1993; Weider and Pijanowska, 1993). In this 

context, it can be discussed the possibility of the bystander effect have a role in these 

interactions.  

Bystander effect is a proven mechanism in multiple levels of hierarchy in living 

organisms, from neighboring cells, tissues and organs to whole organism scale, 

transcending taxonomic groups and trophic levels (Smith et al. 2013). Since RIBE is 

associated with carcinogenesis and other detrimental effect to humans, it is considered by 

multiple authors (Preston, 2005) as significant for the estimation of the risks associated with 

exposure to IR (Sokolov and Neumann, 2018). However, the evolutionary background of 

this effect and the way in which it impacts the fitness of populations are not yet clear, and 

so the far-reaching implications of such mechanism in ecosystems functioning raises 

multiple concerns.  

According to the report of the Committee of US government on the Biological Effects 

of lonizing Radiation, the data addressing the relevance of RIBE in ecological relevant 

scenarios is insufficient to consider this and other NTE in radiological risk assessments 

(Council, 2006). In fact, little is known about how naturally occurring mixtures of 

radionuclides, metals and other stressors relate with bystander effect in living beings. Our 

research group found that when D. magna was exposed to wastewaters from a uranium 

mine with a complex mixture of metals, some above the limit values, and radionuclides 

emitting radiation levels up to 2.72 E-03 Gy d-1, significant DNA damages were induced 

during 24h of cohabitation trough bystander signaling (Reis et al., 2018). Furthermore, 

following an exposure of Atlantic salmon (Salmo salar L.) to low doses of gamma radiation 

in combination with copper in water, resulted in the induction of greater bystander signals 

(Mothersill et al., 2014b).  

The current evidences of bystander signaling in vivo between individuals of the same 

or different species within their natural environment are still considered scarce to 

understand the impacts of this mechanism on natural populations (e.g. Mothersill et al., 

2006; Rusin et al., 2018). This kind of mechanism implies that when an organism or a group 

of organisms is/are exposed to adverse conditions, the resulting effects may amplify the 

consequences to other organisms of the same species or even other species. On the other 

hand, as previously discussed in section 1.1.1, the evolutive conservation of this 

mechanism may be associated with adaptative responses induced in organisms that had 
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not been exposed to stressors, promoting the resistance to adverse situation previous to 

their occurrence, avoiding deleterious effects in populations (Audette-Stuart and Yankovich, 

2012; Choi et al., 2012).  

1.2. Biomarkers of genotoxicity 

The measurement of the biological responses induced by pollutants is extremely relevant 

in the context of environmental risk assessment, management and regulations to 

complement to the information obtained through chemical analyses of environmental 

samples (Ganzleben et al., 2017). In this context, the use of biomarkers can indicate the 

exposure of the organisms to agents and provide early warning signals of biological effects 

than result in impacts of ecological relevance (Forbes et al., 2006). Biomarkers are 

endpoints measured through toxicological tests that indicate an effect at molecular, 

biochemical, cellular, physiological, pathological, or behavioral levels on living organisms 

(R. C. Gupta, 2014; Lam, 2009). These can be classified in three categories (Estévez et al., 

2019): (1) biomarkers of exposure, which determine whether an organism has experienced 

exposure to a certain agent; (2) biomarker of effect, that elucidate about the effects induced 

by the agent in the organism exposed; (3) biomarker of susceptibility, which reflect the ability 

of the organism to respond to the exposure to a specific agent. 

Genetic material is one of the most important targets of environmental stress in 

organisms. The evaluation of genotoxicity biomarkers allows the characterization of the 

effects that several chemicals and physical agents (e.g. certain types of radiation) induce 

on cells’ genome integrity (Beedanagari et al., 2014). Within cells, the occurrence of 

damage on the genetic material is a natural phenomenon that is continually being repaired 

by a variety of endogenous processes. Any unrepaired damage in DNA molecule may result 

in serious biological consequences. When, some chemical or physical agent, classified as 

genotoxic agents, disrupts normal cellular processes or interact with the DNA modifying its 

structure and composition, the outcomes encompass a wide variety of damage endpoints 

that give rise to gene mutations and chromosomal damage (Hoeijmakers, 2001; Miller and 

Miller, 1981; Skipper et al., 2016). These effects commonly include the formation of DNA 

adducts, single and double-strand breaks (SSBs and DSBs, respectively), simple base 

modifications, base mismatches, interstrand and intrastrand crosslinks and DNA-protein 

crosslinks (Roos et al., 2016; Shugart, 2000). Unrepaired damage can be highly dangerous, 

promoting pathways of apoptosis and death by necrosis (Roos and Kaina, 2006). 
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1.2.1. An Overview of the alkaline comet assay 

The single cell gel electrophoresis (SCGE), assay, often referred as “the comet assay”, is 

one of the techniques most frequently used to assess the genotoxic activity of different 

agents. (Liao et al., 2009). This method is a simple, fast and sensitive tool to detect strand 

breaks in almost all cell types. It does not require DNA extraction and purification from 

tissues and can be used with a small number of cells (<10,000) per sample (Kumaravel et 

al., 2009). Briefly, the method consists on submitting cell suspensions embedded in agarose 

to a lysis process to remove all cellular membranes and proteins and then to an 

electrophoresis. During this process, the DNA migrates toward the anode, resembling the 

shape of a comet (Shaposhnikov et al. 2008). The extend of the migration, that is dependent 

on the number of lesions, is visualized using a fluorescence microscope (Collins, 2004). 

Undamaged cells present supercoiled DNA and no visible tail (Figure 1, a). Damage in the 

genetic material leads to DNA breaks, loosening the loops, allowing them to be dragged 

into a tail during the electrophoresis. The SCGE can be used to detect single and double 

strand breaks under both alkaline (pH> 13) and neutral (pH 7- 10) conditions. The former 

version of the technique allows a more sensitive detection of phosphate alkylations (also 

called alkali-labile sites) into SSBs.  

The comet assay has several applications as a qualitative and quantitative technique 

in DNA damage and repair studies both in vitro and in vivo (Dhawan et al., 2009; Daryl et 

al., 2003). This is an increasingly popular tool in human biomonitoring studies of 

occupational and environmental exposures (Anderson et al. 2013; Daryl et al., 2003) and 

also in the field of genetic ecotoxicology to evaluate the effects of pollutants on the genetic 

material (Bolognesi et al., 2019; Jha, 2008). The evaluation of the genotoxic potential of 

contaminants, using the comet assay technique, was described in a wide variety of models 

Figure 1. Schematic representation of critical steps in the alkaline comet assay, a) 
presents no visible tail, b) represents a damaged nucleus. (Adapted from 
Shaposhnikov et al. (2008)).  
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from different environments and trophic levels (Dhawan et al., 2009). In several 

ecotoxicological studies, the comet assay is applied using invertebrates as model 

organisms. Even though these models were primarily aquatic organisms, this technique is 

now applied successfully in terrestrial invertebrates (Gajski et al., 2019).  

1.3. Terrestrial oligochaetes as environmental bioindicators 

Soil is a key environmental compartment and important natural resource for the 

environmental, economic, social and cultural development. However, human activities have 

exploited this resource, contributing to the unprecedent degradation of its quality (Stojić and  

Prokić, 2018). Soils are the habitat for numerous species and deliver valuable ecosystem 

goods and services such as storage and filtration of water and nutrients, transformation of 

chemical compounds, biomass production, and carbon storage (Giannakis et al., 2017). 

The constant risks impairing the proper function of this compartment requires protection 

and management measures to ensure the preservation of soils quality. Studies where both 

human and ecological risk assessments are performed are increasingly frequent, but a large 

fraction still rely on chemical analysis with less emphasis, on the assessment of biological 

effects (Gerhardt, 2002; Wong et al., 2018).  

The selection of appropriate bioindicators will contribute to a greater and better 

quality of information obtained. Potential bioindicator organisms must play a key role in the 

ecosystem, be abundantly represented in a wide range of habitats, easy to culture and work 

with, come in contact with several stress factors and be moderately sensitive to a wide 

range of stressors (Parmar et al., 2016). Particularly, terrestrial oligochaetes proved to be 

sensitive models for the monitoring and detection of genotoxic compounds in the terrestrial 

compartment since they live and feed on the soil, f torhe accumulation and continued 

exposure to the contaminats through their gastrointestinal tract and tegument (Correia et 

al., 2017; Lourenço et al., 2016; Maria et al., 2018; Pérès et al., 2011; Reinecke and 

Reinecke, 2004). 

1.3.1. Eisenia fetida and Enchytraeus albidus 

Earthworms (Figure 2.A) and enchytraeids (Figure 2.B) belong to the class Oligochaeta and 

are widespread organisms in terrestrial environments (Schmelz, 2018). These organisms 

have been adopted as standard models for ecotoxicological tests by the Organization for 

Economic Cooperation and Development (OECD) (OECD, 2004:220, OECD, 2016:222) 

and by the International Standards Organization (ISO, 2012: 11268-2). Both groups of 

organisms are ecologically relevant soil-dwelling annelids, with an essential role in the 

fragmentation and subsequent degradation of organic matter, recycling of nutrients and soil 

structural evolution (Didden, 2003; Römbke et al., 2005). Despite their anatomical 
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differences, earthworms and enchytraeids are responsible for similar functions at different 

scales, making them complementary to ensure the functioning of soils (Domínguez and 

Bedano, 2016; Pelosi and Römbke, 2018). The presence of both groups simultaneously in 

the environment was reported, but the influence of one on the abundance of the other is not 

fully understood (Pelosi and Römbke, 2016). Different studies suggested that earthworms 

and enchytraeids may be mutually exclusive, with a significant trend for higher enchytraeid 

abundance when earthworm activity is lower (Amossé et al., 2016; Beylich and Graefe, 

2012; Nowak, 2004). In contrast, Schrader and Seibel (2001) have found that the presence 

of earthworm middens in the soil was correlated with higher number of enchytraeids and 

other micro and mesofauna. Notwithstanding, these groups should be studied as potential 

complementary indicators of soil conditions and functioning (Amossé et al., 2016).  

 

1.4. Research purposes 

The occurrence of RIBE at an inter-organismic level has been studied in previous works of 

our team with D. magna exposed to uranium and also to real uranium mine effluents 

characterized by a complex mixtures of radionuclides and metals (Reis et al., 2018). The 

results of this work brought new insights about the potential risks of the bystander effect for 

aquatic invertebrates in response to metals and radionuclides.  

This mechanism implies that the impacts of the exposure to adverse conditions may 

be amplified to other organisms. Considering that the terrestrial compartment is constantly 

being pressured with different types of contaminants, it is highly relevant to study the same 

type of phenomenon in terrestrial invertebrates. Nevertheless, data for the occurrence of 

RIBE in terrestrial invertebrates are scarce and studies in relevant scenarios of exposure 

are nonexistent to date.  

This thesis was designed taking into consideration the lack of knowledge still existing 

about the bystander effect at inter-organismic level in the terrestrial compartment. 

Moreover, to the best of our knowledge, there are no studies aimed to characterize de 

B A

)

Figure 2.  Photo of Eisenia fetida (A) and Enchytraeus albidus (B). 
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bystander effect in terrestrial invertebrates at inter-organismic level between different 

species. Thus, in the present work two hypotheses will be tested (Chapter II): (H1) The 

bystander effect in soil invertebrates is not limited to radiotoxic elements; (H2) the bystander 

effect in response to radiotoxic and non-radiotoxic elements occurs between different 

species (interspecific phenomenon). In this way, the first objective was to evaluate the 

individual genotoxic effects of uranium and cadmium in coelomocytes of Eisenia fetida and 

Enchytraeus albidus, using the alkaline comet assay. Secondly, we intend to test the 

occurrence of bystander effect in vivo between these two species in response to previous 

uranium and cadmium exposures of individuals of both species. 
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2.1. Abstract 

The bystander effect is commonly defined as the observation of effects in non-irradiated 

cells and tissues when the later are in contact with irradiated cells/ tissues. Several authors 

have also confirmed this mechanism at inter-organismic level in different taxonomic groups. 

Moreover, multiple studies demonstrated evidences of such mechanism in response to 

chemicals and metals. Nevertheless, there is a gap of knowledge regarding the occurrence 

of this effect between organisms of different species. Moreover, data reporting this 

phenomenon in terrestrial invertebrates are scarce. The results herein presented contribute 

to understand the impacts of cadmium and uranium in the DNA integrity of the coelomocytes 

of two species of terrestrial oligochaetes (Eisenia fetida and Enchytraeus albidus). 

Moreover, this data suggests the existence of bystander signaling from terrestrial 

earthworms to enchytraeid and from enchytraeids to earthworms when the organisms were 

exposed to 5.5 mg Cd kg soil-1dw, reinforcing that the bystander effect seems to be related 

with the genotoxic activity of stressors, and not exclusive of radiotoxic contaminants. More 

studies should be performed in order to fully understand the ecological impacts of this 

observations and the consideration of this mechanism in the environmental risk assessment 

of metals. 

Keywords: Metals, oligochaetes, genotoxicity, inter-organismic signaling, terrestrial 

compartment. 

 
2.2. Introduction 

Radiation induced bystander effect (RIBE) is a phenomenon characterized by the 

transmission of effects from cells, tissues or organisms directly exposed to ionizing radiation 

(IR), to others that were not directly exposed (Hong, 2014; Mothersill et al., 2018; Rusin et 

al., 2018; Wu et al., 2010). This phenomenon has been documented through the evaluation 

of a diverse number of biological endpoints such as cell proliferation and death (Choi et al., 

2013), reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Mladenovkis 

et al., 2018), DNA simple/double-strand breaks (SSBs/DSBs) (Sedelnikova et al., 2007); 

chromosomal aberrations (Nagasawa and Little, 2002), micronuclei induction (Khan et al., 

2003), mutations (Zhang et al., 2009) and changes in gene expression profiles (Jiang et al., 

2014). 

There is considerable evidences suggesting that the bystander effect can be 

triggered in response to several physical and chemical agents such as chemotherapeutic 

drugs, heat, UV radiation and metals, and not exclusively by IR (Alexandre et al., 2007; R. 

Asur et al., 2010; Asur et al., 2009; Chinnadurai et al., 2011; Cogan et al., 2010; Demidem 

et al., 2006; Di et al., 2008; Guo et al., 2014; Ng et al., 2015; Thubagere and Reinhard, 
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2010). The mechanisms of communication underlying this phenomenon are mediated both 

by the signalling through gap-junction intercellular communication and the release of soluble 

factors into the medium (Azzam et al., 2001; Guo et al., 2014; Mothersill et al., 2015; Tu et 

al., 2019). Previous work by our group demonstrated the induction of bystander effect in the 

aquatic invertebrate Daphnia magna exposed to environmentally relevant concentrations of 

a uranium (U) mine effluent and to a waterborne uranium solution (55.3 μg U L−1). When 

the exposed organisms were placed in cohabitation with non-exposed daphnia, significant  

DNA damage was observed (Reis et al., 2018). Despite all the evidences of occurrence in 

organisms from different taxonomic groups (Mothersill et al., 2006; Ng et al., 2015; Smith 

et al., 2016; Surinov et al., 2007), the demonstration of the bystander effect in ecological 

relevant scenarios is still scarce. In addition, most studies focus on aquatic organisms and 

so far no data is available for the occurrence of in vivo bystander effect in terrestrial 

invertebrates  

In this context, the present work contributes to knowledge gap of the bystander 

phenomenon in the terrestrial compartment. U and cadmium (Cd) were chosen as reference 

contaminants because their genotoxic impacts on terrestrial oligochaetes are well 

supported by the literature ( Reinecke and Reinecke, 2007; Gomes et al., 2018; Lourenço 

et al., 2012; Reinecke et al., 1999). However, to date it is not known whether when these 

impacts, are observed on organisms moving actively in the soil compartment, they can be 

transmitted to other neighboring organisms that have not been exposed. Therefore, the 

aims of this study are, firstly, to understand if bystander signaling is observed between 

terrestrial organisms from different species in vivo. Secondly, to understand if the bystander 

effect on terrestrial organisms is not only related to radiotoxic agents but also to other 

chemicals. 

2.3. Material and Methods 

2.3.1. Test organisms and culture conditions  

The earthworm Eisenia fetida (Oligochaeta: Lumbricidae) and the enchytraeids 

Enchytraeus albidus (Oligochaeta: Enchytraeidae) were chosen as test organisms. The 

organisms were obtained from laboratorial cultures and were kept under controlled 

conditions at 20 ± 2°C, and a photoperiod of 16hL:8hD. The earthworms were maintained in 

plastic boxes filled with a medium composed of peat and autoclaved horse manure (1:1), 

moistened with deionized water and pH adjusted to 6.0 ± 0.5, with CaCO3. Weekly, the 

cultures were fed with oat and autoclaved horse manure hydrated with deionized water. The 

enchytraeids were also maintained in plastic boxes filled with a 1:1 mixture of artificial OECD 

soil (70% quartz sand, 20% kaolin, 10% sphagnum) and natural uncontaminated reference 

soil, previously characterized by our research group  (Caetano et al., 2012) and were fed 
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weekly with rolled oat. Following the recommendations of international standard guidelines 

(ISO 11268-2:2012, 2012; OECD, 2009), only adult earthworms with developed clitellum 

and body mass between 300 and 600 mg and adult enchytraeids from synchronized 

cultures were selected. Before exposure, the organisms were acclimated for at least 48h in 

plastic containers with OECD soil under controlled conditions at 20 ± 2°C, and a photoperiod 

of 16hL:8hD. 

2.3.2. Test soil 

All the assays were performed using the standard artificial OECD soil (OECD, 1984) 

composed of 5% of sphagnum peat, 22.5% of kaolin clay and 72.5% of dried quartz-sand. 

The final pH (measured in KCl 1M) was adjusted to 6.0 ± 0.5 with CaCO3 (ISO 10390:2005, 

2005). To determine the maximum water capacity (WHC), three sub-samples of the soil 

were immersed in water for 3h in polypropylene flaks, with filter paper in the bottom. Then, 

the samples were left to drain for 2h, and dried at 105 ºC until weight stabilization. WHC 

was calculated accounting the loss of weight after drying the soil (ISO 11268-2:2012, 2012). 

2.3.3. Test substances  

Uranium was obtained from PanReac AppliChem as uranyl nitrate hexahydrate, 98.00% 

(UO2(NO3)2.6H2O) and cadmium from Alfa Aesar as cadmium chloride anhydrous, 99.99% 

(CdCl2).  

2.3.4. Exposure conditions 

2.3.4.1. Preliminary tests 

The range of concentrations used in the preliminary tests, for both cadmium and uranium, 

were selected considering the ecological relevance of the study and, allowing significant 

DNA damage, without however leading to lethal effects during the exposure. The following 

rationale was followed to select the concentrations to be tested and the exposure time: 1) 

the concentration range comprising values that do not pause a risk to the terrestrial 

environment, taking into account previous studies and concentrations registered in 

contaminated sites (André et al., 2009; Caetano et al., 2014; Caetano et al., 2016; Jänsch 

et al.,2007; Sheppard et al., 2005); 2) exposure periods that may reproduce actual 

situations for terrestrial invertebrates that can actively avoid contaminated soils, i.e. 24h 

and 48h.  

E. fetida and E. albidus were exposed to artificial contaminated OECD soil, 200 g 

and 30 g respectively, spiked with three concentrations of uranium (15.5, 100 and 300 mg 

kg-1) and of cadmium (5.5, 11 and 22 mg kg-1) during exposure periods of 24 and 48h. The 

exposure was made in plastic containers with holes in the lid that allow air circulation, at 20 
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± 2°C and a photoperiod of 16hL:8hD. For each experimental condition (U and Cd) and 

exposure period, three replicates, with five and ten organisms of E. fetida and E. albidus, 

respectively, were exposed to assess DNA damage (for more details please see section 

2.3.5). To rule out possible effects of nitrate (NO3-) and chloride (Cl-1) on the exposed 

organisms, controls with potassium nitrate (KNO3) and potassium chloride (KCl) 

corresponding to the highest concentrations tested were also performed. In addition, to 

ensure that possible changes in soil pH were not a confounding factor, this parameter was 

measured at the end of each exposure period (maximum range: 5.74 – 6.27). 

2.3.4.2. Interspecies bystander effect test design 

The schematic representation of the experimental design (Part A and B) is illustrated 

in Fig. 3. The final experimental design conditions based on the conclusions drawn from the 

preliminary tests. For E. albidus, the concentrations and exposure periods were precisely 

the same.  Accordingly, to demonstrate that the cohabitation of the two species per se did 

not result in significant DNA damage, ten replicates were prepared each of them containing 

five earthworms and ten enchytraeid in non-contaminated OECD (five for each exposure 

period: 24 and 48h).  The results are shown in the supplementary data, Fig. S1. After 

exposure, all the organisms of both species (five replicates) were collected, and analysed 

for DNA damage by alkaline comet assay. The experiment was divided in two parts as 

follows:  

A) To check whether, when exposed, E. fetida emits signals that could result in 

damage to E. albidus DNA (part A), ten replicates each with five earthworms were exposed 

to 200 g of soil contaminated with either U (100 mg kg-1soildw) and Cd (5.5 mg Cd kg-1soildw) 

during 24h (for U) and 48h (for Cd). In parallel, ten control replicates  were prepared with 

five E. fetida in clean soil (during 24 or 48h), depending on the metal to be tested. After 

exposure, organisms (non-exposed in the control) were quickly washed with ASTM and 

transferred to pots with 200 g of clean soil where they were allowed to cohabit for 24 and 

48h with ten non-exposed enchytraeids.  

B) To assess a bystander effect in the opposite direction (part B), ten replicates each 

with ten enchytraeids were exposed to 30 g of contaminated soil (U, Cd). In parallel, ten 

replicates for the control were prepared with ten E. albidus in clean soil (during 24 or 48h, 

depending on the metal to be tested. After exposure, ten enchytraeids (non-exposed in the 

control) were transferred to pots with 200 g of clean soil with 5 earthworms and collected 

after 24 and 48h.  
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2.3.5. Genotoxicity evaluation 

2.3.5.1. Coelomocytes Extrusion 

Earthworm and enchytraeid coelomocytes were collected using the protocol described by 

Reinecke and Reinecke (2004) for the extrusion in E. fetida, with minor modification to the 

protocol originally described by Eyambe et al. (1991). Previous works (Lourenço et al., 

2012) allowed the optimization of the protocol for E. fetida and E. albidus. Prior to the 

extrusion, earthworms were left to depurate the content of their digestive tract overnight in 

plastic containers filled with deionized water dampened paper. The five earthworms of each 

replicate were individually placed in microtubes containing to 800 µl of the extrusion solution 

(95% PBS 1X pH 7.4; 5% EtOH; 2.5 mg/ml EDTA) at room temperature, to allow the 

secretion of the coelomic fluid, containing the coelomocytes, through the pores of their 

Figure 3. Schematic representation of the experimental design. Part A: E. fetida 

organisms were exposed during 24h to uranium (A.1) and 48h to cadmium (A.2) and 

then, placed in cohabitation with E. albidus in clean soil. Part B: E. albidus organisms 

were exposed during 24h to uranium (B.1) and 48h to cadmium (B.2) and then placed in 

cohabitation with E. fetida in clean soil. Ten replicates were prepared for each treatment 

(A.1, A.2, B.1, B.2). Additionally, 10 controls per treatment were prepared where non-

exposed organisms were placed in cohabitation in clean soil with non-exposed 

organisms from the other species. The organisms were collected from five replicates 

after 24 and 48h of cohabitation. 
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integument. Then, the tubes were placed on ice and centrifuged for 380 x g/3 min at 4ºC 

and the supernatant was discarded. The pellet was then suspended in cold PBS 1X pH 7.4. 

The same procedure was used for the enchytraeids. A pool of ten enchytraeids were place 

in glass Petri dishes containing 950 µl of the same extrusion solution used for the 

earthworms. Then, the cells were extruded and collected in microtubes,  placed on ice and 

centrifuged for 380 x g/3 min at 4ºC. During this procedure the samples were always kept 

on ice and at the end of this process all the organisms were discarded. 

2.3.5.2. Alkaline Comet Assay 

Aliquots of the cell suspension were used to prepare microgel slides according to the 

protocol described by Lourenço et al., (2012). Briefly, the microscope slides were covered 

with a 600 µl layer of 1% normal melting point (NMP) agarose prepared in PBS 1X (pH 7.4) 

and allowed to dry at room temperature overnight. Then, 10 µl for E. fetida and 20 µl for E. 

albidus of the extruded coelomocytes were suspended in 150 µl of 0.5% low melting point 

agarose also prepared in PBS 1X and placed on top of the first layer of NMP agarose. Slides 

were placed on ice for 5-10 min. to solidify the agarose. The slides were immersed in lysing 

solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton-X, 10% DMSO) for 2h in the 

dark and at 4ºC. After lysis, slides were washed with cold PBS 1X and immersed in the 

electrophoresis buffer (0.3 M NaOH, 1 mM EDTA, pH 13) for 15 min, to allow DNA  

unwinding.  Immediately after, the electrophoresis was carried out for 10 min at 0.7 V/cm 

and 300 mA. Thereafter, the slides were neutralized with 0.4 M Tris buffer (pH 7.5), washed 

with absolute ethanol and left to dry in the dark at room temperature for at least 24h. All the 

above referred procedures were conducted under yellow light, to minimize the DNA damage 

caused by UV radiation. 

2.3.5.3. Scoring of DNA damage 

Slides were carefully rinsed with distilled water and stained with 80 µL of ethidium bromide 

(20 µg L-1). DNA damage was assessed by visual scoring using a fluorescence microscope 

(amplification 400x). As described by García et al. (2004), 100 randomly-selected cells per 

slide were visually graded into 5 classes, as shown in Fig. 2: class 0 for undamaged DNA 

and no visible tail; class 1 for low level of damage, presenting a round and fluorescent head 

associated with small fragments around the head; class 2 for medium damage, when both 

head and short tail present similar levels of fluorescence; class 3 for highly damaged DNA, 

with high level of fragmentation and high length and fluorescent tail and class 4 for extremely 

damaged DNA, with the highest tail length and a reduced/ inexistent head. The results were 

reported as arbitrary units (AU), resulting from the multiplication of the number of observed 

comets (100) by the comet classification (0 to 4): 
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 𝐴𝑈 =
((0 ×  N0) + (1 ×  N1) + (2 ×  N2) + (3 ×  N3) + (4 ×  N4))

number of analyzed comets
× 100 

 

Where N0, N1, N2, N3 and N4 are the numbers of comets in classes 0, 1, 2, 3 and 4, 

respectively. All ratings were made blind and by the same person.

2.3.6. Statistical analyses 

The obtained results (coelomocytes DNA integrity) were analyzed performing a two-way 

analysis of variance (two-way ANOVA) followed by a Tukey’s all pair comparison test as 

post hoc comparison test. The homoscedasticity of variances was checked by the Levene’s 

test. For the preliminary assays, concentration of the metal and time of exposure were the 

factors tested. For the interspecies bystander assays the factors were, time of cohabitation 

and exposure do the metal (i.e. if the organism had been previously exposed to the metal 

or not). One level of significance was considered: p<0.05. All the statistical analyses were 

performed with GraphPad Prism 6 software.  

2.4. Results  

2.4.1. Preliminary results 

All the results obtained in the preliminary exposure assay with E. fetida and E. albidus to 

uranium and cadmium are shown in Figure 5 and Figure 6Fig. Additionally, in Table 1 are 

presented the statistical results obtained after the two-way ANOVA analysis for the effect 

of both factors (concentration and time of exposure) on the DNA integrity and the interaction 

between these factors. The two-way ANOVA for uranium showed that concentration 

significantly influenced the integrity of coelomocyte’s DNA in earthworms, while for 

enchytraeids the integrity of DNA was affected by the two factors. Further, in both species, 

no significant interaction between factors was detected. For E. fetida (Figure 5, A) all the 

Figure 4. DNA damage classes in the coelomocytes (×400 magnification): (a) class 0; 

(b) class 1; (c) class 2; (d) class 3; (e) class 4.   
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concentrations tested had a significant effect in the first 24h of the test. After 48h this effect 

was also observed for 15.5 and 100.0 mg U kg-1soildw. However, it was attenuated in the 

highest concentration tested (300.0 mg U kg-1soildw), especially after 48h of exposure. For 

E. albidus (Figure 5, B), after 24h of exposure, only the concentration 100.0 mg U kg-1soildw 

resulted in significant effects. Similarly, to what was observed with E. fetida, the effects were 

significantly attenuated (p<0.05), in this case too, at the highest concentration tested. 

Considering the results obtained in this preliminary test, a concentration of 100 mg U kg-

1soildw and an exposure time of 24h for both species were selected for the following test 

(Part A). The results of the two-way ANOVA for cadmium revealed that the DNA integrity 

Figure 5. Weighted average of the DNA damage (arbitrary units) in E. fetida (A) 

and E. albidus (B) exposed to three concentrations of uranium (U) in two 

exposure periods (24h, 48h). Data are shown as average ± standard deviation. 

Letters indicate similarities and statistical differences (p<0.05) between bars. The same 

letter in different bars indicates no statistical differences. Different letter indicate 

significant differences. Two-way ANOVA followed by Tukey’s multiple comparisons 

test. 

Figure 6. Weighted average of the DNA damage (arbitrary units) in E. fetida (A) 

and E. albidus (B) exposed to three concentrations of cadmium (Cd) in two 

exposure periods (24h, 48h). Data are shown as average ± standard deviation. 

Letters indicate similarities and statistical differences (p<0.05) between bars. The same 

letter in different bars indicates no statistical differences. Different letter indicate 

significant differences. (Two-way ANOVA followed by Tukey’s multiple comparisons 

test).  
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was significantly influenced by the concentration of the metal in both organisms. A 

significant interaction between factors was detected for E. albidus (F1;20=3.604, p=0.0253), 

which could indicate that different times of exposure influence the response of DNA integrity 

to the concentrations tested. The multiple comparison test for E. fetida showed that 

significant effects (p<0.05) are observed after 48h of exposure to 5.5 mg Cd kg-1soildw
 

(Figure 6, A). The mean DNA damages in the highest concentrations of the metal were 

attenuated. For the enchytraeids (Figure 6, B), significant increase (p<0.05) in the damage 

was observed after 48h of exposure to 5.5 and 22.0 mg Cd kg-1soildw. Considering the 

outcomes of these preliminary assays, for both species, a concentration of 5.5 Cd kg-1soildw 

during a period of 48h was selected for the interspecies bystander effect test (Part B).  

2.4.2. Interspecies bystander effect  

2.4.2.1. Bystander effect from earthworms to enchytraeids 

The results for the assay with earthworms exposed to U (Part A.1) and Cd (Part A.2) are 

presented in Figure 7. The statistical analysis shown in Table S1. For more details about 

the experimental design, please see Figure 3, Part A. When the earthworms, previously 

exposed to U, were partnered with the enchytraeids in clean medium, a significant 

interaction between factors (exposure to U and time of cohabitation) was observed 

(F1;14=62.80, p<0.0001). After 24h in clean soil, DNA damage in earthworms coelomocytes 

of earthworms was still significantly superior to the control. After 48h in clean medium DNA 

damage is no longer significant, which suggests that the organisms were able to repair DNA 

strand breaks. The enchytraeids that were partnered with the previously exposed 

earthworms didn’t present significant DNA damage in any of the cohabitation periods tested 

(p<0.05), which also explains the lack of interaction between factors in this case 

(F1;14=0.1179, p=0.7365). Regarding the earthworms exposed to Cd, a significant 

 

Table 1. Results of the two-way ANOVA performed on preliminary exposure data to 
assess the effect of time and metal concentration on DNA damage on E. fetida and E. 
albidus. 

Uranium A) E. fetida  B) E. albidus 

 F df P F df p 

Concentration of Uranium 57.73 3; 20 < 0.0001 17.17 3; 20 <0.0001 

Time of exposure 3.387 1; 20 0.0807 7.382 1; 20 0.0133 

Exp x Time 2.637 3; 20 0.0777 1.378 3; 20 0.2784 

Cadmium A) E. fetida  B) E. albidus 

 F df p F df p 

Concentration of Cadmium 8.076 3; 19 0.0011 14.64 3; 20 <0.0001 

Time of exposure 2.335 1; 19 0.1430 1.355 3; 20 0.4866 

Con x Time 0.599 3; 19 0.6229 3.604 1; 20 0.0253 

Statistical differences highlighted in bold letter; Con – Concentration of Uranium or Cadmium; Time – 
Time of exposure 
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interaction between the periods of cohabitation in clean soil and the exposure (exposed 

versus non-exposed organisms) was recorded (F1;16=42.84, p<0.0001). The mean values 

of DNA damage in the coelomocytes of earthworms were significantly different from those 

of the controls after 24h and 48h in clean soil, even though in the latter case, this value was 

almost 50% smaller than the damage observed after 24h in clean soil, also showing the 

ability of the organisms to recover from DNA damages possibly caused by Cd. As for the 

enchytraeids in this case showed a significant loss of coelomocyte’s DNA integrity after 48h 

of cohabitation with the earthworms, suggesting the existence of a bystander signaling 

between E. fetida exposed to Cd and unexposed E. albidus.  

Figure 7. Weighted average of the DNA damage (arbitrary units) in Part A of the 

interspecies bystander effect test design. Data are shown as average ± standard 

deviation. Lower case letters indicate similarities and statistical differences (p<0.05) 

between E. Fetida; Capital letters indicate similarities and statistical differences 

(p<0.05) between E. albidus (Two-way ANOVA followed by Tukey’s multiple 

comparisons test). 
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2.4.2.2. Bystander from enchytraeids to earthworms 

The results for the assay with enchytraeids exposed to U (Part B.1) and Cd (Part B.2) are 

presented in Figure 8. The statistical analysis outputs from the two-way ANOVA are 

presented in Table S2 (details regarding the experimental design, are presented in Figure 

3, Part B. For the enchytraeids exposed to U (Figure 8, Part B.1) a significant interaction 

between the exposure to the metal (exposed versus non-exposed) and the time of 

cohabitation with earthworms in clean soil was recorded. The loss of DNA integrity in E. 

albidus is significant even after being in clean soil for 24h. This effect decreased after being 

in clean soil for 48h, but it is still significant. The earthworms partnered with the exposed 

enchytraeids presented no significant changes in the integrity of DNA of their coelomocytes 

after both periods of cohabitation. When the enchytraeids were exposed to Cd the loss of 

DNA integrity in E. albidus is significant after being in clean soil for 24h and 48h and damage 

did not decrease significantly with time (Figure 8, Part B.2). When exposed enchytraeids 

were partnered with earthworms in clean soil, the induction of significant damages in 

Figure. 8. Weighted average of the DNA damage (arbitrary units) in Part B of the 

interspecies bystander effect test design. Data are shown as average ± standard 

deviation. Lower case letters indicate similarities and statistical differences (p<0.05) 

between E. albidus; Capital letters indicate similarities and statistical differences 

(p<0.05) between E. fetida (Two-way ANOVA followed by Tukey’s multiple 

comparisons test). 
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earthworm’s DNA persisted after 48h of cohabitation and were of the same level of 

magnitude for both periods, which indicates the presence of a bystander signaling between 

exposed enchytraeids and non-exposed earthworms.   

2.5. Discussion 

2.5.1. Loss of DNA integrity of coelomocytes in response to cadmium and 

uranium 

Coelomocytes are circulating immune cells that exist in many invertebrates 

(Tahseen, 2009), essential to the response to stress factors, including various organic and 

inorganic contaminants like metals (da Silva Júnior et al., 2019). Given their importance, 

any impairment in these cells, including loss of DNA integrity, may represent a risk to the 

organisms. For this reason, DNA damage in coelomocytes has been used as a biomarker 

of exposure and effect of contaminants in terrestrial oligochaetes (Vasseur and Bonnard, 

2014). In our study, the consistency of the response obtained after the exposure of both 

species E. fetida and E. albidus to uranium and cadmium demonstrated that DNA damage 

evaluated in coelomocytes is a good biomarker and that these organisms were both good 

models to assess the genotoxicity of metals in contaminated soils using the alkaline comet 

assay. The DNA damage reported in all the assays for exposed organisms to uranyl nitrate 

hexahydrate (UO2(NO3)2.6H2O) and cadmium chloride anhydrous (CdCl2) resulted from the 

action of the uranyl (UO2+) and cadmium (Cd2+) ions, since positive presented basal levels 

of DNA damage.  

Generally, the main exposure routes of oligochaetes to metals present in soil is 

trough ingestion of contaminated soil (and absorption across the digestive gut epithelium) 

(Arnold et al., 2003) and dermal contact (adsorption across body wall) (Lourenço et al., 

2011). Uranium produces very little radioactivity per mass of U (ATSDR, 2013), and for that 

reason it is considered primarily a chemical hazard (Craft et al., 2004; Mathews et al., 2009), 

even though some evidences prove that the biological effect induced by its radioactivity 

should not be ignored (Miller et al., 2017). Nevertheless, the most soluble forms of uranium, 

as uranyl nitrate, are considered a potent systemic toxicant in animals (ATSDR, 2013) and 

it is one of the main uranyl ion complexes found dissolved in the soil and surface water 

systems (Liu et al., 2017). Previous studies suggested a soil screening value (SSV) for 

uranium of 15.5 mg U kg-1soildw (Caetano et al., 2014) and Sheppard et al. (2005) suggested 

a Predicted no Effect Concentration (PNEC), six times higher, of 100 mg U kg-1soildw. Both 

thresholds were based on ecotoxicological assays with terrestrial species, including soil 

oligochaetes, for which individual level effects were recorded (e.g. reproduction). However, 

in our study, both earthworms and enchytraeids presented significant levels of 

coelomocyte’s DNA damage when exposed to 15.5 mg U kg soil-1dw (Fig. 3), although both 
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species, could recover from the damage after 48hours in clean soil even after exposure to 

100 mg U kg-1 soildw. 

The exposure of both species to Cd resulted in a significant decrease in the DNA 

integrity at 5.5 mg Cd kg-1soildw. This value is similar to that of PNEC suggested by Caetano 

et al. (2016), which ranged between 3.5 and 3.7 mg Cd kg-1soildw, the HC5 (hazardous 

concentration for 5% of the terrestrial species) of 6.78 mg Cd kg-1soildw estimated by Jänsch 

et al. (2007) as well as the EC50 of 5.5 and 6.3 mg Cd kg-1soildw  suggested for growth and 

reproduction of E. fetida, respectively (Jayathilake et al., 2017). Zhu et al. (2006) also 

observed significant loss of integrity in the coelomocyte’s DNA of Eisenia andrei after a 14 

days exposure to 10 mg Cd kg-1soildw. Later, Wu et al. (2012) reported that Cd induced a 

dose-dependent increase in DNA damage in coelomocytes of E. fetida exposed for 7 days 

to concentrations between 0.1 and 10 mg Cd kg-1soildw. In the present study, unlike the 

recovery observed after U exposure, when E. fetida was first exposed to Cd, a significant 

recovery of DNA integrity was observed after 48h in clean soil, however the damages were 

still significantly greater than those observed in the control. Studies with Enchytraeus 

crypticus embryos showed that the exposure for 24h to 5 mg Cd kg-1soildw significantly 

altered gene regulation, delaying hatching. For E. albidus, no recovery of the damage was 

observed after 48h in clean soil. These results suggest that Cd is more genotoxic than 

uranium. The genotoxicity of metals can be directly linked to changes in the conformation 

of macromolecules and, indirectly, by metal-mediated formation of free radicals (Valko et 

al., 2016). Metals like Cd and U are considered non-essential metals and do not have 

established biological functions (Horemans et al., 2015). When organisms come in contact 

with U, reactive oxygen species (ROS) are produced in the cells, and some antioxidants 

defense mechanisms are reduced (Gao et al., 2019) thus compromising the ability of 

organisms to deal with oxidative stress properly. Uranium undergoes Fenton redox-cycling 

reactions through which superoxide anion and hydroxyl radical are produced, contributing 

to DNA damage (Valko et al., 2016). Yazzie et al. (2003) observed a reduction in the number 

of DNA strand breaks, induced by uranyl acetate, and related this reduction with the activity 

of catalase, which indicate the involvement of hydrogen peroxide in these damages. Other 

studies inferred that ROS formation was responsible for oxidative DNA damage in response 

to U (Miller et al., 2002; Periyakaruppan et al., 2007). The decrease of antioxidant capacity 

of cells, namely reduced content of GSH (Glutathione) and decreased expression of SOD 

(Superoxide dismutase), can also be involved in the DNA damage caused by U 

(Periyakaruppan et al., 2007). Hartsock et al. (2007), also suggested that the interaction of 

uranium acetate with proteins may explain the damages, which might be related with the 

inhibition of DNA-binding proteins, even though this interaction is nonspecific. However, the 

authors highlighted that it is uncertain if U could achieve protein’s inhibitory concentrations 
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in real exposure conditions (Hartsock et al., 2007). At low concentrations of U, cells can 

mitigate DNA damage by inducting the expression of many genes involved in DNA repair 

mechanisms and detoxification processes (Song et al., 2012).  

Regarding Cd-induced toxicity, several authors claim that the metal does not behave 

as a redox-active metal (Chen et al., 2019; Cuypers et al., 2010; Waisberg et al., 2003). 

The depletion of glutathione, the inhibition of glutathione peroxidase, glutathione reductase 

and catalase enzymes by binding to proteins sulfhydryl groups are pointed as the primary 

mechanisms of Cd toxicity (Casalino et al., 1997; Erca et al., 2001). Concerning the 

induction of DNA damage, Cd has been shown to promote DNA strand breaks, 

chromosomal aberrations and DNA-crosslinks (Hartwig, 1995; Waisberg et al., 2003). 

Besides, Cd interferes with DNA repair mechanisms, by inhibiting the activity of a number 

of enzymes involved in these processes (Giaginis et al., 2006; Hartwig, 1998) promoting 

the accumulation of DNA lesions, including single and double strand breaks, mismatch, 

abasic sites, base oxidations, intra and interstrand crosslinks, among others (Giaginis et al., 

2006).  

In summary, both metals are capable of genotoxicity induction, but differ in the 

mechanisms involved. Additionally, while for U, studies indicate that after exposure to small 

doses, DNA repair mechanisms are induced, for Cd these mechanisms are also a sensitive 

target. From the results obtained in our study, Cd has been shown to be more genotoxic for 

both oligochaetes compared to U, and this appears to be related to the mode of action of 

both metals as described above. In addition to the metal-based differences, it was observed 

that Cd and U-induced DNA damage in the coelomocytes, were repaired more efficiently in 

E. fetida than in E. albidus. The mechanisms behind the different responses of each species 

are not known and were not the purpose of this study. 

2.5.2. Bystander effect between E. fetida and E. albidus  

The data presented here provide evidence of an inter-species bystander effect between E. 

fetida and E. albidus. The results showed that exposure to a soil contaminated with Cd 

affects the DNA integrity of E. fetida, and that the same effect was observed in non-exposed 

E. albidus after cohabitation for 48h in clean soil. The enchytraeids in this case showed a 

significant loss of coelomocyte’s DNA integrity only after 48h of cohabitation with the 

earthworms, suggesting that bystander signaling between both species may be released 

later than on U exposure or needs to accumulate in the soil to a certain level to induce 

genotoxicity in E. albidus. Another possibility is that enchytraeids are more resistant than 

earthworms to the bystander signaling caused by exposure to Cd. When E. albidus was 

exposed to Cd, the cohabitation with earthworms for 24h of cohabitation induced immediate 

DNA damage Instead, the exposure to uranium did not induce bystander effect between the 
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two species. To the best of our knowledge, the results presented here are the first 

observations of bystander effects between two different species of oligochaetes in vivo, 

exposed to environmentally relevant concentrations of metals in soil. This is also the first 

study reporting chemically induced bystander effect on soil invertebrates.  

The bystander effect has been mainly studied in in vitro systems or at intra-

organismic level, contributing little to the lack of knowledge about its biological significance 

in vivo, between organisms and species. Nevertheless, there are evidences of such effect 

between aquatic organisms in response to metal exposure. For instance, Mothersill et al. 

(2007) reported the induction of bystander effects in fish (Salmo salar) exposed to Cd and 

aluminium (Al) in water. Smith et al. (2015) also observed evidences that fish exposed to Al 

induced bystander response in non-exposed fish.  Bystander effect in earthworms has been 

mainly associated with radiation exposure. Rusin et al. (2018) were the first to demonstrate 

the existence of bystander signaling in three earthworms species (Allolobophora chlorotica, 

Eiseniella tetraedra, Aporrectodea caliginosa) exposed to gamma radiation. However, such 

evaluation was not made under relevant ecological conditions. The results proved that 

bystander signals were produced by earthworms, and that they were species and tissue 

dependent. However, these results don’t prove the existence of bystander signaling in soils 

between earthworms from the same or different species. This is a very relevant aspect, as 

the soil matrix is complex with many soluble and adsorbed chemical ions and molecules, 

and it remains unclear if bystander signals are lost. 

Communication between soil organisms is still poorly studied, but chemical signals, 

such as volatile or non-volatile molecules, are known to be partly responsible for positive 

and negative interactions between species (O’Connell, 1986; Zirbes et al., 2011). In soil 

invertebrates these signals are directly linked to food search and  prey location, 

reproduction, aggregation behavior, avoidance and defense from predators (Jones et al., 

2016; Nuutinen and Butt, 1997; Salmon et al., 2019; Zirbes et al., 2011). Moreover, studies 

focusing on  signaling mechanisms between earthworms and plants provide evidences of 

induction of negative and positive growth effects on plants and increased plant resistance 

to parasites (Brown et al., 1999; Puga-Freitas et al., 2012; Puga-Freitas and Blouin, 2015; 

Scheu, 2003). These evidences point to a prominent role of chemical signaling in the 

communication between terrestrial invertebrates of the same species but also in the 

relationships between different soil taxonomic groups.  

In this study, it is not possible to fully understand the mechanism associated with the 

results observed. When exposed to a stressor that is able to induce DNA damage, the 

oligochaetes E. fetida and E. albidus appear to excrete chemical compounds to the soil 

which are responsible for the signaling and for the induction of the same effect in other 

organisms. The highest genotoxicity of Cd and the ability of this metal to inhibit DNA repair 
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seemed to result in a stronger bystander signaling, explaining what was observed in this 

study. The results also allow us to reinforce that the bystander effect seems to be 

particularly related with the genotoxic activity of stressors and, in fact, it is not exclusive of 

radiotoxic contaminants. Multiple studies point out to ROS/ reactive nitrogen species (RNS) 

and other physical components (such as volatile molecules) (Choi et al., 2013; Konopacka 

and Rzeszowska-Wolny, 2006; Surinov et al., 2005) as key factors in communicating 

bystander effects. However, regardless of the signaling factor involved in this effect, our 

results show that, even though the soil is an extremely complex matrix, these signals 

produced by the oligochaetes are not lost and can induce a significant effect in non-exposed 

organisms of different taxonomic groups by cohabitation during 24 and 48h. Similar results 

have been widely discussed in studies with aquatic organisms in response to several 

stressors (Audette-Stuart and Yankovich, 2012; Choi et al., 2010; Duhig et al., 2011; Reis 

et al., 2018), However, it should be noted that this study was conducted on a limited amount 

of soil and that organisms of both species tend to come in direct contact, facilitating the 

transfer of signals. However, the occurrence of a bystander effect between E. fetida and E. 

albidus in response do U cannot depend solely on the detection of DNA strand breaks as 

other responses/effects may be triggered by the emitted signals.  

2.6. Conclusion 

The exposure of earthworms and enchytraeids to U and Cd resulted in significant loss of 

coelomocytes DNA integrity. However, Cd demonstrated a stronger genotoxic potential, 

probably by inhibiting the DNA repair mechanisms, as the organisms of both species, were 

unable to fully recover from DNA damage after 48h in clean soil. E. fetida exposed to Cd 

contaminated soil could induce bystander effects in non-exposed E. albidus through 

cohabitation in clean soil. Similarly, the same results were observed when exposed E. 

albidus are partnered with non-exposed E. fetida. Even though the mechanism beyond this 

effect is so far unclear, the results herein suggest that the bystander effect constitutes an 

inter-species conserved response, since both species induced bystander effects between 

them. No bystander response was observed for U. In addition, our results suggests that the 

bystander effect on the organisms and conditions tested appears to be to be associated 

with genotoxicity, as only Cd, the most genotoxic metal tested, which also impairs DNA 

repair mechanisms, was able to induce a bystander effect. This study brings new insights 

to the discussion of the relevance of bystander effect in vivo and more specifically between 

different species under ecological relevant conditions. More data should be collected to fully 

understand the impacts of such effect in the terrestrial populations and the potential risk to 

the terrestrial compartment, as it could be a mechanism of amplification of the impact of 

contaminants in natural communities. 
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2.8. Supplementary data 

 

 

 

 

Table S1. Results of the two-way ANOVA performed on Part A of the interspecies 
bystander effect test design. 

Part A) 

A.1) Uranium E. fetida  E. albidus 

 F df P F df p 

Exposure to Uranium 79.93 1;14 <0.0001 0.6012 1;14 0.4510 

Time of cohabitation 57.44 1;14 <0.0001 0.0226 1;14 0.8826 

Exp x Time 62.80 1;14 <0.0001 0.1179 1;14 0.7365 

A.2) Cadmium E. fetida  E. albidus 

 F df p F df p 

Exposure to Cadmium 138.2 1;16 <0.0001 74.67 1;15 <0.0001 

Time of exposure 43.99 1;16 <0.0001 51.86 1;15 <0.0001 

Exp x Time 42.84 1;16 <0.0001 44.65 1;15 <0.0001 

Exp – Exposure to Uranium or Cadmium; Time – Time of cohabitation 

 

 

 

 

Figure S1. Weighted average of the DNA damage (arbitrary units) in E. fetida and 

E. albidus in cohabitation during 24h and 48h. Data are shown as average ± 

standard deviation. E. fetida basal level corresponds to the average of the mean AUs 

observed in the preliminary assays for U and Cd. E. albidus basal level corresponds 

to the average of the mean AUs observed in the preliminary assays for U and Cd. 



II. Inter-species bystander effect 

50 

Table S2. Results of the two-way ANOVA performed on Part B of the interspecies 
bystander effect test design. 

Part B) 

B.1) Uranium E. albidus E. fetida 

 F df P F df p 

Exposure to Uranium 68.74 1;16 <0.0001 2.524 1;16 0.1317 

Time of cohabitation 11.63 1;16 0.0036 3.264 1;16 0.0897 

Exp x Time 11.91 1,16 0.0033 1.685 1;16 0.2126 

B.2) Cadmium E. albidus E. fetida 

 F df p F Df p 

Exposure to Cadmium 41.11 1;16 <0.0001 0.8548 1;16 <0.0001 

Time of exposure 1.097 1;16 0.3105 0.0950 1;16 0.7619 

Exp x Time 0.2167 1,16 0.6478 51.51 1;16 0.3689 

Exp – Exposure to Uranium or Cadmium; Time – Time of cohabitation 
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3.1. Highlights and conclusions 

The induction of bystander effect in multiple cell lines, tissues and organisms has been an 

extensive area of research since the first studies reporting the radiation induced bystander 

effect (RIBE). This effect was broadly defined as an indirect effect of radiation observed in 

cells and tissues not exposed to radiation. Further studies reported that this effect was 

observed at intra and inter-organismic level in different taxonomic groups. Moreover, 

bystander signaling was observed in response to a range of stressor and not exclusively 

related to ionizing radiation. It is likely, therefore, that the bystander effect is an evolutionarily 

conserved mechanism aimed at alerting nearby cell or organisms, enabling a more effective 

response at populational level. Our research allowed us to observe, for the first time, the 

existence of such effect between terrestrial oligochaetes in vivo exposed to ecologically 

relevant conditions. The results reported herein suggest that when the terrestrial 

oligochaetes Eisenia fetida and Enchytraeus albidus are exposed to sub-lethal 

concentrations of cadmium, both are capable of induce the loss of DNA integrity in 

organisms not exposed to the metal. These findings reinforce the fact that the bystander 

effect seems to be related with the genotoxic activity of stressors, and not exclusively with 

the radiotoxic activity of contaminants. No bystander effect was observed for uranium. 

Despite the current data existing regarding the bystander effect, this effect is not taken in 

the consideration in studies addressing the risk assessment of IR and other chemical 

agents. Further investigation is necessary to fully comprehend the consequences of this 

mechanisms in the different environmental compartments.   

3.2. Prospects for the future research 

Despite the conclusion reached in this scenario, the population of oligochaetes possess 

mechanisms that enable the tolerance to multiple agents present in the environment. More 

studies with other terrestrial invertebrates and stressors are required to fully understand the 

relevance and consequences of the bystander signaling between soil organisms. 

Additionally, studies focusing the transmission of bystander effects between oligochaetes 

of the same species should be considered, even though this might implicate a different 

experimental design. As discussed in the introductory chapter, the development of 

resistance through bystander mechanisms remains controversial and poorly supported. For 

this reason, tests that take this into consideration should also be considered in future works. 

Previous studies account for the transgenerational bystander effects, which can also be 

relevant for terrestrial oligochaetes. Regarding the recovery of genomic integrity herein 

discussed, it should be referred that the alkaline comet assay method does not allows the 
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assessment of possible mutations that could persist after the recovery from the strand 

breaks.  
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