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Initial comments 

I 

 

Initial comments on the structure of the dissertation 

This dissertation follows a semi-cumulative style by integrating two first-author and one 

co-authorship publications in peer-reviewed journals into chapters 3, 5 and 6. It 

incorporates the remarks and suggestions of all authors involved in the manuscript 

preparation, as well as comments from reviewers and journal editors obtained during the 

peer-reviewing process. Chapters 1 and 2 provide general background information about 

the multidisciplinary project. Unpublished data on synthesis and structure 

characterization are presented in chapter 4, whereas further toxicological studies are 

included in chapter 7. The final chapter 8 concludes with an overview, discussion and future 

perspectives.  

At the beginning of each publication-based chapter, the source of the original publication is 

mentioned. To ensure clarity and easier understanding, all references, figures and tables 

were combined using consecutive numbering. Given that the studies were published in 

different journals, there may be variation in nomenclature, abbreviation and structure. The 

original formatting has been modified for consistency, but the scientific content remains 

unchanged.  

The following nomenclature was adopted for Caenorhabditis elegans-related terminology: 

Worm strains consist of two capital letters followed by a number (e. g., BY200). Genes are 

denoted by three or four lowercase letters, a hyphen, and a number (all italicized, e. g., dat-

1), Proteins are represented by three or four capital letters, a hyphen and a number (not 

italicized, e. g., DAT-1). The promotor and protein-coding names of fusion proteins are 

separated by two colons (e. g., DAT-1::GFP). 
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Summary 

Fungicides are important in agriculture and health, but their impact on non-target species 

and their potential harm are of great concern. Trace element-based dithiocarbamates, 

introduced in the 1950s, are effective against many plant diseases and are applied in 

mixtures to prevent resistances due to their diverse mode of action. Exposure to Maneb, a 

manganese-based ethylene bis(dithiocarbamate) fungicide, has been linked to 

neurodegeneration in agriculture fieldworker and nearby residents. Despite being 

essential, excess Mn can accumulate in the brain, affecting the motor system and is 

associated with Parkinson’s disease. The underlying mechanism of Mn toxicity and its 

impact on Maneb is not fully understood. Surprisingly, even the molecular structure of 

Maneb is completely unknown. This study aimed to synthesize and characterize these trace 

element-based fungicides, especially Maneb, and to assess its impact on Caenorhabditis 

elegans (C. elegans), a nematode commonly used as an in vivo model organism. The 

hermaphrodite C. elegans has emerged as a powerful model organism for diverse scientific 

investigations such as neurotoxicity and metal homeostasis. Its transparent body, short 

life-cycle, and many conserved human genes make it a valuable tool to reduce or replace 

animal experiments. 

In contrast to the in situ patent synthesis method, an optimized synthesis strategy was 

developed to obtain trace element-based ethylene bis(dithiocarbamate) fungicides with high 

yield, purity and consistent microcrystalline quality. The Mn-containing fungicides were 

subsequently characterized using various analytical techniques. Initially, the structure of 

Maneb in solution was elucidated via X-ray diffraction. The resulting polymeric Maneb-

DMSO coordination adduct demonstrated, for the first time, the polymeric nature of Maneb. 

Moreover, it represents the actual species utilized in numerous published toxicity studies, 

and also in this study. Subsequently, approximately 70 years after its market introduction, 

the solid-state structure of Maneb was successfully determined using electron diffraction. 

Following this, the fully characterized Maneb was used to increase the mechanistic 

understanding of the toxicity associated with metal-based dithiocarbamate fungicides. In 

contrast to other studies, it has now become possible to investigate pure and defined Maneb 

directly in comparison with relevant species known as metabolites and degradation 

products within a living organism.  
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Therefore, Maneb was investigated in comparison to MnCl2, the main metabolite ethylene 

thiourea (ETU), and the disodium salt Nabam in terms of lethality, bioavailability and 

markers of oxidative stress and neurodegeneration. The findings reveal that despite 

possessing similar Mn bioavailability, Maneb is approximately eight times more toxic than 

MnCl2 and exhibited significantly higher toxicity than all other species examined. Trough 

the evaluation of markers associated with oxidative stress, which reflects an imbalance 

between generation of reactive species and the organism’s antioxidant capacity, further 

insights into underlying mechanisms were gained. It has been found that Maneb 

significantly influences the antioxidative glutathione (GSH) and glutathione disulfide 

(GSSG) system by elevating both components. However, reactive oxygen and nitrogen 

species (RONS) are only induced to a small extent. Mechanisms discussed here involve the 

reactivity of Maneb towards thiols, as some studies demonstrated similar outcome. The 

other investigated species showed no such effects.  

Finally, the impact of Maneb and its associated species on neurotransmitter levels were 

examined. For this purpose, a liquid chromatography-tandem mass spectrometry (LC-

MS/MS)-based method was developed to simultaneously quantify the neurotransmitters 

dopamine, serotonin, acetylcholine and γ-aminobutyric acid in C. elegans. Exposure to 

Maneb immediately disrupts neurotransmitter homeostasis of dopamine, acetylcholine, 

and γ-aminobutyric acid (GABA), by decreasing their levels. Especially the effect on the 

dopamine system is often discussed as a possible cause of Maneb-induced 

neurodegeneration. Therefore, the morphology of dopaminergic neurons was examined 

using the BY200 C. elegans strain, expressing a green fluorescent protein (GFP) in the 

dopamine transporter 1 (DAT-1) protein, allowing to observe specific fluorescence of 

dopaminergic neurons. Immediately after exposure to Maneb, irregularities in morphology, 

such as abnormal branching of dendrites reduced cell body size were observed in L1-stage 

worms. Neurotransmitter levels returned to control level 48 hours after treatment, but the 

morphological irregularities persisted, indicating a sustained and irreversible effect of 

Maneb. Unlike other established neurotoxic substances such as 6-hydroxydopamine (6-

OHDA), it was observed that a certain type of neurons is more sensitive to Maneb, while 

other neurons are more sensitive to 6-OHDA. This provides a potential pathway for further 

investigations into underlying mechanisms. In conclusion, a comprehensive understanding 

of these mechanisms could enable accurate risk assessments for human health and 

facilitate the development of targeted therapeutics.  
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Chapter 1 – Motivation and Scope of the Thesis 

1.1 Motivation  

Fungicides are essential tools in agriculture and industry, designed to control and eliminate 

fungal diseases in crops and plants. While they play a crucial role in protecting crops and 

ensuring food safety, concerns about their potential adverse effects on human health and 

the environment have been raised.[1–3] In the industrial agriculture, the use of crop 

protection agents is essential to optimize productivity and to prevent significant yield loss 

and contaminations. Consequently, antifungal agents are intentionally released into the 

environment. This intentional release can have unintended consequences, as these 

chemicals may affect non-targeted organisms and accumulate in ecosystems. 

Dithiocarbamate fungicides were introduced in the 1950s and have since gained widespread 

use in agriculture due to their effectiveness against a wide range of plant pathogens.[4,5] 

Their multi-site mode of action has contributed to the absence of resistances so far, making 

them very popular and often combined with other active ingredients.[6] 

It was already observed in the 1980s that field workers in contact with Maneb, the 

manganese-containing ethylene bis(dithiocarbamate) (EBDC) fungicide, developed 

neurological abnormalities.[2] Since then, evidence has been growing that exposure to EBDC 

fungicides including Maneb can lead to neurodegenerative damage.[7–11] However, the 

underlying mechanisms, particularly the role of trace elements complexed in 

dithiocarbamates, are not well understood. Despite Mn being essential for human health, 

chronic oversupply can result in adverse neurotoxic effects.[12–15] 

Given that pesticides typically undergo a stringent approval process, which includes 

comprehensive characterization of their chemical structure, mode of action and 

environmental fate, it is surprising that the molecular structure of the Mn-containing 

representatives is not known. In light of these toxicological concerns and lack of knowledge 

regarding the molecular structure of Maneb, this dissertation aimed to understand the 

precise chemical composition for assessing its behavior and potential interactions with non-

target organisms. Therefore, Maneb and other trace element-containing dithiocarbamate 

fungicides were synthesized, characterized and their toxicological effect was assessed in the 

in vivo model organism Caenorhabditis elegans.  
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1.2 Scope of the thesis 

 

• Development of reproducible synthesis methods for metal-based ethylene 

bis(dithiocarbamates) to obtain products with consistent quality. 

 

• Structure elucidation of the manganese-containing fungicide Maneb using 

various analytical techniques. 

 

• Studying the species-specific effects in Caenorhabditis elegans, comparing 

Maneb to other relevant compounds in terms of neurotoxicity and oxidative 

stress. 
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Chapter 2 – General background information 

2.1 Dithiocarbamate Fungicides 

2.1.1 Synthesis and Structure 

Dithiocarbamates (DTC) are a class of compounds with the general structure shown in 

Figure 1.  The first dithiocarbamates were reported in 1850,[16] while the use of alkyl 

dithiocarbamate as ligands for transition metals was documented for the first time in 

1907.[17] Syntheses of DTC ligands are usually carried out starting from primary or 

secondary amines reacting with carbon disulfide in the presence of a base. Primary amines 

yield less stable dithiocarbamates due to their increased susceptibility to hydrolysis owing 

to the presence of an proton on the nitrogen atom.[18] Therefore, they are often converted in 

situ into the desired product to prevent decomposition. Under acidic conditions, 

dithiocarbamates derived from primary amines immediately decompose into the free amine 

and carbon disulfide.[19] DTCs can be described by using resonance structures shown in 

Figure 1. Due to the double-bound character of the C-N bond, the rotation is limited. (Figure 

1).  

 

Figure 1: Resonance structures of dithiocarbamate anions.  

Dithiocarbamates bind metal ions in up to nine different coordination modes (Figure 2). A 

monodentate coordination (A) occurs when required for steric or electronic reasons or by 

the possible loss of another ligand. Dithiocarbamates commonly act as bidentate chelate 

ligands (B) with two metal-sulfur bonds of approximately equal length. They form small S-

M-S angles in the range of 60-80° and have bond lengths of 2.25 - 2.55 Å, depending on the 

size of the central atom. In some cases, the S-M bonds are highly asymmetric and have 

different lengths, described by coordination mode (C). Various coordination modes can be 

found when two or more metals are involved (D-I). In binding mode (D), one of the chelating 

sulfur atoms is bound to another metal, which results in three metal-sulfur interactions of 

similar length. In contrast, binding mode (E) is not symmetrical. Both are common 



Chapter 2 – General background information 

3 

 

coordination modes illustrating the affinity of DTC to build intramolecular polymeric 

structures. Other coordination modes (F-I) are rarely observed (Figure 2).[18]  

 

Figure 2: Coordination modes of dithiocarbamates (adapted from [18]). 

In coordination chemistry, DTC ligands are considered soft S-donor ligands. The “hard and 

soft (Lewis) acid and base” (HASB) concept is employed to assess the stability of complexes 

based on their electronic properties and affinity for metal ions. Soft ligands are typically 

larger, more polarizable and possess lower charge density. As a consequence, they exhibit 

a preference for coordinating with metal ions of lower positive charge and larger ionic radii 

such as transition metals. Soft ligand and soft metal interactions between metal ions and 

ligands are relatively weak, permitting easy exchange and flexibility in coordination 

geometry.[20] 

2.2 Ethylene bis(dithiocarbamate) fungicides 

The first dithiocarbamate-containing fungicides were patented by Tisdale and Williams in 

1934.[21] In the 1940s, the disodium salt of ethylene bis(dithiocarbamate) (EBDC) was 

patented as the first broad-spectrum fungicide based on a EBDC ligand and called Nabam 

(Figure 3).[22] EBDC fungicides are categorized by the Fungicide Resistance Action 

Committee (FRAC) as fungicides with “multi-site activity”, meaning they target multiple 

sites in the fungal organism, which reduces the risk of resistance developing. These 

fungicides act in a non-systemic manner on the plant surface and are often used in 

combination with other fungicides as part of resistance management strategies.[6] As a 

result, EBDCs are well recognized and widely applied as highly effective components in 

plant protection. Despite the initial success, Nabam is not considered as an effective 

fungicide due to its excellent water solubility and instability under environmental 

conditions. In the 1950s a series of EBDC derivates containing other metals were 
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introduced as improved alternatives. These derivates were marketed under the brand 

names Maneb, Zineb, and Mancozeb (Figure 3).[4,23,24] The addition of transition metals to 

these compounds has a stabilizing effect by forming chelate complexes. As explained in 

subsequent chapters, dithiocarbamates, especially Maneb and Mancozeb, are the most 

commonly used fungicides and account for a significant amount of fungicide 

consumption.[25]  

 

Figure 3: Ethylene bis(dithiocarbamate) fungicides. 

2.2.1 Structures and Characteristics  

The EBDC complexes based on trace element (TE) are proposed to have a polymeric 

structure and are insoluble in water and most commonly used solvents. However, Nabam, 

the disodium EBDC salt, crystallizes as hexahydrate and is soluble in water.[26,27] The Mn-

containing EBDC fungicides, Maneb and Mancozeb, are not suitable for analysis using 

routine nuclear magnetic resonance spectroscopy (NMR) due to the paramagnetic 

properties of Mn in its +II oxidation state. Even the exact molecular structure of the zinc 

analog, Zineb, has only recently been elucidated by Lefton et al. (2020) using powder 

diffraction techniques.[28] The structure of Zineb reveals a Zn(II)-ion coordinated by four 

sulfur atoms from two EBDC ligands, with equal bond lengths of around 2.3 Å - 2.4 Å. 

Additionally, there is an extra Zn-S bond acting as an intramolecular sulfur bridge with a 

relatively long bond length of 2.9 Å. Thus, a 2D coordination polymer emerges, build by 

Zn2(µS)2 trapezoids and bis-functional EBDC ligands (Figure 4).  
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Figure 4: Structure of Zineb. The bridging Zn2(µS)2 trapezoids are highlighted in red. The EBDC 

ligand is shown as a zig-zag-line for simplification.  

The exact chemical structure of Maneb and Mancozeb has remained unknown, despite their 

extensive agricultural use for over 70 years. Mn(II) contains five unpaired d-electrons ([Ar] 

3d5 configuration) and typically forms octahedral high-spin complexes.[29] The only 

dithiocarbamate-related structure with Mn in the +II oxidation state is [Mn(S2CNEt2)2]n, 

which was published in 1975.[30] In this structure, Mn is coordinated by six sulfur atoms, 

including two bridging sulfur atoms from neighboring DTC ligands, resulting in a polymeric 

network. However, Ciampolini et al. (1975) described this complex as unstable and 

extremely air-sensitive. It is important to note that this instability does not apply to Maneb 

since commercially available pesticide standards can be stored for up to 36 months without 

degradation.[30] Wang et al. (1993) proposed that Maneb might have a structural similarity 

to the previously reported [Mn(S2CNEt2)2]n complex, although it is often described as a 

nona-cyclic monomer.[31,32] 

In the case of Mancozeb, the exact chemical structure is more complicated as it involves 

both Mn(II) and Zn(II) ions. Two different synthetic approaches have been employed for 

Mancozeb production. The first approach, known as the “co-reacted Mn-metal EBDC” route, 

involves the reaction of Nabam with varying rations of Mn and Zn.[5] The second synthesis 

route is based on isolating Maneb, dispersing it in water, and subsequently treating it with 

solutions of different Zn(II) concentrations.[33] Initially, it was speculated that Mancozeb 

might be a mixture of Maneb and Zineb. However, analysis of powder diffraction data 

revealed that Mancozeb possesses distinct patterns, indicating that it is an individual 

fungicide with its own unique, but unknown chemical structure.[5,33] 
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2.2.2 Legal status 

The approval of Mancozeb, the last EBDC-containing fungicide, expired in January 2021 in 

the European Union. The non-renewal of its approval as an active substance was due to 

specific concerns that were raised. In particular, Mancozeb was classified as a category 1B 

reproductive toxicant, and it was found to possess properties of endocrine disruptors 

[Implementing Regulation (EC) No. 2020/2087, No. 2016/2035 (Maneb)]. However, EBDC 

fungicides such as Maneb and Mancozeb continue to be widely used in significant quantities 

in other agricultural food-producing countries, including the United States (Mancozeb 

only), Brazil, China, and India. The Food and Agriculture Organization of the United 

Nations (FAO) estimates that global pesticide usage exceeded 2.5 million tons in 2020. 

Brazil, in particular, stands as one of the largest consumers of plant protection products, 

with more than 40 % of all fungicides belonging to the EBDC class, especially 

Mancozeb.[34,35] EBDC fungicides find application on a wide range of crops, including 

tomatoes, potatoes, grapes, and bananas, to effectively control around 400 fungal 

pathogens.[36]  

The poor solubility and mostly unknown structures of EBDC fungicides make the analysis 

of residue levels on agricultural food samples a difficult task. Current residue analyses are 

based solely on the determination of carbon disulfide content and do not involve the 

identification/quantification of specific metal species. As a result, it becomes impossible to 

differentiate between different applied EBDC species and to detect any illegal usage. The 

enforcement residue definition is “dithiocarbamates determined and expressed as CS2, 

including Maneb, Mancozeb […]”. In crops rich in glucosinolate naturally high background 

levels of CS2 occur, making it challenging to distinguish between naturally occurring CS2 

and that arising from fungicide application.[37] This further complicates both laboratory 

analysis and the legal assessment of residue levels. While a standard maximum residue 

level (MRL) of 0.01 mg/kg exists for DTC fungicides, there is no specific MRL established 

for CS2, even though it is the detected species in residue analysis [Regulation (EC) No. 

396/2005]. European Food Safety Authority (EFSA) conducted a comprehensive evaluation 

of various toxicological studies to assess the hazards and risks associated with EBDC 

fungicides. The current acceptable daily intake (ADI) varies depending on the species. For 

Mancozeb, the ADI is set at 0.05 mg/kg body weight per day.[38] In its annual report on 

pesticide residue for 2020, the EFSA considered different scenarios and calculated the 

chronic dietary exposure as a percentage of the specific ADI values for each species. This 
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assessment included all DTC-containing fungicides and their respective toxicological-based 

ADIs. The chronic dietary exposure expressed as a percentage of the ADI (adjusted as the 

middle bound) ranged from 9% to 83%. The main contributors to this exposure were apples, 

pears, and broccoli. In the context of the assessment, the estimated chronic exposure for 

176 pesticides was less than 10% of the ADI and for 111 of them it was lower or equal to 

1%.[39] Despite EBDC fungicides not being approved for use in the EU, there is growing 

concern over high residue levels of unapproved pesticides and their metabolites on imported 

crops. This issue arises due to globalization of agricultural trade, highlighting the 

importance of monitoring and addressing such concerns in food safety regulations. 

The metabolite, degradation product and manufacturing byproduct ethylene thiourea 

(ETU) was identified as a substance of very high concern (SVHC) in 2013, as per Article 

59(3) of Regulation (EC) No. 1907/2006, also known as REACH (Registration, Evaluation, 

Authorization, and Restriction of Chemicals). This classification was based on the 

recognized toxicity of ETU. The acceptable daily intake (ADI) for ETU is set at 0.002 mg/kg 

according to Regulation (EC) No. 1107/2009. In the reference specification for the original 

approval of Maneb or Mancozeb, considering the toxicological relevance, a maximum 

allowable impurity level of 0.5% for ETU was defined. This limit was set to mitigate the 

potential exposure to ETU and its associated toxicity.  

2.2.3 Mechanism of action 

The emergence of pesticide resistance is a growing concern, and cases of resistance have 

been documented in all classes of pests, including fungi. Fungal infestations lead to 

significant losses in commercially important fruits and vegetables worldwide. Similar to 

the development of multi-drug resistance in human pathogens, the phenomenon of 

resistance is also becoming more prevalent in plant diseases.[40] According to the definition 

provided by the Fungicide Resistance Action Committee (FRAC), fungicide resistance refers 

to the acquired and heritable reduction in sensitivity of a fungus to a specific antifungal 

agent or fungicide.[41] When a fungus evolves resistance through evolutionary processes, all 

fungicides that target the same site of action are considered to exhibit "cross-resistance" to 

each other. In other words, if a fungus develops resistance to one fungicide, it may also 

demonstrate reduced sensitivity to other fungicides that act on the same target site.[42] 

Proper rotation of fungicides with different modes of action and the use of integrated pest 

management practices are key approaches to maintain the efficacy and combat resistance 

of fungicides. 
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DTC-based fungicides, such as EBDC fungicides, have not shown any observed resistance 

since their introduction in the 1950s, mainly due to their "multi-site activity" mode of 

action.[43] This class of fungicides is effective in controlling a wide range of diseases, 

including downy mildews, late and blossom blights, leaf spots and others.[6] However, there 

are certain disadvantages associated with the use of EBDC fungicides. One significant 

drawback is that high doses are often required to achieve adequate disease protection. 

Furthermore, they only act preventively and do not possess any curative effect once a plant 

is infected. They function as surface-acting pesticides and lack systemic properties, which 

means they need to be applied repeatedly to maintain their efficiency. As a result, repeated 

application of large quantities leads to increased levels entering the environment.[6]  

In contrast to dialkyl dithiocarbamates, EBDC ligands contain two relatively reactive 

hydrogen atoms bound to the DTC nitrogen, which can initiate intra- and intermolecular 

reactions. Thus, various degradation products are formed, which could contribute to the 

fungicidal effect.[44] Although several mechanisms of action have been proposed for EBDC 

fungicides, their complexity has hindered a comprehensive understanding at the cellular 

level and none of these mechanisms have been conclusively proven. 

One suggested mechanism is that EBDC fungicides interfere with the fungal cell wall by 

altering cell permeability. This effect is attributed to the enhanced lipophilic nature of the 

polymeric metal-EBDC chains compared to that of the free metal ions.[45,46] Several studies 

have reported interactions of DTCs with cellular enzymes in fungi, leading to disruption of 

critical physiological processes.[11,47] Multiple targets for the mechanism of action are 

possible. For instance, EBDCs are known to interact with thiols and other sulfur-containing 

groups, potentially catalyzing irreversible protein cross-links or forming reversible 

hydrogen bonds. Another proposed mechanism involves the chelation of metal ions through 

metal-exchange reactions or metabolites. These can affect metal enzyme cofactors within 

the cellular environment and leads to reduced enzyme activity.[46,48,49] 

2.2.4 Toxicity  

The non-specific mode of action of EBDC fungicides raises concerns about potential adverse 

effects not only on fungi but also on non-target organisms, including humans. Numerous 

studies have demonstrated the toxic effects of these fungicides, their metabolites, and the 

released metals.[7–11] In the 1980s, Ferraz et al. reported  a link between occupational 

exposure to Maneb and the development of neurological deficits in field workers.[2] Since 
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then, the body of evidence of neurotoxic potential of EBDC fungicides is growing.[50] Several 

epidemiological studies,[3,51–53] cell culture experiments[9,54,55] or in vivo studies[8,32,56] have 

demonstrated adverse effects including neurodegeneration, oxidative stress and 

mitochondrial dysfunction. Exposure to Mn-containing fungicides were associated with 

increased concentrations of Mn in blood and hair, as well as detectable levels of urinary 

ETU.[51,52] Especially in children living near banana plantations in Costa Rica, where 

Mancozeb is frequently sprayed aerially, Mn and ETU outcomes have been found to 

correlate with adverse neurodevelopmental effects.[51] Maneb has been reported to affect 

dopaminergic neurons and is supposed to increase the risk of Parkinson’s disease (PD).[54] 

Studies using the nematode Caenorhabditis elegans (C. elegans) have confirmed that 

neurons expressing dopamine (DA) and γ-amino butyric acid (GABA) are particularly 

vulnerable and serve as targets for Mn-fungicides-induced toxicity.[32,56,57] 

While the adverse effects of EBDC fungicides, including Maneb, are well-documented, the 

precise molecular toxicity mechanisms are still not fully understood. The subsequent 

sections will primarily focus on the effects of Maneb and its metabolites, as this work 

primarily centers on Maneb's synthesis, structure, and toxicity. Figure 5 provides an 

overview of the proposed mechanisms of Maneb-induced toxicity to illustrate the relatively 

complex interrelationships. 
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Figure 5: Proposed mechanisms and targets for toxicity of EBDC fungicides and their degradation products 

using Maneb as an example.[11,32,58–65] 

 

One of the main proposed toxicity mechanisms of Maneb and other polymeric EBDC 

fungicides is the inhibition of aldehyde dehydrogenase (ALDH) enzymes.[58,59] ALDH 

enzymes play a crucial role in catalyzing the conversion of aldehydes to carboxylic acids, 

which is essential for detoxifying both exogenously and endogenously generated 

aldehydes.[66] Inhibition of ALDH by Maneb and its metabolites can impair the 

detoxification of 3,4-dihydroxy phenylacetaldehyde (DOPAL), a metabolite of the 

neurotransmitter dopamine (DA) produced by the monoamine oxidase (MAO), which acts 

as an endogenous neurotoxicant affecting dopaminergic neurons in physiological 

concentrations (as shown in Figure 5).[67] The exact mechanism by which ALDH is inhibited 
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by EBDC fungicides has yet to be confirmed.[59] ALDH inhibition is thought to be associated 

with the "catechol aldehyde hypothesis," which suggests that ALDH dysfunction is linked 

to the pathogenesis of Parkinson's disease (PD).[68] PD is characterized by the loss of 

dopaminergic neurons in the substantia nigra pars compacta region of the brain and the 

formation of protein aggregates referred to as Lewy bodies. Typical symptoms of PD include 

movement disorders such as bradykinesia (slowness of movement), muscular rigidity, and 

rest tremor.[69] This has also been proposed for chronic manganese exposure, more details 

on Mn-induced parkinsonism are given in Chapter 2.4.1. Besides dopaminergic neurons, γ-

aminobutyric acid expressing neurons appear to be particularly vulnerable to the 

neurotoxic effects induced by Mn-containing EBDC fungicide exposure.[32,60] 

Another postulated mechanism regarding the neurotoxicity of Maneb is its ability to 

reversibly inhibit acetylcholinesterase (AChE). In vitro studies have demonstrated that 

AChE inhibitors lead to increased acetylcholine (ACh) levels since ACh is not efficiently 

split into choline and acetic acid.[61,70] The elevated levels of ACh in the synaptic gap can 

result in hyperexcitability, leading to subsequent paralysis.[61,71] The inhibition of AChE by 

Maneb may disrupt the normal balance of ACh in the nervous system, potentially leading 

to dysregulation of neuronal signaling and subsequent adverse neurological effects. 

Understanding the precise mechanisms through which Maneb and its metabolites exert 

their neurotoxic effects, including their impact on ALDH and AChE enzymes, is crucial for 

unraveling the complex interplay between these fungicides and the nervous system. 

In several exposure scenarios it has been observed that Maneb can induce the formation of 

reactive oxygen and nitrogen species (RONS) and negatively impact the antioxidant 

system, leading to oxidative stress.[8,10,62,63] In biological systems oxidative stress is reflected 

by an imbalance between reactive species and the capacity of the antioxidant defense 

system.[2] When the production of RONS exceeds the normal redox status and the 

antioxidant protection system is impaired, it can lead to various negative outcomes, 

including damage to macromolecules such as proteins, lipids, and DNA. Oxidative stress is 

implicated in the pathogenesis of neurodegenerative diseases including Parkinson's disease 

and Alzheimer's disease.[72] During normal metabolic activity, small amounts of reactive 

species are produced, which can be scavenged by the antioxidant system. Glutathione 

(GSH) is one of the crucial molecules involved in the cellular antioxidant defense system 

(Figure 6).[72] 
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Figure 6: Glutathione (GSH) and its disulfide (GSSG) as part of the antioxidant system. Glutathione 

peroxidase (GxP) catalyzes the reduction of hydrogen peroxide using GSH as a reducing agent. 

Glutathione reductase (GR) reduces GSSG back to GSH to ensure a sufficient supply of GSH as an 

intracellular antioxidant. GSH is a tripeptide composed of three amino acids: glutamic acid, cysteine 

and glycine. The glutamic acid is bound via the γ-carboxy group.[73] 

GSH is the most abundant thiol-containing tripeptide in human cells and its antioxidant 

properties relies on its oxidation to glutathione disulfide (GSSG) whilst reducing other 

species (as depicted in Figure 6).[74] Maneb has been reported to interact with thiol-

containing molecules like GSH, potentially reducing the capability of the antioxidant 

system[11,62,75]. This interaction may disrupt the balance of cellular redox status and 

compromise the ability of cells to counteract oxidative stress. Additionally, the presence of 

redox-active manganese in Maneb can contribute to the generation of reactive radicals.[76,77] 

The combination of these properties in Maneb can lead to a shift in the cellular redox 

balance, contributing to oxidative stress. Furthermore, Maneb is implicated in processes 

related to mitochondrial dysfunction.[54,78] Mitochondria supply cellular energy and have a 

critical role since they regulate signaling, cell differentiation, cell death and other key 

features. Alterations in mitochondrial functions are related to neurodegenerative 

diseases.[79] Lui et al. (2023) documented in vivo and in vitro the involvement of Maneb in 

mitochondrial apoptosis pathways.[63] In SH-SY5Y cells exposed to Maneb increased levels 

of matrix metalloproteinase protease (MMP), a negative regulator of mitochondrial function 

with zinc-binding motif,[80], were determined. In vivo alteration in expression levels of 

mitochondrial apoptosis related proteins were observed in mice exposed to Maneb.[63]  

ETU, which is formed during the intramolecular cyclization of the EBDC backbone under 

environmental conditions, and as a process contaminant during manufacturing, has been 
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found to reversibly inhibit the enzyme thyroid peroxidase (TPO). TPO plays a crucial role 

in the synthesis of the thyroid hormones thyroxine (T3) and triiodothyronine (T4).[64] 

Consequently, the inhibition of TPO by ETU can lead to disruption in the synthesis of both 

iodine-containing hormones. Therefore, the thyroid gland becomes a target organ for ETU-

induced toxicity. A deficiency of T3 and T4 triggers a compensatory response in the form of 

elevated levels of thyroid-stimulating hormone (TSH). Disruption of the hypothalamic-

pituitary-thyroid (HPT) axis, characterized by abnormal TSH levels, has been associated 

with hyperplasia and neoplasia in the thyroid gland in rodent studies.[64] Humans possess 

a thyroxine-binding globin, which serves as a reserve supply for T3 and T4. This protein is 

absent in rodents, resulting in rapid hormone turnover and rendering them more sensitive 

to toxins that target the thyroid gland.[36,81] In 1974, the International Agency For Research 

On Cancer (IARC) classified ETU as possibly cancerogenic to humans..[82] Furthermore, in 

2013, ETU was listed as a substance of very high concern (SVHC) by the Registration, 

Evaluation, Authorization, and Restriction of Chemicals (REACH) regulation. This 

classification underlines the recognition of ETU's toxicity and potential adverse effects on 

human health or the environment. 

During the formation of ETU carbon disulfide is also generated, which was found in the 

breathing air of rats after exposure to Zineb.[83] In vitro and in vivo studies have 

demonstrated that CS2 exposure has adverse effects, including thyroid disruption, 

neurotoxicity, and cardiotoxicity. Due to these effects, CS2 is often discussed controversially 

as a possible endocrine disrupter.[65] On cellular level, CS2 forms intracellular adducts such 

as dithiocarbamate-species by reacting with amino acids. Many adducts generated in vivo 

have been found in animals and humans after CS2 exposure.[65] These electrophilic DTC-

species can further react with nucleophilic macromolecules such as proteins leading to the 

formation of protein cross-links, particularly in the neurofilament. On a mechanistic level, 

CS2-derived lysine-dithiocarbamates are responsible for protein cross-links by 

transforming them into dimers.[84,85] Protein cross-linking in neurofilaments has been 

associated with impaired axonal transport and subsequent neurodegenerative processes.[86] 

Additionally, CS2 and its DTC metabolites have an affinity for thiol group-containing 

biomolecules, including cysteine and glutathione, and can also chelate essential trace 

elements such as copper and zinc. DTCs are well-suited as chelating ligands, and their 

interactions with essential trace elements can lead to reduced enzyme activity or loss of 

function. Furthermore, in contaminated water, CS2-induced DTC adducts can complex with 

heavy metals such as lead or mercury, potentially leading to their absorption and 
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accumulation in the food chain. Chelation or metal exchanges can not only occur by the 

fungicidal ligands themselves but also by the newly formed CS2-induced dithiocarbamate 

adducts. Studies have shown the affinity of DTC ligands to various doubly charged metal 

ions follows the order Hg > Cu > Ni > Co > Pb = Cd > Zn > Fe > Mn.[87,88] The preference of 

DTC towards certain metal ions, such as copper raises speculation, that Cu-containing 

enzymes may be targeted from EBDC-based fungicides. The impairment of crucial enzymes 

such as the Cu-containing dopamine-β-hydrolase (DBH) by CS2 exposure is assumed to 

contribute to the development of neurotoxicity. DBH is a mono-oxygenase enzyme that 

converts dopamine (DA) to norepinephrine. Inhibition of DBH by CS2 exposure can lead to 

increased DA levels and decreased levels of noradrenaline.[89] Disruption of catecholamine 

homeostasis, which includes DA, epinephrine (adrenaline), and norepinephrine 

(noradrenaline) as physiologically occurring catecholamines, may result in catecholamine 

dysfunction.[90] Noradrenergic neurons, which rely on the proper function of 

catecholamines, regulate and stimulate the release of thyroid-stimulating hormone 

TSH[65,91]. CS2-induced catecholamine dysfunction may lead to neurodegenerative damage 

and affect the normal functioning of the thyroid. 

2.3 Dimethyl dithiocarbamate fungicides 

Ziram and Ferbam are two commonly known representatives of the dimethyl 

dithiocarbamates (Figure 7).  

 

Figure 7: Dimethyl dithiocarbamate-containing fungicides Ziram and Ferbam. 

Ziram is a bis(dimethyl dithiocarbamate) (DMDTC) complex containing Zn(II), with the 

chemical formula [Zn(S2CN(CH3)2)2]2. In its dimeric form, Ziram consists of two penta-

coordinated zinc atoms surrounded by five sulfur atoms. The coordination geometry of 

Ziram falls between trigonal bipyramidal and tetragonal pyramidal. The Zn-S bonds have 

a length of approximately 2.3 Å, while the bridging Zn-S interaction is around 2.8 Å. The 

distance between the zinc atoms in the Zn2S2 trapezoids is reported to be approximately 

3.97 Å.[92] Ferbam is an iron tris(DMDTC) and the only DTC-based fungicide that contains 
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a trivalent trace element. Accordingly, three DMDTC ligands coordinate to the Fe(III)-ion, 

resulting in a distorted octahedral arrangement with a metal-sulfur bond length 

comparable to that of Ziram.[93] 

2.3.1 Legal status 

According to the Commission Implementing Regulation (EU) 2023/689 amending 

Implementing Regulation (EU) No 510/2011, Ziram is approved as a fungicide in the EU 

until March 2025. The World Health Organization (WHO) published an acceptable daily 

intake (ADI) for Ziram in 1995, setting it at 0.02 mg/kg body weight.[94] In 2012, Ziram was 

included in the Community Rolling Action Plan (CoRAP) under REACH Regulation, which 

involves the reassessment of its effects on human health and the environment. Ziram is not 

only used as a fungicide but also as an additive in various industrial applications, such as 

a sulfur vulcanization agent in rubber manufacturing. The registered use amount of Ziram 

under REACH is reported to be between 100 and 1000 tonnes per annum. On the other 

hand, Ferbam has not been approved in the EU since 1995 due to missing data for 

reevaluation. In terms of global use, polymeric fungicides like Maneb and Mancozeb are 

more commonly preferred over Ferbam and Ziram.[34] As with EBDC-based fungicides, 

residue analysis involves measuring the CS2 content, disregarding the specific metal 

species and the organic backbone of the fungicides.[38]  

2.3.2 Mechanism of action 

Due to their structural similarity to EBDCs, it is expected that Ziram and Ferbam may 

have similar mechanisms of action. This includes their affinity to chelate metals from 

metabolic relevant metalloenzymes[87,88] and the release of CS2 upon exposure, which has 

been observed in vitro by Magos in 1979.[95] Similar to Maneb and other EBDC-based 

fungicides, Ziram and Ferbam act as non-systemic contact fungicides with multi-site 

effects. As a result, they are often used in combination with systemic-acting ingredients to 

achieve a broader spectrum of protection against fungal pathogens. However, one notable 

difference between Ferbam, Ziram and EBDC fungicides is that Ferbam and Ziram do not 

degrade into ethylene thiourea (ETU) as the main degradation product. Instead, they 

degrade into other products, including tetramethylthiuram and thiram.[96] 
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2.3.3 Toxicity 

Ziram is being investigated as a potential endocrine disruptor with a high-risk 

characterization ratio (RCR). Available data on Ziram raise concerns regarding its effects 

on developmental neurotoxicity and its association with Parkinson-related disorders. The 

European Chemicals Agency (ECHA) has noted in its substance evaluation decision that 

Ziram acts through multiple modes of action, affecting different targets during development 

and throughout the lifetime. There have been several epidemiological studies showing an 

increased risk of neurodegenerative diseases, including Parkinson's disease (PD), 

associated with chronic pesticide exposure. It has been hypothesized that the inhibition of 

critical enzymes may play a significant role in the pathogenesis of these diseases.[1] 

The CS2-related actions discussed in Chapter 2.2.4 can be applied to the adverse effects of 

Ferbam and Ziram as well. In addition, it has been shown that Ziram and also sodium 

dimethyl dithiocarbamate itself can inhibit the E1 ligase as part of the ubiquitin-

proteasome system (UPS) in vitro. No inhibitory effects were observed after exposure to 

related compounds, including ZnCl2 and CS2.[97] The UPS is an intracellular mechanism 

responsible for controlling protein degradation in cells. Impaired UPS activities have been 

reported in the brains of PD patients and mutations in the UPS genes, such as Parkin and 

UCHL-1, are associated with the genetic form of PD.[98]  

Stability constants for trace element-DMDTC complexes have been reported in the order of 

Mn < Zn << Cu.[99] DTCs are recognized as effective metal chelators, making them valuable 

for the removal of heavy metals from wastewater.[100] However, it should be noted that upon 

entering the environment, DTCs may not only chelate heavy metals but also essential trace 

elements that serve as cofactors for metalloenzymes. As a consequence, the activity of 

physiologically relevant copper-dependent enzymes such as superoxide dismutase, 

cytochrome C oxidase or dopamine-β-hydroxylase may be affected in Ziram- or Ferbam-

induced toxicity.[101] Studies involving Ziram exposure have shown increased intracellular 

concentrations of Zn in rat thymocytes (immune cell), which was correlated with enhanced 

cell lethality, as reported by Kanemoto-Kataoka et. al (2017). Notably, the co-incubation of 

Zn(II)-chelators resulted in a reduction of cell lethality back to control levels, underlining 

the role of Zn in Ziram-induced toxicity.[102] Furthermore, in PC12 cells, elevated levels of 

Ca were observed following exposure to Ziram. Interestingly, the Ziram-induced cell death 

was found to be mitigated by incubation of Ca-selective chelators or inhibitors of non-

selective cation channels.[103] 
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2.4 Essential trace elements 

The human body consists of many elements, with hydrogen, nitrogen, carbon, and oxygen 

being the most abundant. In addition, there are seven macro elements that are present in 

high amounts and are required in daily quantities greater than 100 mg: sodium, potassium, 

calcium, magnesium, chlorine, phosphorus and sulfur.[104] These macro elements make up 

99% of the human body. However, there are also many other elements that occur in smaller 

amounts in tissues. These elements are often referred to as “trace elements” because they 

were not quantifiable by earlier analytical techniques.[105] Although there is no precise 

definition of a trace element, quantities of around 50 mg/kg body weight are often used to 

distinguish trace elements from other macro elements. Several trace elements have been 

recognized as essential for human health and must be consumed appropriately through 

food or drinking water. According to the scientific opinion of the EFSA, these include 

manganese, iron, cobalt, copper, zinc, selenium, molybdenum, and iodine.[106] Except for 

selenium and iodine, the other elements are d-block elements. Iodine is an essential 

structural and functional element of the thyroid hormones,[107] and selenium is found 

mainly in L-selenomethionine and L-selenocysteine as part of 25 selenoproteins in 

humans.[108] While fluoride,[109] vanadium[110] and chromium[111] have been discussed as 

essential trace elements, the EFSA panel has not yet confirmed their essentiality. This is 

because no deficiency has been demonstrated in animal models, and the underlying 

mechanisms for their essentiality, if any, are not yet fully understood. 

In general, transition metals can act in many oxidation states as π-electron acceptors and 

are present in many metalloproteins and metalloenzymes.[112] Sulfur, nitrogen or oxygen 

atoms of amino acid side chains of proteins usually coordinate metal ions. Functional 

groups include imidazole, thiolate and carboxylate groups from histidine, cysteine or 

aspartate. In addition, organic cofactors serve as ligands such as the tetradentate heme 

group involved in hemoglobin.[113] According to estimations, approximately half of all 

identified proteins contain a metal with a catalytic, co-catalytic or structural role.[114] 

Catalytic active metalloproteins are termed metalloenzymes. Metalloenzymes are engaged 

in a wide range of physiological processes in the body and play a critical role in metabolism, 

development and reproduction.[115,116] For evaluating the complex stability, Harry Irving 

and Robert Williams found in 1948 that almost independently from the participating 

ligand, the stability of complexes involving divalent first-row transition metal ions exhibits 
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a rising trend across the period. The stability maximum is reached at copper: 

Mn(II)<Fe(II)<Co(II) <Ni(II)<Cu(II)>Zn(II).[117] 

All essential trace elements occur in humans in a specific homeostatic range. In this 

context, the term homeostasis was created by Walter Bradford Cannon[118] and referred to 

a state of stable physiological conditions constantly maintained by a living organism. This 

state is reflected by optimal conditions with many variables to be maintained and regulated 

within specific predefined limits, the homeostatic range.[118] All regulatory mechanisms, 

which are required to control the equilibrium, contain a minimum of three independent 

components for the regulated variable: receptor, control center and effector.[119] Control of 

metal levels in the body is critical to human health and disease, emphasizing the risk of 

deficiency and potential overexposure.[115]  

For protection against metal-induced toxicity on a cellular level, living organisms have 

evolved various mechanisms to prevent metal toxicity, including regulation of absorption, 

distribution, transportation, storage and excretion.[120] The metal uptake can be restricted 

and their excretion can also be promoted. Many cellular systems with complex interactions 

play a significant role in the detoxification of metals. According to Fenton’s reaction or 

Fenton-like reactions, redox-active metals (e.g. Fe, Cu, Mn) catalyze and contribute to the 

formation of reactive oxygen and nitrogen species (RONS).[121] In physiological occurring 

ranges these are neutralized by antioxidants such as glutathione (GSH). GSH is the most 

abundant thiol in human cells and protects them by neutralizing RONS through oxidation 

to glutathione disulfide (GSSG).[122] The ratio of GSH/GSSG is an established marker for 

assessing the antioxidant capacity concerning oxidative stress. Another function of GSH is 

directly binding metal ions, allowing the conjugates to be excreted by glutathione 

transferase (GST). Cysteine-rich metallothioneins (MT) complex metal ions directly but 

also serve as antioxidants. Furthermore, active ATP binding cassette (ABC) transporters 

excrete some metal ions and their GSH-conjugates using heat shock proteins (HSP) that 

bind to metal-protein conjugates for inactivation and prevent aggregation.[122] 

Sections 2.4.1 briefly introduce the trace elements, which are found in most commonly used 

in dithiocarbamate fungicides as Mn, Cu, Zn and Fe. Special attention is given to Mn since 

the Mn-containing fungicides Maneb and Mancozeb are the fungicides with the most potent 

fungicidal activity[33] but also appear to be the most toxic.[123] 
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2.4.1 Manganese 

Mn is one of the most abundant elements in the earth's crust and occurs ubiquitously in 

minerals but usually not in elemental form. Although several isotopes of Mn exist, only 

55Mn is stable. Elements with only a single stable isotope are categorized as monoisotopic. 

Mn can be easily oxidized and is found in many oxidation states; the most common ones 

being +II, +IV, and +VII. Of physiological relevance are only the oxidation states +II and 

+III, which are generally most soluble in water.[124] Due to the electron configuration [Ar] 

4s2, 3d5, Mn and its ions feature unpaired electrons resulting in paramagnetic compounds, 

which may be high-spin or low-spin. Mn offers a wide range of industrial applications, such 

as batteries and ferromanganese, in the steel production industry, which contains about 

80% Mn.[125] In many countries, the organomanganese compound “methylcyclopentadienyl 

manganese tricarbonyl” (MMT) is added to gasoline as an anti-knock agent.[126] Due to the 

strongly paramagnetic properties of Mn2+, it was used as one of the first contrast agents for 

magnetic resonance (MR) based techniques.[127] 

In the biology, Mn is required as a cofactor in many enzymes involved in several 

physiological processes such the amino acid, lipid and carbon metabolism. Due to its 

ubiquitous occurrence, Mn deficiency is rare in humans, as it is available through food and 

drinking water.[128] For the general population, the main uptake is via the diet (nuts, 

legumes, fruits, cholate)[129] and drinking water, with an estimated intake of 2 to 6 mg per 

day in the EU.[128] The European Food Safety Authority (EFSA) defined an adequate intake 

(AI) of 3 mg Mn per day for adults and 0.02 – 0.05 mg per day for infants from 7 to 11 

months, based on an extrapolation from the adult AI.[128] 

The amount of Mn absorbed by the gastrointestinal tract depends on the Mn concentration 

in the diet and involves both active transport and passive diffusion.[128,130,131] The 

bioavailability of Mn varies between 2 and 10% and depends on the dietary 

composition.[132,133] After intestinal absorption, Mn is released into the blood and 

transported primarily to the liver as a storage organ. The liver, kidney and pancreas 

generally have the highest amounts of Mn in the human body.[130] Afterwards Mn is 

transported to other cell tissues, involving several cell-type-specific transporters, which are 

not Mn-specific.[134] After excretion by the liver into bile, Mn is mainly eliminated via the 

feces.[135] 

Although Mn is essential, it can accumulate in the central nervous system when the 

homeostatic range is exceeded, especially in brain areas rich with dopaminergic neurons.[15] 
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The phenotype of Mn-induced adverse neurological effects is termed “manganism”. The 

symptoms are mainly related to those of idiopathic Parkinson's disease (PD), affecting the 

motor system.[136,137] As early as the nineteenth century, neurological abnormalities were 

first documented by James Couper in workers in manganese dioxide mills.[12–14] In addition, 

other occupationally exposed individuals, such as agricultural field workers using Mn-

fungicides, have also shown neurological deficits due to dust inhalation.[2] High Mn 

exposure is not limited to those workers; the ubiquitous distribution of Mn in the 

environment represents a risk for the general population. The European Union (EU) 

defined in the Directive (EU) 2020/2184 a limit of 50 µg/L for Mn in drinking water. In 

many other countries Mn levels in drinking water are much higher and associated with 

adverse effects in children such as impaired manual dexterity, short-time memory and 

visual identification.[138,139] Other vulnerable risk groups for Mn-induced toxicity include 

patients, on parenteral (Mn-rich) diet, patients with impaired hepatic function, or fetuses, 

neonates and children without fully developed liver excretion system,[140] due to the fact 

that about 98% of dietary Mn is eliminated by the liver.[141] 

Both Parkinson's disease and manganism lead to motor deficits like bradykinesia but differ 

in the expression of postural tremors and balance disturbances.[142] Additionally, both 

disorders can be differentiated by the affected brain regions.[137] In manganism, Mn is 

accumulated in the dopamine-rich brain areas responsible for controlling motor skills, 

known as the globus pallidus and corpus striatum. In contrast, PD is characterized by 

progressive loss of the dopaminergic neurons in the substantia nigra pars compacta, 

resulting in acute dopamine deficiency and indirect impairment of the movement control 

center. Owing to these differences, it can be explained why the drug Levodopa, which is 

frequently used in Parkinson's therapy, is not effective in the treatment of manganism. 

Levodopa is an inactive precursor of the tyrosine derivate dopamine. It is supposed to 

prevent DA deficiency in the brain, as Levodopa is allowed to pass the blood-brain barrier 

and converted into the active form by decarboxylation.[143] 

Many studies have focused on the unknown mechanism for Mn-toxicity in the brain. The 

proposed mechanism relates to impaired dopaminergic, glutamatergic and GABAergic 

transmission, mitochondrial dysfunction and oxidative stress.[144–146] In this context, Mn-

induced neurotoxicity is mainly discussed as a consequence of oxidative stress due to the 

formation of RONS in specific Mn-exposed brain regions. Mn ions are generally redox-

active, producing RONS in Fenton-like reactions.[147] Furthermore, it has been proposed 
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that Mn (II) regulates cellular responses by mimicking Ca(II)-ions. Modulation of Ca(II) 

might disrupt mitochondrial functions, cellular antioxidant defense and other metabolic 

pathways.[147,148] Overall, the underlying mechanisms of manganism are still not fully 

understood. 

2.4.2 Zinc  

Zn is an abundant element in the earth’s crust, mainly in the form of sulfur-containing 

minerals. 64Zn, with its 49% natural abundance, has four additional stable isotopes and 

usually occurs in oxidation state +II or in its elemental form. Zn is the only metal found in 

all enzyme classes and, after iron, the most abundant trace element in humans, underlining 

its ubiquitous distribution. In proteins, the Zn binding sites usually include sulfur, nitrogen 

or oxygen atoms of several amino acids, mainly building a slightly distorted tetrahedral 

geometry.[116] In contrast to the other transition metals Fe, Mn or Cu, which are usually 

redox-active, Zn2+ features a completely filled d-orbital and therefore does not participate 

in redox reactions. Consequently, Zn2+ is very stable and well-suited as an electron pair 

accepting cofactor due to its property as Lewis acid.[116,149] In addition, the role of Zn2+ is 

more of an antioxidant rather than causing RONS.[116] 

As an essential trace element, Zn is required in many physiological processes, especially for 

prenatal and postnatal developmental, metabolism and gene expression.[150] Consequently, 

a sufficient amount is necessary to maintain the Zn homeostasis. Dietary Zn is absorbed 

while passing through the small intestine. Zn-rich food sources are fish, meat and eggs but 

also vegetables. The bioavailability depends on intrinsic luminal and basolateral factors 

and diet-derived factors such as phytate anions.[151] Phytatic acid in plants functions as 

phosphor storage and has a strong affinity for metal ions like Zn, inhibiting their absorption 

from the small intestine. Notable phytate amounts are present in legumes and affect people 

with plant-based diets more frequently.[150]  

In the blood plasma, Zn is mainly bound to albumin, which helps to maintain the Zn 

concentration relatively constant. EFSA considers in its proposed recommendation an 

interaction of Zn excretion levels, Zn bioavailability and average daily phytate intake levels 

(300 to 1200 mg daily) using various published data. The average requirement (AR) to 

maintain normal Zn concentrations ranges from 6.1 to 10.2 mg/day for women (58 kg) and 

7.5 to 12.7 mg/day for men (68 kg).[150] On the cellular level, several transporters such as 

the Zn importer Zrt- and Irt-like protein (ZIP) and the Zn efflux mediating zinc transporter 
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(ZnT) are involved in the uptake and export of Zn. No specific organ has been identified for 

Zn storage; the highest Zn concentrations are in the muscles, bones, kidneys, liver and 

brain.[150] 

In contrast to Mn, Zn deficiency affects many people worldwide, with approximately 20 % 

of the global population estimated to be at risk.[152,153] Zn deficiency is associated with 

diverse symptoms that impact the immune system, central nervous system, reproductive 

system, gastrointestinal tract and skin. Manifestations of Zn deficiency include eczema, 

impaired wound healing, diarrhea, hair loss and loss of appetite.[154] On the other hand, in 

the case of a chronic oversupply of Zn, such as through the ingestion of Zn supplements, it 

has been observed this can lead to oxidative stress and potentially becomes pro-

inflammatory and pro-apoptotic.[155] It is suspected that the increase of free Zn-ions, which 

is normally tightly regulated, leads to an enhanced expression of metallothionein (MT).[156] 

MT exhibits a high affinity for copper, thus promoting the export of Cu. Consequently, this 

could lead to symptoms similar to those seen in chronic Cu deficiency.[157] An acute Zn 

intoxication is rare and typically arising from accidental ingestion of Zn-containing 

substances like coins or excessive intake of Zn supplements. Symptoms of acute Zn 

intoxication may involve gastrointestinal disturbances due to high solubility of Zn in the 

acidic stomach, where it acts as a Lewis acid.[158]   

2.4.3 Iron  

Iron is a chemical element classified as a transition metal, exhibiting four stable isotopes 

and ranking among the most geologically abundant elements on earth. This essential and 

redox-active metal holds critical significance for plants and organisms, including its pivotal 

role in human health and disease. Fe is commonly found in combination with other 

elements and forms minerals like hematite (Fe2O3), magnetite (Fe3O4) and siderite (FeCO3), 

primarily in oxidation state +II or +III.[159] However, Fe can manifest various oxidation 

states ranging from -IV to +VII, which facilitates diverse coordination and organometallic 

chemistry. The human body contains about 4 g Fe, more than other trace elements, 

highlighting its unique biological role.[160] Fe is present in hemoglobin, myoglobin and in 

hem and non-hem enzymes, reflecting its multifunctional involvement in oxygen transport, 

energy metabolism, electron transfer and oxidase activity.[161] Physiologically relevant are 

mainly oxidation states +II (“ferrous”) and +III (“ferric”), influencing their bioavailability, 

reactivity and function.[162] Fe bioavailability has been reported to be higher in mixed diets 

containing predominantly divalent heme iron (14-18%) compared to vegetarian diets (5-
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12%) with a higher portion of ferric-bound iron.[163] The absorption in the gastrointestinal 

tract depends on several factors, including the Fe-species, the individual physiological 

requirement, storage status and dietary composition. The divalent metal transporter 1 

(DMT-1) is mainly involved in Fe(II) absorption in the duodenum and upper jejunum. 

Hence, it is recommended to include ascorbic acid-rich ingredients in the diet to enable Fe-

(III) to be reduced to Fe(II) and also to minimize phytate-related effects by the formation of 

ascorbic-Fe-complexes.[164] Fe is commonly bound to other substances such as phytates and 

polyphenols or competitors (e.g. Mn and Zn) that might inhibit absorption.[164] 

Human iron requirements depend on different factors such as age (growth) or gender, as 

premenopausal women excrete more iron via blood loss. For men and postmenopausal 

women, the average requirement (AR) is 6 mg Fe daily, using an absorption rate of 16% to 

convert physiological needs (1.72 mg/day) into dietary requirements. The population 

reference intake (PRI) was calculated using the 97.5th percentile and was defined as 

11 mg/day. The PRI for premenopausal women was set as 16 mg/day, and for infants and 

children, 11-13 mg/day, depending on age and gender.[165] 

Considering the high nutritional requirements, especially for some vulnerable population 

groups, and the inefficient absorption of Fe, iron deficiency is the most frequent nutritional 

deficiency disorder worldwide.[166] Insufficient Fe uptake initially leads to the mobilization 

of iron stores and then develops into anemia. It is estimated that about 2 billion people 

worldwide are affected by iron deficiency.[167] 

In contrast to other trace elements excreted via bile, humans have no actively regulated 

mechanism for iron excretion. Uptake and homeostasis are strictly controlled to prevent Fe 

increased accumulation. Although the Fe absorption can be significantly reduced, complete 

suppression is impossible. Overexposure due to dietary products is marginal with a 

functional intestine.[168] However, Fe supplementation in children (and adults) to prevent 

iron deficiency carries the risk of Fe overload, especially if the dosage is not inadequately 

regulated. There is growing concern that excessive Fe exposure during early ages may be 

associated with adverse effects later in life.[169] Fe accumulation can be highly toxic to many 

organs leading to serious diseases such as diabetes mellitus, dysfunctional immune system 

and diseases affecting the liver, heart and hormones.[170] Abnormal Fe homeostasis and 

overload in the brain is associated with ageing-related neurodegenerative diseases such as 

PD and AZ.[171] Postmortem studies of Parkinson's disease (PD) patients have observed Fe 

accumulation, especially in the substantia nigra, a brain region rich in dopamine-producing 
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neurons.[172] These areas are believed to be involved in the degeneration of dopaminergic 

neurons, a characteristic feature of PD. Additionally, there is evidence suggesting a role for 

Fe dysregulation in Alzheimer's disease (AD), as abnormal iron deposition has been 

detected in brain regions associated with amyloid plaques and neurofibrillary tangles.[173] 

On mechanistic level, Iron excess is supposed to cause a variety of toxic effects and being 

responsible for oxidative stress due to the presence of redox-active Fe(II) and Fe(III), which 

are capable of participating in Fenton-like reactions.[174] Furthermore, Fe is discussed in 

being involved in a form of non-apoptotic, Fe-dependent cell death, termed as 

ferroptosis.[175] For more comprehensive information about neurodegenerative diseases, 

refer to chapter 2.6.  

2.4.4 Copper  

As one of only a few metals copper can be found as a native metal in its pure metallic form 

with the characteristic orange-metallic color. Because of its softness and high electrical 

conductivity, Cu has many applications, including electrical cables, coins and is found in 

many important alloys such as brass or bronze. Due to its electronic configuration of [Ar]-

3d10 4s2, the most relevant oxidation states are +I and +II, which also occur under 

physiological conditions. Cu-related proteins and enzymes are essential for human health 

since they are important in electron and oxygen transport and neurotransmitter synthesis. 

For example, Cu-containing enzymes involved in these processes are cytochrome c oxidase 

and some superoxide dismutases.[176] 

Cu is an essential trace element and consequently its uptake is derived mainly from food 

and drinking water, especially in grain-based products, meat, nuts and fish. However, there 

is a lack of sensitive or specific Cu-biomarkers in Cu deficiency or excess. Ceruloplasmin, 

labile copper in serum or activity of cuproenzymes are being discussed as potential 

biomarkers.[177] EFSA proposes an adequate intake (AI) of 1.6 mg Cu per day for men 

(women: 1.3 mg Cu/day) based on its bioavailability and absorption rate of approximately 

50%.[168] After Cu absorption in the upper small intestine, Cu is released in the blood, 

mainly bound to albumin and transported to the liver as the Cu storage organ. Once there, 

Cu is stored in metallothionein or attached to ceruloplasmin. Excess Cu is eliminated 

through excretion via bile.[178]  

Since Cu is crucial for a functioning metabolism, a deficiency can result in various health 

problems but they occur rarely. A mutation in the gene encoding the copper-transport 
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protein ATP7A gene causes a lethal multisystemic disorder in Cu metabolism in newborns 

and is known as Menkes disease.[179] The intake of Zn or Fe supplements in high doses 

decreases Cu levels, hence interactions between trace elements are of current research 

interest. Excess Cu does not typically lead to Cu accumulation, since Cu homeostasis is 

tightly regulated. In certain genetic disorders, such as the rare Wilson’s disease, the 

excretion of Cu is impaired.[180,181] Cu gets accumulated in the liver and consequently over 

time also heart, kidney, eyes and especially in the brain. Wilson’s disease is treated with a 

low copper diet in combination with chelating agents and Zn supplements.[180] Cu also forms 

complexes with amyloid-β-peptides in the brain, which can contribute to the formation of 

amyloid-plaques, a hallmark of Alzheimer’s disease.[182] On cellular level, chronic Cu 

overexposure is associated with formation of RONS leading to oxidative stress, since Cu is 

able to cycle between its +I and +II state in cells.[183]  

2.5 Species-specific effects in metal-induced toxicity  

The influence of the chemical form of a metal, which is often referred as “species” or “metal-

speciation”, on human toxicokinetics and toxicodynamics was reviewed by Yokel et al. 

(2006).[184] Although many attempts were made, there is no widely accepted definition of 

metal speciation, but in general it includes attributes such as oxidation state, particle size, 

associated ligands and the nature of the metal species. All these factors have the ability to 

change the exposure route and extent of uptake/absorption and thus the toxicodynamic 

results.[184]  

In particular, metal-ligand interactions play a pivotal role in determining toxicity and 

bioavailability of metals. A classic example of species-specific toxicity is mercury, which is 

a highly toxic metal that exists in various chemical entity, each with distinct levels of 

toxicity. The relevant forms are elemental mercury, inorganic mercury salts and 

organomercury compounds such as the methylmercury cation. However, the diversity in 

species-specific effects is not exclusive to mercury; this phenomenon extends to many other 

metal species.[185]  

Within the sphere of biologically active substances, the utilization and modification of 

specific structure analogs are used enhance their activity. Not only in drug development, 

also in toxicology, the combination between a metal and a ligand plays as a crucial role. It 

is hypothesized that Mn (II) complexed with ethylene bis(dithiocarbamate) (EBDC) ligands 

exhibits increased lipophilicity, potentially facilitating its distribution across diverse 

cellular compartments.[186] The understanding of metal-ligand-related effect in terms of 
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toxicity is rather poor, therefore this work aimed to shed more light into the species-specific 

effects of Mn.  

2.6 Neurotoxicity as a consequence of environmental contaminants 

Neurotoxicity is defined as any reversible or permanent impairment of the structure or 

function of the central or peripheral nervous system caused by a biological, chemical or 

physical agent.[187] Hence, neurotoxicity is considered one of the leading contributors to 

neurodegenerative disorders. The underlying mechanisms are diverse and include exposure 

to environmental agents like pesticides or metals, abuse of drugs and certain naturally 

occurring substances.  

The human nervous system is highly complex and consists of the central nervous system 

(CNS) and the peripheral nervous system (PNS). The CNS is located in the brain and spinal 

cord, which is directly connected to the rest of the body by nerve cells of the PNS. Both 

nervous tissues are composed of neurons and neuroglial cells. Typical neurons consist of a 

cell body (the soma), branched dendrites, and an axon reaching up to one meter in 

length.[188] For inter-cell communication, the signals are transmitted by neurotransmitters 

from the presynaptic neuron to a target cell via the synaptic gaps and involvement of 

neurotransmitter receptors. Neurotransmitters are signaling molecules, including 

dopamine, serotonin, glutamate, glycine, acetylcholine, γ-amino butyric acid and 

noradrenaline, amongst others. Although the glial cells are not involved in signal 

transduction, they still constitute half of the neuronal tissue because they stabilize, support 

and protect the neurons.[189] 

Neurodegenerative diseases are characterized by a progressive loss of neuronal function 

and irreversible neuronal damage, including death of neurons.[79] The progress is referred 

to as neurodegeneration and is the main pathologic feature in diseases such as Parkinson’s 

disease (PD) and Alzheimer’s disease (AD).[190] PD and AD are the most common 

neurodegenerative disorders, estimated to affect more than 30 million people 

worldwide.[166,191] The most significant risk factor in developing a neurodegenerative disease 

is aging. Mitochondria are proposed to play an important role in the pathogenesis of 

neurodegenerative diseases and aging-related effects by accumulating mitochondrial DNA 

(mtDNA) mutations and RONS.[79] All early manifestations of the most frequent diseases 

of this type have been linked to mitochondrial dysfunction and oxidative stress, indicating 

a role in the pathogenesis.[79]  
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The main pathological hallmarks of AD are the accumulation of β-amyloid plaques and τ-

protein tangles in the brain.[192] Early symptoms of AD include memory loss and confusion, 

but as the disease progresses patients experience language problems, disorientation and 

changes in personality. It is believed, that AD is caused by a combination of genetic, 

environmental and lifestyle factors. Currently, there is no cure for AD, but treatments aim 

to manage symptoms and to slow down disease progression.[190]   

PD is a neurodegenerative disease affecting the motor system, causing progressive 

movement disorders. It arises from the degeneration of dopamine-producing neurons in the 

substantia nigra, a brain region responsible for motoric skills control.[193] Primary 

symptoms of PD involve tremor, bradykinesia and cognitive changes, but non-motor 

symptoms such as anxiety and depression can also occur. Similar to AD, there is currently 

no cure for PD but the dopamine precursor Levodopa is in some cases an effective 

medication for managing PD symptoms.[190]  

Neurotoxins or neurotoxicants are synthetic or naturally occurring individual compounds 

with the potential to disrupt the nervous system via direct or indirect consequences.[194] 

While pesticides can be effective in their intended purpose, there is evidence to suggest that 

prolonged exposure to certain pesticides can lead to adverse effects on human health, 

including the development of neurological disorders. Several studies have found a potential 

link between pesticide exposure and neurological disorders such as PD or AZ but the 

contributing mechanisms are still investigated. Possible mechanistic explanations include 

oxidative stress, neuroinflammation, mitochondrial dysfunction or dyshomeostasis of 

neurotransmitters.[50,52,53,195,196] However, the relationship between pesticide exposure and 

adverse neurological outcome is complex and influenced by several factors such as pesticide 

class, duration and intensity of exposure and other environmental factors. Unlike 

unintentional pesticide exposure through work or residues on food, trace elements are being 

consumed through food components because of their essentiality.  However, trace elements 

can also provoke neurodegenerative processes in case of excessive chronic exposure. 

Especially for Mn, Fe, Cu and Zn, the most important information has been summarized in 

Chapter 2.4.  
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2.7 Caenorhabditis elegans as a model organism 

To assess the effects of the metal-based ethylene bis(dithiocarbamates), especially Maneb, 

in comparison to MnCl2 and its metabolites, the nematode Caenorhabditis elegans (C. 

elegans) was used. C. elegans represents an alternative in vivo model organism in order to 

Reduce, Replace and Refine animal experiments according to the 3R principle invented by 

W. Russel and R. Burch.[197] Animal experiments should be reduced as much as possible by 

using alternative models.  

The free-living worm prefers organic-rich soils in temperate environments. Anatomically, 

the transparent worm consists of a mouth, pharynx, intestine, gonads and a collagenous 

cuticle and is unsegmented and bilaterally symmetrical structured. During its lifespan of 

about three weeks, the self-fertilizing hermaphrodite provides many progenies. In an 

average population, usually only 0.1 % of the individuals are male.[198] After egg deposition, 

the worms hatch as L1 larvae, the first of four larval stages of its approximately three-day 

life cycle (from hatching to adulthood).[199] Under suitable environmental conditions and 

depending on the temperature, the larvae reach the fourth stage after ca. 48 h at 20 °C.[200] 

After a further 18 h, the approximately 1 mm long worms are considered as adults (Figure 

8). Without food or under unfavorable environmental conditions, the worm can enter the 

“dauer stage” during the second larval stage. During the dauer stage, the nematode's 

metabolism is at the lowest possible level, enabling it to survive for many months without 

food.[201] In this stage, the nematode can be carefully frozen in a glycerol-containing freezing 

solution and stored at -80 to -196 °C (Figure 8).  
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Figure 8: Life cycle of Caenorhabditis elegans at 20°C [adapted and modified from [202]]. 

As an in vivo model organism, C. elegans is easier to maintain than other multicellular 

organisms. The worms live on agar plates with Escherichia coli (E. coli) as food source and 

are kept at 20 °C with high humidity. Microscopy allows observation of the worms and to 

study their behavior and appearance. Every adult hermaphrodite always possesses 

precisely 959 somatic cells, and each adult male has exactly 1033.[203] This phenomenon of 

cell constancy is referred to as eutely. Despite the worm’s small size, about 60-80% of 

human genes are represented as orthologs.[204] Therefore, the worm is well-suited to 

investigate metabolic diseases, aging and metal-induced toxicity. In addition, the ability to 

genetically manipulate the worms enables the generation of disease-associated deletion or 

knockout mutants, enabling investigation for mechanistic studies. Neurotoxicity can be 

particularly well studied, since the worms feature a highly conserved nervous system with 

an absolute number of 302 neurons. The neurons possess dendrites to transmit information 

to target cells via neurotransmitters and use them to form a nerve ring. The nerve ring is 

a packed bundle of axons consisting of neuron processes located within the head region 

wrapped around the pharynx. It represents the most synapse-rich segment of the nervous 

system and is regarded as the “brain” of C. elegans.[205] Most processes are located in the 

ventral or dorsal nerve cord, Two distinct and independent types of nervous systems have 

been identified: the somatic nervous system with 282 neurons and the pharyngeal nervous 

system.  In signal transduction, C. elegans shares many neurotransmitters identical to 
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humans including dopamine (DA), serotonin (SRT), acetylcholine (ACh), γ-aminobutyric 

acid (GABA) and glutamate.[206–209] Not only deletion or knockout mutants are available for 

mechanistic studies but also strains expressing green fluorescent protein (GFP), such as 

the Pdat-1::GFP (BY200) C. elegans strain. BY200 expresses GFP in the dopamine 

transporter (DAT-1), allowing due to the transparency of the worms the observation of a 

potential dopaminergic neurodegeneration by fluorescence microscopy.[210] Dopaminergic 

signaling is responsible for locomotion, egg laying and mechanosensory in C. elegans. The 

hermaphrodite possesses four bilaterally symmetric pairs of dopaminergic neurons, that 

can be divided into three classes. Four cephalic sensilla (CEP) neurons and two anterior 

deirids (ADE) neurons are located in the head region and two posterior deirids (PDE) 

neurons in the posterior region of the body.[206,210,211] Each CEP neuron forms dendrites that 

lead to the mouth of the nematode, visualized for example in the BY200 strain. (Figure 9). 

 

Figure 9: Schematic overview of the eight dopaminergic neurons in C. elegans [adapted and modified 

from [210]]. Images of the BY200 strain were captured using a fluorescence microscope (excitation: 

460-500 nm, emission 512-542 nm) 

The fact that C. elegans is a valuable model organism is reflected in more than 5000 

publications per year and several associated Nobel Prizes. Three prizes were awarded, one 

for the genetic regulation of organ development and programmed cell death (Physiology or 

Medicine, 2002), one for RNA interference discovery (Physiology or Medicine, 2006), and 

one for research on green fluorescent protein (Chemistry, 2008). As a milestone, the genome 

of the nematode with over 100 million base pairs and over 20 k protein-coding genes was 

the first multicellular organism to be entirely sequenced.[204] 
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Due to its numerous advantages including its simple anatomy, short lifespan, ease of 

cultivation, and well-characterized genome, C. elegans, like any model organism, has its 

limitations. These include the fact that the nematode is a relatively simple organism with 

a limited number of cells and lacks certain organs. Furthermore, due to its small size, most 

analytical studies are conducted using whole worm homogenates, which makes it 

challenging to investigate organ- or tissue-specific signaling pathways and gene expression 

in different cells. Additionally, the behavioral repertoire of C. elegans is significantly 

limited compared to that of mammals. Despite these limitations, C. elegans remains a 

valuable model organism for studying a wide range of biological processes and has made 

substantial contributions to our understanding of basic biology and human diseases. It also 

offers the possibility of integration with other model organisms and in vitro systems to gain 

a more comprehensive understanding of biological phenomena.[212] 
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Abstract: 

Maneb is a manganese(II) containing fungicide with a multi-site effect and no resistance, 

therefore it is widely applied in many parts of the world. There is however mounting 

evidence for neurotoxic effects with Parkinson-like symptoms (manganism) related to usage 

of Maneb. Due to its insolubility in most solvents and its paramagnetism, structural 

elucidation is not trivial and thus its exact molecular structure remains unknown. We 

report herein a synthesis procedure to prepare Maneb reproducibly in pure form and the 

use of various analytical techniques including X-ray diffraction, X-ray absorption 

spectroscopy and electron diffraction to determine the molecular structure of Maneb in the 

solid state and also in solution. 
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Chapter 3 – The structure of Maneb: An important 

manganese-containing bis(dithiocarbamate) fungicide 

3.1 Introduction 

Fungicides containing ethylenebis(dithiocarbamate) (EBDC) and its salts were patented in 

the 1940s and have since become one of the most frequently applied class of fungicides in 

crops including potatoes, tomatoes, soy beans and bananas.[22] In particular, the manganese 

derivative, known as Maneb, was found to be a highly effective fungicide and has therefore 

been extensively used.[4] Maneb is, like other EBDC salts, a surface-acting crop protection 

product, which has to be applied repeatedly to the plant. It is used to prevent fungal 

diseases but has no curative properties if a plant is infected. Maneb is classified as a 

fungicide with multi-site activity (group M03) by the Fungicide Resistance Action 

Committee (FRAC).[213] It is believed that organic degradation products including the main 

metabolite ethylene thiourea (ETU) formed by decomposition of Maneb under 

environmental conditions, interferes with thiol groups of fungal enzymes. Due to its non-

specific mode of action, it is hardly surprising that it can also have an effect on other living 

organisms, such as aquatic species and even humans. Maneb itself is non-toxic to the 

plant,[6,214–216] however, in the 1980s both acute and chronic toxicity affecting the central 

nervous system was observed in agricultural field workers applying Maneb.[2,217] Indeed, 

Mn-induced chronic toxicity affecting the nervous system (first termed “manganese 

madness” and nowadays “manganism”) was documented in workers at manganese dioxide 

mills already in the nineteenth century.[12–14] The neurological symptoms of manganism are 

similar to those of Parkinson’s disease and affects the motor system. The underlying 

mechanisms of manganism have since been studied in considerable detail and a number of 

reviews summarize important findings.[60,77,218–228] 

Since 2017 Maneb is banned in the European Union, the UK and other countries including 

the USA, Australia, New Zealand and Canada. However, Maneb is still applied on large 

scale in Brazil, India and China.[34] Despite its long-time usage and the amassed evidence 

of its neurotoxic properties, the exact chemical structure of Maneb is still not known. This 

is also problematic in pesticide residue evaluation, since residue analyses of EBDC 

fungicides are based on the total CS2 content, which does not distinguish between approved 

and banned dithiocarbamate- containing fungicides.[39] Because of its very poor solubility 

in common solvents and the paramagnetic nature of the Mn2+ ion, methods for structural 
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elucidation are rather limited. There also exist, at times conflicting, reports on the stability 

of Maneb in both solid-state and in formulations, as determined by powder diffraction or 

differential thermal analysis.[31,229–231] 

As will be detailed below, industrial production methods for Maneb undoubtably result in 

materials of variable appearance, stability and purity. Even commercial products sold as 

pesticide reference standards are not uniform in appearance and quality! It is also known 

that significant amounts of ETU are formed during industrial manufacturing of this class 

of fungicides.[44] ETU is a well-known thyroid-affecting toxin, classified by the International 

Agency for Research on Cancer as possibly cancerogenic to humans.[82] Given the relevance 

of the toxicity of Maneb and its continued large-scale usage, we examined its synthesis and 

carried out detailed studies of the material in both solid-state and in solution. In addition 

to X-ray diffraction, we have used X-ray absorption spectroscopy (EXAFS and XANES) as 

well as electron diffraction to elucidate the solid-state structure of Maneb. The results of 

our endeavors are reported herein. 

3.2 Result and Discussion 

In the patent literature Maneb is typically prepared in a one-pot procedure involving a 

manganese salt, ethylenediamine and CS2 in the presence of a base (NaOH or KOH) in 

water.[4] In our hands this method gave products of variable quality as judged by their color 

(Figure S7) and elemental analysis. Even when the disodium salt of the 

bis(dithiocarbamate) was isolated and used in the preparation of Maneb, brownish, impure 

products were obtained in poor yields. In order to reproducibly obtain a defined material, 

we first isolated the ammonium bis(dithiocarbamate) salt from the reaction of 

ethylenediamine with two equivalents of carbon disulfide in the presence of methanolic 

ammonia. Subsequently, the ammonium salt (1) was dissolved in water and added to an 

equimolar amount of manganese chloride in water (Figure 10). 

 

Figure 10: Reaction of ethylenediamine to the corresponding ammonium dithiocarbamate (1), which 

reacts with an equimolar amount of manganese chloride to Maneb dihydrate (2). 
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Under these conditions, Maneb precipitates as a yellow solid, which was confirmed by IR 

spectroscopy (Figure S4), TGA (Figure S6) and elemental analysis and to be the dihydrate 

of Maneb. This dihydrate can be converted into anhydrous Maneb by drying the solid under 

vacuum at room temperature overnight. This procedure reproducibly affords Maneb in 

high-purity and yield. The quality of the products was also assessed by determining their 

manganese content by EDTA titration.[232] The observed values (20.3% and 18.1% for 

anhydrous Maneb and Maned dihydrate, respectively) agree well with the expected values. 

The oxidation state +II of manganese in Maneb and its dihydrate was confirmed by 

measuring its magnetic moment with a Gouy balance.[233] The observed values of 5.88 and 

5.19 B.M. are consistent with the presence of high spin d5 Mn+II in both compounds. The 

TGA curves of Maneb and the dihydrate (Figure S6) show similar features: The dihydrate 

undergoes a weight loss step commencing at 62 °C corresponding to 11.2 % mass loss, 

consistent with release of two water molecules (calculated mass loss of 11.9 %). In addition, 

in both the dihydrate and the anhydrous compound, there are two major peaks in the DSC 

curves, one sharp signal at around 178 °C (dihydrate) and 173 °C (anhydrous), consistent 

with evolution of CS2. The residual masses of 27.6 % and 32.1 %, at 1000 °C, correspond to 

MnS, which is a known thermal decomposition product of manganese dithiocarbamates.[18] 

This data is consistent with that reported for commercial samples of several 

bis(dithiocarbamate) fungicides including Maneb.[31,231] 

Our anhydrous Maneb is stable in air for months in the solid-state and solutions in DMF 

or DMSO remain unchanged for a period of at least 10 days. This is somewhat surprising, 

given that Mn(II) dialkyldithiocarbamates are known to more or less readily oxidize in both 

in the solid-state and in solution.[30,234] Boschi recently studied the oxidation of yellow 

Mn(II) bis(diethyldithiocarbamate), which rapidly forms brown oxidation products. Based 

on mass spectrometry, IR-spectroscopy and its magnetic moment, the final oxidation 

product was identified as Mn(III) tris(diethyldithiocarbamate), formed via an intermediate 

Mn(III) superoxide species.[234] It could be, that the brownish products observed in some of 

our Maneb syntheses using methods from the patent literature are in fact such Mn(III) 

species as well. 

The stability of Maneb towards air may be explained by its polymeric structure (see below), 

which results in complete coordinative saturation of the six-coordinate manganese center. 

Maneb is insoluble in common solvents including water, EtOH, MeCN, MeOH, acetone and 

THF at both room temperature and in the boiling solvents. However, the compound does 
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slowly (ca. 15 min.) dissolve in DMF or DMSO at room temperature. Single crystals formed 

upon standing 0.5 M solutions in DMF or DMSO for a few days. The crystals rapidly lost 

crystallinity once removed from solution, even when kept in perfluorinated oil. X-ray 

diffraction datasets could successfully be collected when the crystals were removed quickly 

from their mother liquors and directly mounted on the dinitrogen cooled goniometer. 

The asymmetric unit of the DMF-complex (Figure 11 top) consists of a manganese atom 

bound to two sulfur atoms from the chelating bis(dithiocarbamate) ligand as well as two 

oxygen atoms from the DMF. There are two additional, non-coordinating DMF molecules 

in the asymmetric unit, which form hydrogen bonds between the oxygen atoms and the NH 

protons of the bis(dithiocarbamate) ligand. A 1D-coordination polymer results from the 

second dithiocarbamate group in the ligand S,S-chelating to a different manganese atom 

(Figure 11 bottom). Thus, the overall coordination geometry around the metal can be 

described as distorted octahedral with the two oxygen atoms being mutually cis. 

 

 

Figure 11: Asymmetric unit of [Maneb·2 DMF] 2 DMF (top). Ellipsoids show 50 % probability levels. 

Hydrogen atoms as well as the two DMF solvent molecules have been omitted for clarity. The image 

on the bottom shows the polymer chain. Atoms labelled with an asterisk are generated by symmetry. 
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In the case of the DMSO complex, the coordination polymer is identical to that described 

above, except that two DMSO molecules are O-bound to the manganese in cis positions 

(Figure 12). 

 

Figure 12: Polymeric structure of [Maneb·2 DMSO] 4 DMSO. Ellipsoids show 50 % probability levels. 

Hydrogen atoms as well as the DMSO solvent molecules have been omitted for clarity. Atoms 

labelled with an asterisk are generated by symmetry. 

There are four additional, non-coordinating DMSO molecules of solvation in the 

asymmetric unit, one of which is involved in hydrogen bonding with an NH-proton of the 

dithiocarbamate. In both complexes the Mn-S bond distances are around 2.59 Å (DMF) and 

2.62 Å (DMSO), whilst the respective Mn-O distances are shorter, ranging from 2.16 Å to 

2.21 Å. The bite angle of the dithiocarbamate is about 69°, a value typically observed in this 

class of ligands.[18] The only related structure to those described above is the manganese(II) 

dithiocarbamate complex [Mn(S2CNEt2)2]n reported in 1975.[30] In this structure a 1D-

polymer is formed by one of the dithiocarbamate sulfur atoms bridging neighboring Mn 

atoms, forming a Mn2(μ-S)2 trapezoid. This results in short (2.55 Å) and long (2.74 Å) Mn-

S bonds for the chelating and bridging-sulfur atoms, respectively. 

The structure of our DMSO adduct is of course relevant for all toxicological and biomedical 

studies involving Maneb, since such in vivo or in vitro assays are performed using DMSO 

solutions of the analyte.[8,9,63] Thus, one has to keep in mind, that the species in solution is 

the bis(DMSO) adduct of Maneb. Although the X-ray diffraction data gives us some insight 

into the structure of Maneb when it is dissolved in a coordinating solvent such as DMF or 

DMSO, it does not reveal the structure of solvent-free, solid Maneb. We therefore studied 

both the dihydrate and the anhydrous material using X-ray absorption spectroscopy and 

EXAFS. Data were collected at 77 K at beamline 10 of the DELTA synchrotron, Dortmund, 

Germany.[235] Figure S8 shows the XANES spectrum of anhydrous Maneb together with 

that of several other Mn-containing compounds. From the edge position (inset of Figure S8), 
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the 2+ oxidation state of Mn in Maneb can be confirmed. EXAFS data of both anhydrous 

Maneb and the dihydrate was also collected at 77 K (Figure 13). 

 

Figure 13: Fourier transform of the k3-weighted EXAFS |(χ(k)*k3)| for Maneb and Maneb 

dihydrate recorded at 77 K. 

This data shows several peaks with radial distances consistent with the presence of Mn-S 

bonds in the first coordination sphere of the Mn2+ ion. Given the similarity of the EXAFS 

results for the anhydrous Maneb and its dihydrate, the water molecules in the dihydrate 

appear not to be bound to the manganese atom. The data was thus fitted to a model with 

two different Mn-S distances in an octahedral arrangement based on the molecular 

structure of [Mn(S2CNEt2)2]n. The fit results for these bond distances (depicted in Figure 

S10 in the supporting information) in anhydrous Maneb are Mn-Sa = 2.59 ± 0.01 Å, Mn-Sb 

= 2.74 ± 0.03 Å with an R-factor of 1.5 % and Mn-Sa = 2.570 ± 0.013 Å, Mn-Sb = 2.696 ± 

0.020 Å (R-factor 0.7 %) in the dihydrate (see Figure S11). R-factors of about one percent 

can be considered as very good. In general, the distance resolution ∆r in an EXAFS 

measurement is limited by the observed k-space ∆k.[236] In our case, this means that a 

distance resolution of ∆r > 0.15 Å between the two Mn-S-shells can be resolved. These Mn-

S bond lengths are similar to those observed in the X-ray structures (see above). 

Whilst this X-ray absorption data provides important information about the immediate 

coordination environment of the manganese ion, it does not tell us much about the extended 

structural arrangement in the structure. Powder diffraction data for both compounds was 

collected to determine if the solid is microcrystalline. In some cases, structure elucidation 
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by refinement of powder diffraction data has been successful.[28] However, the observed 

powder patterns (Figure S12 and S13) were quite broad and unsuitable for further 

refinement. It did confirm though, that the bulk material was microcrystalline and 

potentially suitable for an electron diffraction experiment. Indeed, with this technique it 

was finally possible to completely elucidate the solid-state structure of Maneb and Maneb 

dihydrate. In both compounds, the asymmetric unit consists of a manganese atom with a 

chelating dithiocarbamate ligand and, in the case of the dihydrate, two water molecules, 

which are not bound to the metal (Figure 14 and Figure 15). 

 

Figure 14: Asymmetric unit of Maneb (anhydrous). Displacement ellipsoids are drawn at the 50% 

probability level. 

 

Figure 15: Asymmetric unit of Maneb dihydrate. Displacement ellipsoids are drawn at the 50% 

probability level. 

 

In anhydrous Maneb there are four short Mn-S distances with an average length of 2.56 Ȧ  

and two longer ones of 2.68 Ȧ  around each distorted octahedral Mn-center. Contrary to our 

initial assumption and to what is observed in the structure of [Mn(S2CNEt2)2]n, the longer 
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Mn-S bond distances do not all correspond to the bridging sulfur atoms. Indeed, the long 

Mn-S bonds are trans to each other, with the four shorter bonds in the equatorial positions. 

The distorted octahedron is evident from the Mn-S angles, which are about 165° for the 

trans S-Mn-S angles. In case of the cis S-Mn-S angles, the values are different when the 

sulfur atom is chelating or bridging, with values of ca. 70° and 100°, respectively. The 

asymmetric unit of Maneb dihydrate (Figure 15) is similar with average long Mn-S bonds 

of 2.66 Ȧ  and short ones of 2.58 Ȧ . Here too the octahedron is distorted with trans S-Mn-S 

angles ranging from 161° to 170° and cis S-Mn-S angles of 97° and 70° for bridging and 

chelating sulfur atoms. The water molecules are involved in hydrogen bonding with the 

NH-proton of the dithiocarbamate (dNH···O = 2.92 Ȧ ). 

In both compounds, these asymmetric units assemble to 2D-coordination polymers, which 

appear quite similar at first glance. There are however some differences which shall be 

discussed below. In Maneb there are two different Mn2(μ-S)2 trapezoids formed through 

intramolecular sulfur bridges with diagonal Mn-Mn distances of 3.97 Å and 3.76 Å. These 

trapezoids alternate in the polymer in a zig-zag manner, with each trapezoid being rotated 

by 90° relative to its neighbor (Figure 16). 

 

Figure 16: The 2D-coordination polymer of Maneb (top). The image on the bottom depicts the 

connectivity of Mn and sulfur atoms (solid dots). The two distinct Mn2(μ-S)2 trapezoids are shown in 

blue and red. 

 

In Maneb dihydrate the 2D-coordination polymer also consists of Mn2(μ-S)2 trapezoids with 

a Mn-Mn distance of 3.82 Å arranged in a linear layer (Figure 17). In contrast to the 

structure of the anhydrous compound, there is only one type of Mn2(μ-S)2 trapezoid in the 

dihydrate. The two ends of the bis(dithiocarbamate) each connect to manganese atoms in 
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different layers resulting in the polymeric network (Figure 17). In between the manganese-

containing layers there is a layer of water molecules formed by a combination of OH···H, 

NH···O and OH···S hydrogen bonds (Figure S16). 

 

Figure 17: The 2D-coordination polymer of Maneb dihydrate (top). The image on the bottom depicts 

the connectivity of Mn and sulfur atoms (solid dots). The Mn2(μ-S)2 trapezoid is shown in blue. 

A comparison of the EXAFS data and electron diffraction shows that the average Mn-S 

distances obtained by both methods are comparable: The short Mn-S distances are in both 

cases with both methods virtually identical within experimental error. EXAFS data seems 

to slightly overestimate the long Mn-S distances, especially in the case of anhydrous Maneb 

(2.74 vs. 2.68 Ȧ ). It is also worth noting, that powder patterns calculated from the electron 

diffraction data agree very well with the observed powder patterns of Maneb anhydrous 

and the dihydrate (Figure S12 and Figure S13). These molecules are further examples for 

the structural diversity that can be achieved by difunctional dithiocarbamate ligands. A 

recent review highlights a selection of these with a variety of metals.[237] 

3.3 Conclusion 

We have developed a reproducible and reliable synthesis method for preparation of high-

quality Maneb and have used various techniques to determine its structure. We report the 

structure of Maneb in solution as DMSO- and DMF-adducts by single crystal diffraction. 

Especially, the DMSO-adduct is relevant for toxicological testing, since in vivo and in vitro 

experiments typically involve Maneb dissolved in DMSO. EXAFS data suggested the 

presence of distinct Mn-S environments in a polymeric structure. A full understanding of 

the coordination polymer of Maneb was finally achieved by electron diffraction. Although 

the overall structures are similar for the anhydrous compound and the dihydrate, there are 

small differences in the 2D-polymers. Detailed biological studies of the neurotoxic 

properties of Maneb are currently underway in our groups. 
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3.4 Experimental Section 

All reagents were obtained from commercial suppliers and were used as received. Reactions 

were carried out under aerobic conditions unless stated otherwise. Following abbreviations 

for the description of IR band intensities are used: very strong (vs), strong (s), medium (m), 

weak (w). 

Diammonium ethylene bis(dithiocarbamate) (1). A mixture of ethylenediamine 

(3.3 mL, 50 mmol), methanolic ammonia (14.3 mL, 100 mmol, 2.0 eq.) and carbon disulfide 

(6.0 mL, 100 mmol, 2.0 eq.) was stirred in ethanol (100 mL) at 0°C for 2 h. The precipitated 

solid was isolated by filtration, washed with ethanol and dried in vacuum. (8.0 g, 64 % 

yield.) The material was used directly in subsequent reactions. 1H-NMR (D2O, 400 MHz) 

(δ in ppm) 3.85 (s, 4H, CH2). 13C-NMR (D2O, 100 MHz) (δ in ppm) 213.9 (DTC-C), 48.25 

(CH2).  

Manganese ethylene bis(dithiocarbamate) dihydrate - Maneb dihydrate (2). 

MnCl2 · 4 H2O (2.38 g, 12.0 mmol) was dissolved in water (50 mL) under a nitrogen 

atmosphere. A solution of diammonium ethylene bis(dithiocarbamate) (2.97 g, 12.0 mmol, 

1.0 eq.) in water (30 mL) was added dropwise with vigorously stirring during 45 minutes. 

A yellow solid precipitated, which was isolated by filtration, washed with a large amount 

of water and dried at room temperature without vacuo (2.47 g, 68% yield.). Elemental 

analysis calculated for C4H10MnN2O2S4 (330.31 g/mol) Mn, 18.2; C, 15.94; N, 9.40; H, 3.34. 

Found: Mn, 18.1; C, 15.81; N, 9.22; H, 3.39. Magnetic moment calculated for high spin 

Mn(II) 5.92 B.M. Found: 5.19 B.M. Infrared spectroscopy (ATR): 3507 (m) ν(O-H), 3192 

(m) ν(N-H), 3008 (w) ν(C-H), 1606 (m), 1524 (s) ν(C-N), 951 (vs) ν(C-S) cm-1.  

Manganese ethylene bis(dithiocarbamate) - Maneb anhydrous (3). The anhydrous 

solid was obtained by drying the dihydrate (2) under vacuum at room temperature 

overnight. Elemental analysis calculated for C4H6MnN2S4 (265.31 g/mol) Mn, 20.7; C, 

18.11; N, 10.56; H, 2.28. Found: Mn, 20.3; C, 17.84; N, 10.46; H, 3.34. Magnetic moment 

calculated for high-spin Mn(II) 5.92 B.M. Found: 5.88 B.M. Infrared spectroscopy (ATR): 

3294 (m) ν(N-H), 3149 (m) ν(N-H), 2974 (w) ν(C-H), 1524 (m) ν(C-N), 1505 (s) ν(C-N), 963 

(vs) ν(C-S), 945 (vs) ν(C-S) cm-1. 

Deposition Number 2177534 (Maneb-DMF), 2177535 (Maneb-DMSO), 2255649 (Maneb 

anhydrous), 2255650 (Maneb dihydrate) contain the supplementary crystallographic data 

for this paper. These data are provided free of charge by the joint Cambridge 
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Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures 

service. 

3.5 Supporting Information 

Details of all analytical methods used as well as copies of spectra (NMR and IR), TGA/DSC 

traces, additional figures and data relating to EXAFS, X-ray diffraction and ED 

experiments are provided in the supporting information. The authors have cited additional 

references within the supporting information.[238–250] 
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Chapter 4 – Synthesis of other trace element-based 

dithiocarbamate fungicides 

4.1 Introduction 

Not only was the molecular structure of Maneb unknown until recently, but also the exact 

molecular structure of the Mn- and Zn-containing EBDC salt Mancozeb is completely 

unknown. To date, neither the exact Zn content nor the atom connectivity has been 

determined. In 1965 the U.S. Patent No. 3.210.394[5] documented that so called “co-reacted 

manganese-metal ethylene (bisdithiocarbamate)” products reveal different X-ray 

diffraction peaks compared to Maneb or Zineb. For example, a “co-reacted” product results 

when Nabam reacts with a 90:10 molar ratio of Mn (II)- and Zn (II) salt solutions. These 

products were compared to a mixture of 90% Maneb and 10% Zineb. At first, it was thought 

that Mancozeb is simply a mixture of Maneb and Zineb. However, experiments based on X-

ray powder analysis showed that the powder diffraction pattern of a mixture of Maneb and 

Zineb is different from that of the “co-reacted” products. It was therefore concluded that 

Mancozeb is not merely a mixture but a distinct chemical entity.[5] In 1968, another 

synthesis route for Mancozeb was documented in U.S. Patent No. 3.379.610.[33] The process 

involved isolating Maneb and subsequently dispersing it in water and treatment with 

different equivalents of Zn-(II) solutions. The resulting powder pattern of this Mancozeb 

was again different compared to that of Maneb/Zineb mixtures. The metal content of 

Mancozeb varies widely as shown in Table 1. According to a specification of the Food and 

Agriculture Organization of the United Nations (FAO) the typical Mn and Zn content of 

Mancozeb is given as 20 % Mn and 2.5% Zn, respectively.[251]  

Table 1: Mn and Zn content of different Mancozeb specifications. 

 Mn content Zn content Year 

Nabam + different Mn/Zn ratios 

“Co-reacted Mn-Zn EBDC” 
8.1 – 18.5 % 2.4 – 14.5 % 1965[5] 

Maneb + Zn  

“Zinc complexed Maneb” 
19.2 – 20.7 % 0.1 – 6.6 % 1968[33] 

FAO specification for Mancozeb 20 % 2.5 % 1980[251] 
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4.2 Materials and Methods 

4.2.1 General 

Instruments. NMR spectra were recorded on a Bruker Avance 400 spectrometer 

referenced externally to Me4Si. C, H and N analyses were performed by staff of the in-house 

elemental analysis facility using an Elementar Vario EL system. TGA/DSC measurements 

were conducted using a Netzsch STA 449 F5 Jupiter instrument. Experiments were carried 

out in alumina crucibles, which were closed with alumina lids. Samples were heated from 

25°C to 1000 °C with a heating rate of 5 K min-1 in a nitrogen atmosphere applying a 

constant nitrogen flow of 25 ml min-1. IR spectra were recorded on a Thermo Scientific 

Nicolet iS5 spectrometer equipped with an iD7 diamond ATR unit. Following abbreviations 

for signal intensity were used: w – weak, m – medium, s – strong, vs – very strong. The 

magnetic susceptibility was determined using a Sherwood Scientific magnetic 

susceptibility balance. Calibration against mercury tetrathiocyanato cobaltate (II). 

X-ray crystallography. X-ray quality crystals of Ziram and Ferbam were formed by slow 

evaporation of a mixture of dichloromethane (DCM)/hexane at -20°C within a few days. 

Crystals of Nabam were formed by slow evaporation of a Nabam solution in D2O. Diffraction 

data were collected at 150 K or 100 K using a Rigaku Oxford Diffraction Gemini E Ultra 

diffractometer, equipped with an EOS CCD area detector and a four-circle kappa 

goniometer. Diffraction data of Ziram and Ferbam were collected at room temperature on 

a Rigaku XtaLab Mini diffractometer using Mo-radiation. Data integration, scaling and 

empirical absorption correction were performed using the CrysAlis Pro program 

package.[238] All crystal structures were determined using SHELXT and refined using 

SHELXL.[239,240] The Olex2 graphical user interface was used for all structure 

manipulations and to generate the graphics.[241] 

Inductively coupled plasma-optical emission spectrometry (ICP-OES). Metal 

content was determined using inductively coupled plasma-optical emission spectrometry 

(ICP-OES) (Avio 220 Max, Perkin Elmer). The samples were dissolved in a mixture (ratio 

1:2) of 0.1 M EDTA and an ammonium/ammonia buffer. The solution was dried at 95 °C 

and then acid-assisted digested (HNO3/H2O2, 1:1, suprapure® 65% nitric acid, 30% 

hydrogen peroxide, Merck) overnight at 95 °C. Ashed samples were re-suspended in 1 mL 

of 2% HNO3 with Yttrium (100 µg/L, single element ICP standard, Roth) as an internal 

standard and diluted 1:1000 for ICP-OES measurements. The instrument settings were 

chosen as follows: plasma power 1500 W, plasma gas flow: 10 L/min, auxiliary gas flow 0.2 
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L/min, nebulizer gas flow: 0.70 L/min, pump flow rate: 1 mL/min, Wavelength: Mn 257.610 

Zn 206.200 nm, Y 371.029 nm. An external calibration was prepared using a multi-element 

mix (Inorganic Ventures) for evaluation. Recovery of 86% for complexed Mn was determined 

using the full characterized Maneb as a standard. Recovery of for complexed Zn was not 

determined since Zineb is not fully soluble in EDTA/buffer solution. In general, metal 

amounts were validated by measuring acid-assisted certified reference material (BCR-274, 

single cell protein, Institute for Reference Materials and Measurement of the European 

Commission, Geek, Belgium) and reference water (SRM-1640a, trace elements in natural 

water, National Institute of Standards and Technology, Gaithersburg, MD, USA). 

4.2.2 Synthesis 

Manganese/Zinc ethylenebis(dithiocarbamate) (Mancozeb) 

Mancozeb was prepared using two different methods according to U.S. Patent No. 3.210.394 

and No. 3.379.610. The co-reacted products were in situ synthesized according to “route A” 

using the ammonium EBDC salt Amobam[252] and different Mn/Zn ratios.[5] In “route B”, 

Maneb was isolated first and then reacted with 0.1, 1.0 or 10 eq. of ZnSO4 • 7 H2O in 

water.[33] Route A: 1.0 eq. ethylene diamine, 2.0 eq. ammonia and 2.0 eq. CS2 were added in 

water and stirred for 3 h at 30 °C. Under a nitrogen atmosphere and with vigorous stirring, 

the DTC solution was added dropwise to a solution containing “X” eq. MnCl2 • 4 H2O and 

“X-1” eq. ZnSO4 • 7 H2O in water. The specific values for X, the molar ratios of MnCl2 and 

ZnSO4, are provided in Table 2. Route B: Maneb was prepared as previously published[252] 

and dispersed in water. Then, with stirring, a solution of 0.1, 1.0 or 10 eq. ZnSO4 • 7 H2O 

in water was added dropwise and stirred for 1 h (Table 2). 

Table 2: Synthesis parameters for Mancozeb preparation using two different methods. 

Route A Route B 

Eq. MnCl2 Eq. ZnSO4 Maneb + ZnSO4 

0.99 0.01 

 

0.95 0.05 

0.90 0.10 

0.80 0.20 

0.50 0.50 

0.10 0.90 

 

0.1 Eq. 

1.0 Eq. 

10 Eq.  

 

 



Chapter 4 – Synthesis of other trace element-based dithiocarbamate fungicides 

51 

 

Zinc(II) ethylene bis(dithiocarbamate) (Zineb) 

4.61 g (9.74 mmol, 1.0 eq.) ZnSO4 • 7 H2O was dissolved in 50 mL water under nitrogen 

atmosphere. Subsequently, a solution of 2.40 g (9.74 mmol, 1.0 eq.) ammonium ethylenebis 

(dithiocarbamate) in 50 mL water was added dropwise within 30 min under continuous 

stirring. The precipitated colorless solid was filtered off and washed with 100 mL cold 

distilled water and dried in vacuo. 1.95 g (7.08 mmol) product was obtained in a yield of 

73%. 1H-NMR (600 MHz, DMSO-d6): 𝛿 in ppm = 3.51 (s, 4H), 9.87 (s, NH). 13C-NMR (150 

MHz, DMSO-d6) (δ in ppm) 206.11 (DTC-C), 46.77 (CH2). Elemental analysis calculated for 

C4H6N2S4Zn (265.31 g/mol) C, 17.42; N, 10.16; H, 2.19. Found: C, 17.32; N, 10.25; H, 2.29. 

Infrared spectroscopy (ATR): 3230 (m), 3032 (w), 1532 (vs), 1446 (w), 1378 (s), 1292 (m), 

1245 (m), 1047 (s), 975 (vs), 777 (m), 716 (m), 652 (m), 614 (m), 539 (m), 476 (m).  

Zinc(II) bis(dimethyl dithiocarbamate) (Ziram)  

A solution of 0.806 g (5.00 mmol, 2.00 eq.) sodium dimethyl dithiocarbamate dihydrate in 

100 mL water was added to a solution of 0.719 g (2.5 mmol, 1.00 eq.) ZnSO4 • 7 H2O in 100 

mL water. During the addition a colorless solid precipitated. The mixture was stirred for 

30 min and the resulting colorless solid was filtered off, washed with water and dried in 

vacuo. The product was obtained in a yield of 69%. (0.532 g, 1.73 mmol). Subsequently, the 

product was recrystallized from a dichloromethane/hexane mixture. 1H-NMR (600 MHz, 

DMSO-d6): 𝛿 in ppm = 3.38 (s, 4H). 13C-NMR (150 MHz, DMSO-d6) (δ in ppm) 203.75 (DTC-

C), 44.58 (CH2).  Elemental analysis calculated for C6H12N2S4Zn (305.81 g/mol) C, 23.56; N, 

9.16; H, 3.96. Found: C, 23.47; N, 9.25; H, 3.85. Infrared spectroscopy (ATR): 2924 (w), 1508 

(s), 1435 (m), 1380 (s), 1239 (s), 1130 (s), 966 (vs), 562 (s), 442 (vs).  

Iron(III) tris(dimethyl dithiocarbamate) (Ferbam) 

2.42 g (15.0 mmol, 3.00 eq.) sodium dimethyl dithiocarbamate dihydrate in 100 mL water 

was added to a solution of 1.94 g (5.0 mmol, 1.00 eq.) Fe(NO3)3• 9 H2O in 100 mL water. 

The mixture was stirred for 30 min and the resulting black solid was filtered off, washed 

with water and dried in vacuo. The product was obtained in a yield of 75%. (1.57 g, 3.75 

mmol). The product was recrystallized from a dichloromethane/hexane mixture. Elemental 

analysis calculated for C9H18FeN3S6 (416.49 g/mol) C, 25.95; N, 10.09; H, 4.36. Found: C, 

25.80; N, 10.11; H, 4.29. Infrared spectroscopy (ATR): 3039 (w), 2922 (w), 2656 (w), 1516 

(vs), 1385 (vs), 1267 (m), 1246 (s), 1134 (vs), 1048 (s), 970 (vs), 892 (m), 726 (vs), 697 (s). 574 

(m), 440 (s). 
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4.3 Results and Discussion 

4.3.1 Synthesis of Zn- and Fe-containing bis(dimethyl dithiocarbamates) 

Ziram and Ferbam were synthesized by reacting sodium dimethyl dithiocarbamate salt 

with 0.33 or 0.5 eq. of a Zn(II)- or Fe(III)-salt solution in water (Figure 18). The products 

were purified by crystallization in a mixture of dichloromethane (DCM) and hexane 

overnight. The single crystals were studied at room temperature by X-ray diffraction (XRD) 

to confirm their molecular structure (Figure 18).  

 

Figure 18: Synthesis of Ziram and Ferbam and molecular structures of both measured via XRD. A 

co-crystallized dichloromethane solvent molecule was omitted for clarity in the structure of Ferbam. 

Ferbam co-crystallized with one DCM molecule, which was subsequently removed by drying 

in vacuo afterwards. The chelate ligand angles of type S-Fe-S are typical small, around 74°, 

and contribute to the distorted octahedral arrangement in the iron coordination 

environment. The S-Fe bond lengths range from 2.36 to 2.39 Å. Crystallographic data of 

Ferbam without any solvent molecule was published by Albertsson and Oskarsson in 

1977.[93]     

Ziram crystallizes as a dimer with a distorted tetrahedral coordination geometry. The 

asymmetric unit consists of two dimethyl dithiocarbamate ligands, with one of them acting 

as a chelate ligand and the other as a linker to the second tetrahedral Zn atom. This 

coordination mode of dithiocarbamate is described by Hogarth et al., (2005), but occurs very 

rarely[18]. Due to the bridging sulfur interactions, a Zn2S6-octagon with four different atoms 

and two identical asymmetric units emerges (Figure 19). The bond angles of the distorted 
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tetrahedral coordination geometry differ from an ideal tetrahedral angle of 109.5°. In 

Ziram, the Zn center consists of bond angles between 76.26° (S1-Zn1-S2, chelate ligand) 

and 136.94° (S1-Zn-S3), but most of them are between 105 to 113°. These findings are in 

agreement with the published crystal structure of Ziram by Klug in 1966.[92] 

The structure of Zineb was determined in 2020 by Lefton et al. using a commercially 

available pesticide standard and powder XRD, since no single crystals of Zineb have been 

obtained to date.[28] Surprisingly, the coordination environment of Zn in Ziram and Zineb 

differs, despite both compounds consisting of two dithiocarbamate ligands. In Zineb, Zn is 

coordinated by five sulfur atoms, four from the chelate DTC ligands and one from an 

intramolecular sulfur bridge between the polymeric chains.[28] Bonamico et al. (1965) 

observed a penta-coordinated Zn central atom in the dimeric Ziram analog zinc bis(diethyl 

dithiocarbamate). In this case, one sulfur of the second DTC ligand functions as a chelate 

ligand as well as a dimeric linker.[253] In Ziram, Zn is coordinated by only four sulfur atoms, 

resulting in a distorted tetrahedral structure. Latter is the most often observed 

coordination mode of Zn in metalloenzymes.[116] Pearson (1963) classified Zn as a 

“borderline” metal, because it is neither considered as a “hard” or “soft” metal according to 

the HSAB principle.[20] Zn also has no preference in being coordinated by oxygen, nitrogen 

or sulfur atoms, but in most zinc-binding sites of enzymes, Zn is coordinated by histidine 

and cysteine.[254] However, it remains unknown what structure Mancozeb exhibits since Mn 

in Maneb is a hexacoordinated central atom and Zn was observed to be tetra- and penta-

coordinated in DTC complexes.  

 

Figure 19: Asymmetric unit of Ziram (left) and the dimeric form shown without the methyl groups 

(right). One DTC ligand is chelating (via sulfur atoms S1 and S2) and the DTC is linking (via sulfur 

atom S4) to the other asymmetric monomeric unit. 
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4.3.2 Synthesis of Mn- and Zn-containing ethylene bis(dithiocarbamates)  

Unlike Mn (II), Zn (II) is diamagnetic and consequently amenable for NMR spectroscopy. 

Therefore, Zineb was prepared as a structural analog to shed more light on the structure 

and mechanism of action of the Mn-containing ethylene bis(dithiocarbamates). The 

synthesis of Zineb was similar to the previously published method for Maneb. Zineb was 

characterized using elemental analysis, thermal gravimetric analysis (TGA) and NMR 

spectroscopy. Unlike Maneb, Zineb was confirmed to only exist in the anhydrous form. The 

chemical structure of Zineb was determined in 2020 by Lefton et al. using powder X-ray 

diffraction.[28] 

Mancozeb was prepared following the both synthesis routes previously described[5,33] 

(Figure 20). 

 

Figure 20: Overview of the two possible synthesis routes. 

The metal content of Maneb was confirmed by EDTA titration based on a published 

method.[232] However, this method only allows for the estimation of the total content of 

divalent metal ions and cannot distinguish between the two different metals. Initially, an 

attempt was made to apply the acid-digestion method established for worm homogenates 

to the solid fungicide compounds. However, a few milligrams of the DTCs reacted violently 

with the HNO3/H2O2 mixture resulting in an insoluble colorless precipitate (probably ZnO) 

attached to the plastic tube. Therefore, a new method was developed, combining the 

solubility of the material in EDTA/buffer mixtures with an acid-assisted digestion. The 

recovery rate was determined using fully characterized Maneb.[252] Figure 21 illustrates 

that, different Mn and Zn ratios during EBDC synthesis according to route A results in 

different products. As the amount of Zn in the ratio increases, the amount of zinc in the 

product also increased. However, this only applies up to a certain point. For example, at 

the 50/50 ratio condition, the Mn and Zn content would be expected to be approximately on 
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the same level, around 10% with respect to the complex. However, experimental results 

indicate around 3% Mn and 13 % Zn, implying a preferential complexation of Zn, when both 

metals are equally available. Considering that the total metal sum is equimolar to available 

EBDC ligand, preference should theoretically not occur. This observation suggests that Zn 

might somehow induce structural changes, potentially leading to a reduced overall metal 

binding capacity. 

 

Figure 21: Mn and Zn content in Mn/Zn EBDC complexes using route A and measured via ICP-OES. 

When Mancozeb is prepared by reaction of Maneb with Zn solutions of different 

concentrations (from 0.1 to 10 equivalents), it appears that the same product with about 

0.4% Zn is formed regardless of the amount of Zn offered (Route B, Figure 22). Conversely, 

forcing Zineb to react with a MnCl2 solution using the identical approach did not yield any 

observable reaction, and subsequent ICP-OES measurements confirmed the absence of Mn.  

 

Figure 22: Mn and Zn content in Mn/Zn EBDC complexes using route B and measured via ICP-OES. 
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4.3.3 Stability of the EBDC complexes  

Zineb 

For biological experiments, it is important to test the stability of the applied compounds 

beforehand to ensure that the correct species is being tested. However, this task proved to 

be very difficult for Maneb, since there are no routine methods to study its fate in solution. 

IR spectra of Maneb in DMSO solution are dominated by solvent signals. Assuming that 

Maneb and Zineb have some structural similarity, Zineb was dissolved in deuterated 

DMSO solution and immediately monitored via NMR spectroscopy over a period of 96 h 

(Figure 23).  

 

Figure 23: Monitoring a Zineb solution in DMSO using 1H-NMR spectroscopy over time. Stacked 

NMR spectra show the region containing the resonances of the ethylene groups. B: ETU formation 

over time, displayed as percentage of Zineb and ETU content based on integration of the 1H-NMR 

signals, starting with 100% Zineb. 

Already after 4 h it was observed that Zineb in DMSO solution starts to decompose into 

ethylene thiourea (ETU). This decomposition product was confirmed by comparing its 

proton NMR spectrum with that of a commercial sample. Since Maneb seems to be more 

stable but on the other hand to ensure that the applied species is the DMSO coordination 

adduct of Maneb, it was concluded that experiments involving model organism C. elegans 

cannot be conducted on agar plates for the usual time intervals, typically ranging from 6 to 

48 h. As a result, an exposure interval of 2 h in solution during the L1 larval stage was 
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chosen to ensure the stability of the testes species and to allow the study of possible 

developmental effects.  

It is important to note that Zineb not only starts to decompose in DMSO solution, as 

monitored via NMR spectroscopy, but also precipitates a yellow solid within a few days. 

This is not the case for Maneb, which forms a yellow to brownish solution in DMSO and 

does not precipitate (except for crystals when saturation is reached). Zineb is highly soluble 

in DMSO, whereas Maneb only dissolves slowly within about 15 minutes. Consequently, 

the stability results derived from Zineb may indeed not be applicable to Maneb. 

Nabam 

The synthesis of Maneb was conducted following the procedure described in the Appendix 

of Chapter 6, based on a method by Klöpping et al. (1951).[255] The purity was verified using 

NMR spectroscopy and elemental analysis. The presence of a hexahydrate was confirmed 

through TGA and X-ray Diffraction, which is consistent with literature findings (Figure 

24).[27] 

 

 

Figure 24: Molecular structure of Nabam hexahydrate. Shown are the asymmetric unit (top)and the 

2-dimensional coordination polymer (bottom). 

Interestingly, owing to the monovalent sodium cation, Nabam is the only shown complex in 

which the DTC does not form a chelate complex and binds via a single sulfur atom. 

Nevertheless, the molecular structure of Nabam in solid state is also a two-dimensional 
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polymer, as the perfectly symmetrical asymmetric unit (Figure 24 top) assembles into a 

polymer via sodium-water interactions. In manganese- or zinc-containing chelate 

complexes, only distorted octahedral structures are found, as the angle of the binding DTC 

ligand is around 75°. In contrast, Nabam forms a nearly perfect octahedral coordination 

environment.  

Nabam was selected to serve as a structural analogue of Maneb in toxicity studies with C. 

elegans. Due to its water solubility, incubation can be conducted in 85 mM NaCl, analogous 

to the metal salts. Consequently, NMR spectra were recorded in deuterated water. To 

investigate Nabam's stability in solution, a spectrum was acquired from the same sample 

solution after one week. In contrast to Zineb, no ETU formation is observable even after a 

week (Data not shown). Apart from minor signals, the spectrum remains nearly identical, 

indicating high stability of Nabam. However, it should be noted that the behavior of Nabam, 

and indeed Maneb as well, in the presence of a model organism or within a biological system 

may differs significantly. Thus, reliable conclusions regarding stability during the 

experimental setup cannot be drawn. 

4.4 Conclusions and further perspectives 

The synthesis of Mancozeb by adding different metal ratios to an EBDC solution results in 

compounds with varying amount of the corresponding metals. However, using a 50/50 ratio 

does not yield a material with equitably composition, suggesting an influence of Zn on the 

binding capacity of mixed EBDC complexes. When the synthesis involves Maneb reacting 

with Zn(II)-ions, results indicate the formation of a single product no matter how many 

equivalents Zn are used.  

Overall, the identity and composition of Mancozeb employed in agricultural applications 

remains unknown, particularly due to the coexistence of two manufacturing protocols. 

Given that elemental analysis typically includes carbon, nitrogen, and hydrogen content, 

the differences in these elements in Mancozeb, Maneb and Zineb are minor. Consequently, 

elemental analysis is unsuitable for distinguishing between Maneb, Zineb, and Mancozeb. 

Despite that, elemental analysis serves as sole analytical tool in the quality control of 

commercial pesticide standards! 
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Abstract: 

Neurotransmitters like dopamine (DA), serotonin (SRT), γ-aminobutyric acid (GABA) and 

acetylcholine (ACh) are messenger molecules that play a pivotal role in transmitting 

excitation between neurons across chemical synapses, thus enabling complex processes in 

the central nervous system (CNS). Balance in neurotransmitter homeostasis is essential, 

and altered neurotransmitter levels are associated with various neurological disorders, e.g., 

loss of dopaminergic neurons (Parkinson’s disease) or altered ACh synthesis (Alzheimer’s 

disease). Therefore, it is crucial to possess adequate tools to assess precise neurotransmitter 

levels, and to apply targeted therapies. An established in vivo model to study neurotoxicity 

is the model organism Caenorhabditis elegans (C. elegans), as its neurons have been well 

characterized and functionally are analogous to mammals. We have developed a liquid 

chromatography–tandem mass spectrometry (LC-MS/MS) method including a sample 

preparation assuring neurotransmitter stability, which allows a simultaneous 

neurotransmitter quantification of DA, SRT, GABA and ACh in C. elegans, but can easily 

be applied to other matrices. LC-MS/MS combined with isotope-labeled standards is the 

tool of choice, due to its otherwise unattainable sensitivity and specificity. Using C. 

elegans together with our analytically validated and verified method provides a powerful 

tool to evaluate mechanisms of neurotoxicity, and furthermore to identify possible 

therapeutic approaches. 
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Chapter 5 – A Reliable Method Based on Liquid 

Chromatography-Tandem Mass Spectrometry for the 

Simultaneous Quantification of Neurotransmitters in 

Caenorhabditis elegans 

5.1 Introduction 

Neurotransmitters are messenger molecules transmitting excitation between neurons 

across chemical synapses, which enable the brain to sense perceptions and coordinate 

complex behavior.[256] Here, the most important neurotransmitters, dopamine (DA), 

serotonin (SRT), γ-aminobutyric acid (GABA) and acetylcholine (ACh) will be discussed, as 

their dysregulation, among others, is associated with several neurological diseases. DA 

regulates body movement control, as well as memory function and cognition.[257,258] The 

most common DA-associated neurodegenerative disorder is Parkinson’s disease (PD), which 

is associated with the progressive loss of dopaminergic neurons in the substantia nigra[259] 

and is characterized, among other things, by the presence of alpha-synuclein inclusions 

(Lewy Bodies).[260] SRT acts as a neurohormone controlling the function of several 

peripheral organs and modulates mood, cognition, sleep, learning and anxiety.[261,262] 

Hypofunction of serotonergic neurons is associated with depression, and disturbances in 

SRT levels lead to anxiety disorders.[262] GABA, among other functions, regulates blood 

pressure and heart rate. In addition, it binds to receptors at inhibitory synapses, thus 

decreasing neuronal excitability.[263] The balance between excitation and inhibition is a 

requisite for proper neural function; as a consequence, a disequilibrium contributes to 

neurodegeneration.[264] The cholinergic system, including in particular the 

neurotransmitter ACh, is known to be required for a variety of critical physiological 

activities, such as attention, learning and memory.[265] A decreased activity of choline 

acetyltransferase (ChAT) and the subsequent altered ACh synthesis are correlated with an 

increased formation of ß-amyloid (Aβ) plaques in the brains of patients with Alzheimer’s 

disease (AD).[266] Furthermore, a deficiency of ChAT, choline uptake and ACh secretion are 

concomitant symptoms of neuronal loss associated with learning deficits and memory 

loss.[267] Therefore, the analysis of basal levels of neurotransmitters is an essential tool for 

neurotoxicity assessment, especially in terms of neurodegenerative diseases such as PD 

and AD. In addition, neurotransmitter ratios are of great interest, as they interact and 

depend on each other, and in most neurodegenerative diseases the entire neurotransmitter 
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system is disturbed.[268,269] In brief, it is crucial to have the ability to determine which 

neurotransmitter(s) are impaired, in order to apply targeted therapies. 

Neurotransmitter quantification in mouse tissue, such as the brain[270] or cerebrospinal 

fluid,[271] can be employed to assess the neurodegenerative potential of chemical or physical 

agents that may be harmful, as well as to identify therapeutic strategies. However, animal 

experiments provoke great ethical debate, requiring novel model organisms to substitute 

and complement animal experiments for testing neurodegenerative potentials. For this 

purpose, zebrafish (Danio rerio), flies (Drosophila melanogaster) and worms are commonly 

used.[272,273] The nematode Caenorhabditis elegans (C. elegans) constitutes a distinguished 

in vivo model featuring a well-elucidated nervous system. All neurons are well 

characterized and mapped over the worm body, and they are structurally and functionally 

similar to mammals.[274] Furthermore, in C. elegans, orthologs are present for 60–80% of 

human genes related to various diseases, including neurodegenerative disorders.[275] 

Therefore, C. elegans is a well-established model organism in the field of neurotoxicity and 

neurodegeneration. In addition, worms are easily genetically manipulated, providing a 

variety of mutants, especially for PD[276,277] and AD.[278,279] 

Neurotoxicity in C. elegans is predominantly assessed by behavioral assays. Commonly 

performed assays include that of the basal slowing response, which examines dopamine-

dependent behavior in the presence of food,[211] the determination of serotonin-dependent 

pharyngeal pumping,[280] the synaptic transmission at neuromuscular junctions using the 

aldicarb-induced paralysis assay,[281] and the assessment of functional changes in 

locomotion.[211] Additionally, genetically modified worms with fluorescence tags in neurons 

have been used to study neurodegeneration via fluorescence microscopy.[282,283] However, 

these techniques have the limitation, among others, of not being able to quantify absolute 

neurotransmitter levels. Furthermore, the majority of assays, such as that of basal slowing, 

are focused on a solitary neurotransmitter, in this case, DA. Other assays, namely those of 

locomotion, are mediated by several neurotransmitters, such as acetylcholine and 

dopamine; these provide broader outcomes, but can be problematic in interpretation. So far, 

only Schumacher et al. have assessed DA and SRT,[283] but, to date, GABA and ACh have 

not been quantified in C. elegans. Therefore, a method is required for the simultaneous 

quantification of multiple neurotransmitters in C. elegans. 

The demands of such a technique are challenging, as the analysis must be specific for the 

individual neurotransmitters and, on the other hand, requires good sensitivity, as the basal 
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levels of neurotransmitters are low. In addition, neurotransmitters display poor stability. 

Methods do already exist to quantify neurotransmitters in a variety of matrices by 

electrochemical detection,[284,285] fluorescence detection[286,287] or fluorescent dyes.[288–290] 

However, here, we opted for liquid chromatography–tandem mass spectrometry (LC-

MS/MS) as the preferred choice due to its high sensitivity and unmatched specificity, and 

given its propensity to detect distinctive mass transitions of each analyte, and therefore, its 

capacity for unequivocal identification. In addition, mass spectrometry allows the use of 

isotope-labeled standards, which correspond analogously to their respective analyte 

throughout the entire analytical procedure, from sample preparation to detection. The 

combination of mass spectrometry and isotope-labeled standards of target analytes is a top-

notch technique for the analysis of several biological samples.[291] In recent years, a handful 

of LC-MS/MS-based methods have been published to quantify neurotransmitters. These 

refer almost exclusively to mouse[270,271] and rat[292,293] brain tissue and mostly do not provide 

sufficient LOQs for neurotransmitter quantification in model organisms like C. elegans. 

Only Tufi et al. present an LC-MS/MS analysis in zebrafish Danio rerio,[294] while Barata et 

al. published a method for neurotransmitter and related metabolites quantification in 

Daphnia magna.[295] A tool for the simultaneous quantification of neurotransmitters, 

especially GABA and ACh, in C. elegans with sufficient sensitivity has yet to be reported. 

Here, we aim to present an established and validated LC-MS/MS-based method, which 

allows the simultaneous quantification of neurotransmitters, specifically DA, SRT, GABA 

and ACh, in C. elegans. A new extraction protocol assured stability and high recovery for 

all four analytes. The use of isotope-labeled standards and LC-MS/MS analysis in multiple-

reaction-monitoring mode provided an unequivocal identification, as well as specificity of 

all analytes and greater sensitivity compared to other techniques. As method validation 

parameters, the linear range, limit of detection (LOD), limit of quantification (LOQ), 

accuracy, recovery and precision were assessed. Further, we analyzed neurotransmitter 

profiles of transgenic C. elegans strains with altered neurotransmitter homeostasis and 

characterized their synaptic transmission by the aldicarb-induced paralysis assay in order 

to corroborate the analytical LC-MS/MS data. 
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5.2 Results 

5.2.1 Method Development for Neurotransmitter Quantification via LC-

MS/MS 

The aim of the chromatography was to establish a baseline-separated elution for all 

analytes, as well as maximum sensitivity with subsequent mass spectrometric detection. 

Different solvents (MeOH and ACN) were tested, with ACN demonstrating sharper peaks, 

lower noise and quicker elution of all analytes when we used the YMC-Triart PFP column. 

ACN modified with 10 mM FA resulted in a higher response compared to 5 mM FA. For 

further optimization, the column temperature was varied (20–40 °C), with 30 °C leading to 

the best result. A gradient of a total of 12 min (including equilibration) was generated with 

the following retention times for all analytes and their respective deuterated internal 

standards (used for internal calibration and unambiguous identification): GABA—2.50 

min, DA—5.92 min, ACh—7.22 min and SRT—8.38 min. The respective chromatograms of 

the quantifiers of all analytes and all internal standards in a C. elegans matrix (wildtype) 

are shown in Figure 25. 

 

 

[Figure caption is provided on the subsequent page]  
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Figure 25: sMRM chromatograms of all analytes (A) and their respective deuterated internal 

standards (B) (25 nM of DAd4, 25 mMSRTd4, 500 nM of GABAd6 and 25 nM AChd4) in C. elegans worm 

homogenate (wildtype). (A,B) only the quantifier mass transitions (Table 3) of DA, SRT, GABA, ACh 

and the accordant internal standards are presented. The most intensive mass transitions (listed in 

Table 3) of DA (m/z 154 > 137 not found in matrix) (C), SRT (D), GABA (E) and ACh (F) are displayed 

in matrix. 

 

Ion source parameters were optimized with standard solutions using the Compound 

Optimization software wizard of the Sciex Analyst Software (Version 1.7.2); they are listed 

in the materials and methods Section 2.4. To determine mass-to-charge (m/z) ratios for the 

precursor ions, standard solutions of the analytes and deuterated analytes were injected 

and Q1 scans were performed. Fragment ion scans with varying intensity in collision energy 

were conducted to determine the m/z ratios of the respective fragments. The aim was to 

identify at least two MRM transitions for each analyte with optimal intensity. The following 

mass transitions revealed the highest responses (Figure 25 C–F) and were therefore used 

as quantifiers: DA m/z 154 > 91, DAd4 m/z 158 > 95, SRT m/z 177 > 160, SRTd4 m/z 181 > 

164, GABA m/z 104 > 69, GABAd6 m/z 110 > 73, ACh m/z 146 > 87 and AChd4 m/z 150 > 91. 

Quantifier precursor and fragment ion structures are stated in Figure 26. Further mass 

transitions (qualifiers) are listed in Table 3. 
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Figure 26: Chemical structures of precursors and their underlying fragment ions [M + H]+ 

(quantifiers) for DA, SRT, GABA and ACh. 

 

Table 3: sMRM parameters for DA, SRT, GABA, ACh and their respective internal standards. The 

quantifiers are highlighted in bold. All transitions are single-protonated ions ([M + H]+). 

Compound Q1 Q3 CE DP CXP Retention Time (min) 

DA 154 

137 15 30 15 

5.92 

119 25 30 15 

91 32 30 15 

DAd4 158 

141 15 30 15 

123 25 30 15 

95 32 30 15 

SRT 177 
160 15 15 17 

8.38 
115 51 30 41 

SRTd4 181 
164 15 15 17 

118 51 30 41 

GABA 104 

87 15 17 10 

2.50 

69 21 18 10 

45 28 25 11 

GABAd6 110 

93 15 17 10 

73 21 18 10 

49 28 25 11 

ACh 146 
87 19 27 13 

7.22 
60 16 32 9 

AChd4 150 
91 19 27 13 

60 16 32 9 
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5.2.2 Sample Preparation und Neurotransmitter Extraction 

Following optimization of the LC-MS/MS conditions, the method was applied to C. elegans 

homogenates. The extraction of neurotransmitters was improved by optimizing the 

composition of the applied extraction buffer. We tested the pH effect (acidic and neutral) on 

the stability and recovery of all four analytes. Whereas DA seems to be stable only in acidic 

pH, GABA shows the highest recovery in neutral pH. In contrast, both SRT and ACh 

demonstrate no differences in recovery in acidic or neutral pH. In order to identify a suitable 

compromise, various acids (perchloric acid and formic acid) and pH values (pH = 1–7) were 

tested. A sufficient response of all four analytes was obtained by adding 2.5 mM perchloric 

acid (pH = 4). In addition, we analyzed the impact of different amounts (10, 20 and 30%) of 

organic modifiers (MeOH and ACN) in the extraction buffer. A higher response, especially 

for GABA, was observed when we modified the buffer with 10% MeOH. The sample extracts 

were purified by a Spin-X® Centrifuge Tube Filter 0.22 µm (Corning). The recovery of the 

neurotransmitters as well as the protein content with and without purification steps were 

determined, and showed statistically indistinguishable results. 

5.2.3 Method validation 

Samples were spiked with DA, SRT and ACh from 0 to 500 nM and with GABA from 0 to 

10 µM. Linearity was observed for all analytes in the indicated range (Figure 3); correlation 

coefficients are listed in Table 4. 

 

Figure 27: Calibration curves for all four neurotransmitters in the concentration range of up to 500 

nM for DA, SRT and ACh and up to 2500 nM for GABA. Correlation coefficients are stated in Table 

4. 
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Table 4: Method validation parameters assessed in C. elegans matrix (wildtype). How parameters 

were assessed is listed in section 5.4.5. 

 DA SRT GABA ACh 

Concentration in samples # 11.9 nM 2.2 nM 2.6 µM 38.8 nM 

Correlation coefficient (R2) 0.9966 0.9939 0.9873 0.9993 

Limit of detection (nM) 0.204 0.097 15.628 0.0009 

Limit of quantification (nM) 0.679 0.324 52.094 0.0029 

Recovery (%) 103 ± 2.7 64 ± 2.3 80 ± 4.1 56 ± 11.9 

# analyte concentration of worm homogenates (3000 L4 stage worms in 150 µL extraction buffer) before protein 

normalization. 

 

The LOD was defined as LOD = 3×SDy/b (SDy = standard deviation of analyte concentration 

in ≥12 blank measurements, b = slope of calibration curve), with 0.204 nM for DA, 0.097 

nM for SRT, 15.628 nM for GABA and 0.0009 nM for ACh. The LOQ was defined as LOQ = 

10×SDy/b, with 0.679 nM for DA, 0.324 nM for SRT, 52.094 nM for GABA and 0.0029 nM 

for ACh. Thus, the LOQs were far below the analyte concentrations in C. elegans 

homogenates (3000 L4 stage worms in 150 µL extraction buffer), which were 11.9 nM of 

DA, 2.2 nM SRT, 2.6 µM GABA and 38.8 nM ACh (n ≥ 20). The LOQs underline the 

sensitivity of the method and show that considerably less than 3000 worms can be used for 

the analysis. The recovery of deuterated standards in matrix amounted to 103 ± 3% for DA, 

64 ± 2% SRT, 80 ± 4% for GABA and 56 ± 12% for ACh, compared to deuterated standards 

in extraction buffer only. This indicates sufficient recovery, as the loss of neurotransmitters 

during sample preparation and analysis was always balanced by the respective deuterated 

standards. 

Accuracy was determined in samples with low (25 nM), middle (250 nM) and high 

(2500 nM) concentrations of all analytes and was within ± 20% of the nominal concentration 

(Table 3). The variation in neurotransmitter quantification from eight samples on the same 

day was defined as intraday precision and was 3.1% for DA, 6.1% for SRT, 3.4% for GABA 

and 7.6% for ACh. The variation from eight samples analyzed on different days was defined 

as interday precision and was 2.6% for DA, 14.0% for SRT, 3.2% for GABA and 1.8% for 

ACh. Therefore, intra- and interday variations < 15% were considered both reliable and 

reproducible due to high precision. 
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Table 5: Method validation parameters: accuracy for low, middle and high analyte concentrations 

and intraday and interday precision. How parameters were assessed is listed in section 5.4.5. 

 Accuracy [%] Precision [RSD%] 

 Low Middle High Intraday Interday 

DA 114.8 ± 8.8 111.1 ± 7.9 112.7 ± 4.1 3.1 2.6 

SRT 84.9 ± 1.3 85.6 ± 1.5 81.1 ± 1.8 6.1 14.0 

GABA 95.3 ± 8.7 108.2 ± 5.2 116.4 ± 5.4 3.4 3.2 

ACh 98.5 ± 4.9 96.6 ± 1.0 99.8 ± 0.6 7.6 1.8 

 

5.2.4 Neurotransmitter Levels in Wildtype Worms and cat-2Δ and ace-

1Δ::ace-2Δ Deletion Mutants 

By using the validated LC-MS/MS method, we investigated the impact of the genetic 

background of C. elegans strains cat-2Δ and ace-1Δ::ace-2Δ on neurotransmitter levels. The 

deletion mutant cat-2Δ lacks the enzyme tyrosine hydroxylase, which catalyzes the 

hydroxylation of tyrosine to L-DOPA (l-3,4-dihydroxyphenylalanine), the precursor of 

DA.[296] Consequently, DA synthesis in cat-2Δ worms is restricted. C. elegans strain ace-

1Δ::ace-2Δ displays a loss of acetylcholinesterase (AChE), which is the major enzyme to 

hydrolyze ACh into acetic acid and choline.[297] As a result, this deletion mutant should not 

be capable of degrading ACh. 

The analysis of dopamine levels (Figure 28A) revealed 2.18 ± 0.19 ng DA per mg protein in 

wildtype worms and 2.26 ± 0.15 ng DA per mg protein in ace-1Δ::ace-2Δ deletion mutants. 

cat-2Δ worms displayed 0.11 ± 0.04 ng DA per mg protein or 0.54 nM DA in sample extracts; 

thus, DA levels were significantly lower compared to wildtype worms. This demonstrates 

that cat-2Δ worms do not suffer a total loss of DA, but nevertheless present a very low level 

of DA, which is higher than the LOD, but lower than the LOQ. As a result, cat-2Δ worms 

exhibited 95% less DA compared to wildtype worms. The quantification of SRT revealed no 

differences in the deletion mutants used compared to wildtype worms. SRT levels (Figure 

4B) amounted to 0.067 ± 0.012 ng SRT per mg protein in wildtype worms, 0.063 ± 0.006 ng 

SRT per mg protein in cat-2Δ worms and 0.067 ± 0.009 ng SRT per mg protein in ace-

1Δ::ace-2Δ worms. Wildtype worms contained 196 ± 30 ng GABA per mg protein (Figure 

4C). Interestingly, cat-2Δ worms displayed a significantly lower amount of 121 ± 9 ng GABA 

per mg protein, whereas the deletion mutant ace-1Δ::ace-2Δ had the lowest amount of 104 

± 4 ng GABA per mg protein, which significantly differed compared to wildtype worms. The 

next neurotransmitter we quantified was ACh (Figure 28D); 6.24 ± 0.64 ng ACh was 

contained per mg protein in wildtype worms and 4.97 ng ACh per mg protein in cat-2Δ 
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worms, representing a slight decrease, although it was statistically indistinguishable from 

wildtype worms. In contrast, the deletion mutant ace-1Δ::ace-2Δ contained a significantly 

higher amount of ACh compared to wildtype worms, with 113 ± 9 ng ACh per mg protein. 

Thus, ace-1Δ::ace-2Δ worms contained 18-fold greater ACh levels compared to wildtype 

worms. 

 

Figure 28: Levels in ng per mg protein of dopamine (A), serotonin (B), GABA (C) and acetylcholine 

(D) in L4 stage worms (wildtype, cat-2Δ and ace-1Δ::ace-2Δ) quantified via LC-MS/MS. Data 

presented are mean values of n = 4 independent experiments + SEM. Statistical analysis using 

unpaired t-test. Significance levels with α = 0.05: *: p ≤ 0.05 and ***: p ≤ 0.001 compared to wildtype 

worms 

5.2.5 Aldicarb-Induced Paralysis Assay 

To investigate the consequences of our findings regarding the neurotransmitter 

quantification of the two deletion mutants, cat-2Δ and ace-1Δ::ace-2Δ, compared to wildtype 

worms, a classical applied behavioral assay was performed. Aldicarb is an AChE inhibitor, 

which leads to an accumulation of ACh, and therefore to a persistent activation of muscles 

followed by paralysis. The aldicarb-induced paralysis assay examines alterations in the 

synaptic transmission of C. elegans.[298] Aldicarb resistance, compared to wildtype worms, 

results in decreased synaptic transmission. By implication, aldicarb hypersensitivity leads 

to increased synaptic transmission.[299] 
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Results are presented in Figure 29 and demonstrate the paralysis rate in all three tested 

worm strains over a time span of 240 min. The cat-2Δ strain showed an earlier onset of 

paralysis compared to wildtype worms, with only 65% ± 14% of worms moving after 60 min 

(wildtype: 74% ± 7%) and 15% ± 8% after 120 min (wildtype: 22% ± 7%) when exposed to 

aldicarb, but the difference did not attain statistical significance. ace-1Δ::ace-2Δ worms, in 

contrast, showed significant aldicarb resistance compared to wildtype worms, with 94% ± 

2% of worms moving after 60 min and 45% ± 10% after 120 min of aldicarb exposure. Taken 

together, these findings establish that the loss of AChE leads to reduced synaptic 

transmission in C. elegans due to aldicarb resistance. 

 

Figure 29: Aldicarb-induced paralysis assays in wildtype worms (black), cat-2Δ (dark grey) and ace-

1Δ::ace-2Δ (light grey) deletion mutants. Displayed are fractions of moving worms [%] plotted against 

assay procedure times [min]. Data presented are mean values of n = 4 independent experiments ± 

SEM. Statistical analysis using unpaired t-test. Significance levels with α = 0.05: *: p ≤ 0.05 

compared to wildtype worms at the same time point. 

 

5.3 Discussion 

Tight regulation of the neurotransmitters is required to avoid adverse consequences of 

deficiency or excess, since various neurological diseases are characterized by a disturbed 

neurotransmitter homeostasis. Diseases associated with dysregulated neurotransmitters 

include PD, AD or depression, among others.[300] In this context, it is important to underline 

that in most clinical disorders, more than a single neurotransmitter is altered in its 

homeostasis.[301,302] Therefore, we have developed an LC-MS/MS-based method to 
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simultaneously quantify multiple neurotransmitters within a single sample and run, which 

allows the quantification of DA, SRT, GABA and ACh, as well as the identification of 

potential changes in neurotransmitter ratios. It is important to note that this, to our 

knowledge, is the first method proposed to quantify multiple neurotransmitters, especially 

GABA and ACh, in C. elegans. To verify the optimized and validated method, we took 

advantage of the fact that C. elegans is easily genetically manipulated, and used worms 

that cannot synthesize DA (cat-2Δ) or degrade ACh (ace-1Δ::ace-2Δ), analyzed their 

neurotransmitter profiles, and characterized their impacts on synaptic transmission by a 

further independent assay, which refers to classically performed behavioral assays. 

Our method for neurotransmitter quantification distinguishes itself from other published 

MS-based methods given its advantages. First, only a low quantity of worms is necessary 

for an analysis. Furthermore, there is only minimal sample preparation required, as the 

extraction buffer has been optimized regarding pH and organic modifiers for all analytes, 

so further time-consuming extraction steps are not required. The pH value of the buffer 

used is particularly important for neurotransmitter extraction, since DA autoxidizes easily 

at a neutral pH value,[303] and extraction must therefore take place in an acidified milieu. 

GABA, on the other hand, displayed the best extraction in the neutral to slightly acidic pH 

range, with the result that we found a good compromise of pH = 4 for maximal extraction, 

which provides a higher overall sensitivity. The limits of detection for all analytes in matrix 

are in the very low nM range, which is advantageous compared to other LC-MS-based 

methods for the quantification of neurotransmitters in other matrices, as well as in 

standard solutions only.[292,294,304,305] Tufi et al. present an LOQ for SRT of 1.7 nM in 

zebrafish Danio rerio, which is roughly comparable to our data, whereas for other 

neurotransmitters like DA and GABA, two-digit nM quantification limits are displayed.[294] 

Huang et al. and Wang et al.’s LOQ for GABA in mice brain tissue is lower than that 

presented by us at 10 nM; however, their LOQs for DA and SRT are above 1 nM, and thus 

higher than those demonstrated in our study.[270,304] Olesti et al. demonstrate LOQs in the 

two-digit nM range in rat plasma and brain homogenates,[305] while in Blanco et al.’s study, 

the average values of DA and ACh in mouse cerebrospinal fluid are below the LOQ.[271] 

However, the sensitivity is increased enough in the presently evaluated method to quantify 

the four neurotransmitters in a few 100 worms, which would allow high-throughput 

analyses in order to identify, for example, neurotoxic or neuroprotective substances. The 

method also offers high accuracy, as we use the respective isotope-labeled standards for 

each analyte throughout the entire sample preparation to compensate for losses in recovery 
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and allow for an unequivocal identification of the neurotransmitters. The use of isotope-

labeled standards is also a special feature of this method, which is often 

unconsidered.[270,293,306] Another advantage that underlines the specificity of our method is 

the use of a tandem mass spectrometer. The fragment pattern, characterized by the m/z 

ratios of the precursor ion and fragment ions, is as unique as a fingerprint for each 

molecule[307] and enables us to specifically identify our targeted analytes, rather than using 

retention times only. Other types of detection, such as quantification by fluorescent 

dyes,[288–290] are less specific than the method described herein. Neurotransmitter 

quantification by HPLC with fluorescence detection is also both less specific and less 

sensitive, since it is necessary to derivatize the analytes into a fluorescent product. In 

addition, external calibration is commonly necessary.[286,287] In addition, other methods, 

such as that proposed by Zhang et al., combine precolumn derivatization with LC-MS/MS 

analysis to increase the specificity and sensitivity.[308] This provides LOQs in the single-

digit nM range comparable to those produced by our method, but an additional 

derivatization step must be performed, which bears a further opportunity for error and 

takes another 30 min. 

The roundworm C. elegans has become a prominent model organism and multipurpose tool 

to study neurotoxicity. Since only very few neurodegenerative diseases are linked to genetic 

factors, growing evidence strongly implicates environmental factors in their respective 

etiology. Therefore, the worm, with its existing neurodegenerative disease models (mostly 

transgenic worms), offers the opportunity for testing potential neurodegenerative 

substances and treatments, which may reflect or even accelerate the progression of 

neurodegenerative disorders. The quantification of neurotransmitter levels allows for 

precise identification of mechanisms that mediate neurotoxicity, and identifies putative 

targets for efficient therapeutic approaches and neuroprotective strategies. A special 

feature of C. elegans is its short life cycle, which allows a huge sample quantity in a short 

time period, and in combination with the presented analysis offers an effective high-

throughput method. A further advantage of the worm is its completely sequenced genome, 

allowing its simple genetic manipulation. As a result, especially for neurobehavioral assays, 

chemicals or toxins are often not used as positive controls; rather, worms with specific 

mutations are. A commonly used assay is the basal slowing response, which examines 

dopamine-dependent behavior in the presence of food[211]. cat-2Δ worms are a popular 

positive control, since they show reduced food sensing due to its deficiency in DA 

synthesis.[309,310] Mutations of C. elegans are also often used to model neurodegenerative 
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diseases like PD[276] and AD.[278] Despite the extensive use of mutants of this worm in 

neurobehavioral assays, its neurotransmitter profile has not been characterized, to our 

knowledge. Despite the usage of behavioral assays and the microscopy of fluorescence-

tagged neurons, only a few chromatographic approaches have been carried out in C. elegans 

to quantify DA. Only Schumacher et al. displayed a validated LC-MS/MS-based method to 

analyze DA and SRT in C. elegans, but they excluded GABA and ACh,[283] which are, 

however, essential for the investigation of neurotoxicity.[265,311] Using our method, we were 

able to determine neurotransmitter profiles in wildtype worms, as well as in cat-2Δ and 

ace-1Δ::ace-2Δ worms. As suggested in the literature, cat-2Δ worms had lesser DA levels 

compared to wildtype worms, which was corroborated by our LC-MS/MS method. In 

addition, we could also identify altered GABA levels. The same applied to ace-1Δ::ace-2Δ 

worms, wherein we could detect increased ACh levels as expected, but also reduced GABA 

levels, which underlines the interdependence and homeostatic dependence of different 

neurotransmitters. Muñoz et al. demonstrated interactions between the dopaminergic and 

serotonergic systems in PD.[312] Qi et al. reported how different neurotransmitters modulate 

neurotransmitter balance, and therefore regulate the function of different brain regions.[268] 

This emphasizes the importance of simultaneously quantifying multiple 

neurotransmitters, which has been achieved with this LC-MS/MS-based method. In 

contrast, behavioral assays do not constitute quantitative methods, but merely provide an 

insight into the consequences of an eventual neurotransmitter dyshomeostasis. It is 

noteworthy that the combination of instrumental analytics (especially mass spectrometry) 

and behavioral assays complement each other remarkably well. Therefore, the worm 

strains mentioned above were subjected to the aldicarb-induced paralysis assay in addition 

to neurotransmitter quantification. 

Aldicarb, an AChE inhibitor, promotes the accumulation of ACh in locomotor 

neuromuscular junctions in C. elegans.[313] This results in hyperexcitability and excessive 

muscle contraction, causing paralysis.[71] If a mutant strain displays higher ACh levels, it 

should undergo paralysis faster. However, it has been shown that not only ACh itself is 

involved in aldicarb-induced paralysis, but the entire cholinergic system. Upon aldicarb 

treatment, mutants with impaired cholinergic function accumulate synaptic ACh at a 

slower rate, resulting in slower paralysis, and therefore aldicarb resistance, compared to 

wildtype worms.[314] 
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This is consistent with our data, where ace-1Δ::ace-2Δ mutants showed a slower onset of 

paralysis, which was also demonstrated by Oppermann and Chang.[315] Hypothetically, it is 

not an increase in total ACh levels that leads to the onset of paralysis, but increased ACh 

levels in the neuromuscular junction. Giles et al.[314] reported that worms with disrupted 

inhibitory GABA function had a faster paralysis rate due to a loss of relaxation. Thus, given 

the GABA deficiency, cat-2Δ worms should paralyze faster in the presence of aldicarb 

compared to wildtype worms, which does not appear to be the case. It appears that behavior 

is a not fully understood yet complex construct in C. elegans, and further research is 

required to understand the underlying mechanisms of behavioral assays like the aldicarb-

induced paralysis assay. This underscores that the combination of behavioral assays for C. 

elegans and the quantitative and validated methods such as the LC-MS/MS-based method 

developed herein provide the means for altered functional characterization along with its 

underpinning mechanisms. It is also noteworthy that the behavioral assays mentioned are 

species-specific, in this case C. elegans-specific. However, our LC-MS/MS method for the 

quantification of neurotransmitters is universally applicable and can be applied to other 

model systems and tissues in the future with the eventual adaption of sample preparation. 

5.4 Material and Methods 

5.4.1 C. elegans Handling and Cultivation 

C. elegans strains Bristol N2 (wildtype) and deletion mutants (Δ) CB1112 (cat-2Δ) and 

GG201 (ace-1Δ::ace-2Δ) were obtained from the Caenorhabditis Genetics Center (CGC, 

Minneapolis, MN, USA), which is funded by the National Institutes of Health Office of 

Research Infrastructure Programs. Cultivation of C. elegans was maintained on 8P agar 

plates coated with the Escherichia coli (E. coli) strain NA22 at 20 °C as previously 

described[316,317]. To generate age-synchronous worm populations, gravid adults were 

treated with bleach solution (1% NaOCl and 0.5 M NaOH) to release eggs, which were 

allowed to hatch overnight in M9 buffer. Synchronous L1-stage larvae were placed on 

nematode growth (NGM) agar plates coated with E. coli strain OP50 for 48 h to reach L4 

stage. 

5.4.2 Neurotransmitter Standard Solution 

Dopamine hydrochloride (Alfa Aesar, Kandel, Germany) and 2-(3,4-dihydroxy-

phenyl)ethyl-1,1,2,2-d4-amine HCl (DAd4) (CDN Isotopes, Pointe-Claire, Canada) were 

dissolved in 200 mM HClO4 (Sigma-Aldrich, Steinheim, Germany), whereas γ-aminobutyric 
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acid (Sigma-Aldrich, Steinheim, Germany) and 4-aminobutyric-2,2,3,3,4,4-d6 acid 

(GABAd6) (EQ Laboratories GmbH, Augsburg, Germany) stock solutions were prepared in 

10% methanol (MeOH) (LC-MS grade, Thermo Fisher Scientific, Waltham, MA, USA). 

Serotonin hydrochloride (Alfa Aesar), serotonin-α,α,β,β-d4 creatinine sulfate complex 

(SRTd4) (CDN Isotopes, Pointe-Claire, Canada), acetylcholine chloride (Sigma-Aldrich, 

Steinheim, Germany) and acetylcholine-1,1,2,2-d4 chloride (AChd4) (EQ Laboratories 

GmbH, Augsburg, Germany) were dissolved in bidistilled water. The deuterated analogue 

of the respective neurotransmitter was taken as an internal standard. 

5.4.3 Sample Preparation and Neurotransmitter Extraction 

Synchronous L4 stage wildtype, cat-2Δ and ace-1Δ::ace-2Δ worms were washed off from 

NGM agar plates using 85 mM NaCl + 0.01% Tween. The washing procedure was repeated 

three times to ensure samples were free of E. coli. Of each respective strain, 3000 worms 

were pelletized in 50 µL 85 mM NaCl by centrifugation at 380 g, frozen in liquid nitrogen 

and stored at −80 °C. Extraction buffer (2 mM sodium thiosulfate, 2.5 mM HClO4, 10% 

MeOH LC-MS grade, 25 mM DAd4, 25 mM SRTd4, 25 mM AChd4 and 500 mM GABAd6) was 

freshly prepared right before sample preparation. Samples were kept on ice during sample 

preparation and extracted samples were analyzed immediately by LC-MS/MS. In the first 

step, worm pellets were defrosted and 100 µL extraction buffer was added, as well as 

zirconia beads (biolab products, Bebensee, Germany). To homogenize the samples: 4× 

freeze–thaw cycles (1 min 37 °C, 1 min liquid nitrogen) followed by 4 × 20 sec bead beating 

by usage of a Bead Ruptor (biolab products, Bebensee, Germany). After centrifugation for 

10 min at 16,060 × g at 4 °C, 100 µL of the supernatant was transferred to a Spin-X® 

Centrifuge Tube Filter 0.22 µm (Corning, Amsterdam, The Netherlands) and centrifugation 

was repeated. An aliquot was transferred to a vial with insert and analyzed via LC-MS/MS, 

while the rest was used for protein quantification for normalization measured by 

bicinchoninic acid assay.[318] 

5.4.4 LC-MS/MS Parameters 

All analyses were conducted using an Agilent 1290 Infinity II liquid chromatography 

system (Agilent, Waldbronn, Germany) coupled with a Sciex QTRAP 6500+ triple 

quadrupole mass spectrometer (Sciex, Darmstadt, Germany) interfaced with an 

electrospray ion source, which operated in positive ion mode. Chromatographic separation 

was performed using a YMC-Triart PFP (pentafluorophenyl) column (3 µm, 3 × 150 mm) 
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and an additional precolumn (3 µm, 3 × 10 mm) of the same column material. The elution 

of neurotransmitters was carried out with bidistilled water + 10 mM formic acid (FA) (LC-

MS grade, Thermo Fisher Scientific, Waltham, MA, USA) and acetonitrile (ACN) (LC-MS 

grade, VWR, Darmstadt, Germany) + 10 mM FA. Three µL of the sample was injected. 

Analytes were eluted with a flow of 0.425 mL min−1 from the column, which was pre-heated 

to 30 °C. Total run time was 12 min, which was divided in a gradient with 0% ACN for 3 

min, 0 to 60% ACN for 6 min, 60 to 100% ACN for 0.5 min, 100% ACN for another 0.5 min, 

100 to 0% ACN for 0.5 min and 0% ACN for re-equilibration for 1.5 min. Analysis was 

carried out in scheduled multiple reaction monitoring (sMRM) mode with detection 

windows of ±40 sec of the respective retention times (Table 1). Ion source parameters 

optimization was performed with standard solutions of DA, SRT, GABA and ACh using the 

Compound Optimization software wizard of the Sciex Analyst Software (Version 1.7.2). The 

following parameters were determined: ion spray voltage = 4000 V, curtain gas (N2) = 40 

psi, nebulizer gas = 60 psi, drying gas = 50 psi, collision (CAD) gas = medium, temperature 

= 600 °C, entrance potential = 10 V. The dwell time for all analytes and deuterated 

standards was set to 20 ms. Mass transitions for the analytes and internal standards as 

well as the respective optimized collision energy (CE), declustering potential (DP) and 

collision cell exit potential (CXP) are listed in Table 3. 

5.4.5 Method validation 

Method validation was carried out according the “ICH guideline Q2(R2) on validation of 

analytical procedures” of the European Medicines Agency. Linear range, limit of detection 

(LOD), limit of quantification (LOQ), recovery, accuracy and intraday and interday 

precision were assessed for method validation. To investigate linear ranges, LODs and 

LOQs, solutions with fixed amounts of matrix (wildtype) and deuterated internal standards 

were added with neurotransmitter standards in a range of 0–500 nM for DA, SRT and ACh 

and 0–10 µM for GABA, and analyzed twice. Peak areas of the analytes were normalized to 

the respective internal standards, plotted against the added concentrations and afterwards 

examined for linear correlation. Signal-to-noise ratios (S/N) were calculated using 

Multiquant Software (Sciex, Version 3.0.3) and plotted against the added concentrations; 

the slopes were determined subsequently. LOD and LOQ were defined as LOD = 3×SDy/b 

(SDy = standard deviation of analyte concentration in ≥12 blank measurements, b = slope 

of calibration curve) and LOQ = 10×SDy/b. To assess the recovery of the deuterated internal 

standards in matrix, eight samples containing extraction buffer only and eight samples 
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with worm matrix in extraction buffer were analyzed. Recovery was defined as the ratio of 

the area of internal standards with to that without matrix. For accuracy, matrix-free 

samples with low (25 nM), middle (250 nM) and high (2.5 µM) amounts of all 

neurotransmitters added along with 250 nM of deuterated standards were analyzed twelve 

times. Accuracy was calculated in percent by how much of the neurotransmitters was 

actually detected. To determine precision, intraday variation of eight wildtype worm 

samples pelletized and analyzed on the same day, and interday variation of six wildtype 

worm samples, each pelletized and analyzed on six different days, were assessed. Samples 

were normalized for protein content for examination of intraday as well as interday 

precision. Precision is stated as relative standard deviation in percent (RSD%) of the above-

mentioned samples. 

5.4.6 Aldicarb-Induced Paralysis Assay 

Synchronous L1 stage worms were placed on NGM plates as mentioned above for 72 h until 

the young adult stage. The assay was performed based on Mahoney et al.[281] In brief, a 100 

mM aldicarb (Sigma-Aldrich, Steinheim, Germany) stock solution was prepared in 70% 

ethanol. For plates with 2 mM aldicarb, NGM agar was set up as previously described[295,297] 

and added with aldicarb for desired concentration. Three mL portions were poured into 3.5 

cm petri dishes and stored at 4 °C. The plates were coated at the very beginning of the 

experiment with 2 µL of E. coli strain OP50 to concentrate worms in the middle of the 

plates. The assay was always performed as a blinded experiment. Of each genotype, 20–25 

worms were placed on an aldicarb-containing plate, which were left at room temperature 

during the assay procedure. Every 60 min, the number of total and paralyzed worms was 

counted. Worms were defined as paralyzed if they demonstrated no movement after 

prodding carefully with a platinum wire against head and tail. 

5.4.7 Statistics 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, La Jolla, 

CA, USA) via unpaired t-test. Significance levels with α = 0.05 are depicted as *: p ≤ 0.05, 

**: p ≤ 0.01 and ***: p ≤ 0.001, compared to wildtype worms. 

5.5 Conclusion 

In summary, here (1) we developed a novel liquid chromatography–tandem mass 

spectrometry (LC-MS/MS) method, which enables simultaneous neurotransmitter 

quantification of dopamine (DA), serotonin (SRT), γ-aminobutyric acid (GABA) and 
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acetylcholine (ACh) in the nematode, C. elegans, an assay (2) which can readily be applied 

to other matrices. (3) Furthermore, the LC-MS/MS method combined with isotope-labeled 

standards provides exquisite sensitivity and specificity, (4) providing a validated analytical 

method for the assessment of altered neurotransmission and neurotoxicity. Our analytical 

method allows the quantification of neurotransmitters and their ratios as a convenient tool 

for the identification of mechanisms that mediate neurotoxicity, and it should be helpful in 

identifying possible putative therapeutic approaches and targets. Neurotoxicity assessment 

in C. elegans is commonly carried out by behavioral assays, which provide a sensitive assay 

for altered neurological behaviors, but are unable to characterize neurotransmitter levels. 

Other than C. elegans species-specific behavioral assays, our method is equally applicable 

to other tissues and matrices. 
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Abstract:  

Maneb is a manganese-containing ethylene bisdithiocarbamate fungicide and is still 

commonly used as no cases of resistance have been documented. However, studies have 

shown that Maneb exposure has neurodegenerative potential in mammals, resulting in 

symptoms affecting the motor system.  Despite its extensive use, structural elucidation of 

Maneb has only recently been accomplished by our group. This study aimed to determine if 

the toxicity of Maneb is primarily caused by the fungicide itself, the release of manganese 

ions, the organic backbone, its degradation products, or a combined effect. Therefore, 

Caenorhabditis elegans was used as in vivo model for neurotoxicity. Exposure to Maneb did 

not increase the bioavailability of Mn compared to manganese chloride, although Maneb 

was about 8 times more toxic with regard to lethality. Maneb generated only mildly reactive 

oxygen and nitrogen species (RONS) but increased the amount of glutathione and its 

oxidized form in a dose-dependent manner. Nevertheless, an alteration in the 

neurotransmitter homeostasis of dopamine, acetylcholine, and gamma butyric acid (GABA) 

was observed upon Maneb exposure, which underlines the assumption of the neurotoxic 

potential of Maneb. This study showed that Maneb exhibits effects based on a combined 

interaction of the ligand and manganese.  
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Chapter 6 – Exposure to the environmentally relevant 

fungicide Maneb: Studying toxicity in the soil 

nematode Caenorhabditis elegans  

6.1 Introduction 

Polymeric ethylene bisdithiocarbamate (EBDC) containing fungicides and their salts were 

patented in the 1940s as the first broad-spectrum foliar fungicides.[22] In 1950 the 

manganese (Mn) containing EBDC fungicide was patented and marketed under the brand 

name Maneb (MB) [4]. Since then, it has been widely used in over 100 different crops, 

including potatoes, tomatoes, and bananas.[43,319] Because EBDC-based fungicides have a 

highly effective multi-site mode of action, they are commonly used in mixtures with other 

fungicides as part of resistance management strategies.[43] Since this class of fungicides 

does not act systemically in the plant and is used preventively, they have to be repeatedly 

applied, which increases the amount of active ingredient entering the environment. 

Occasionally, exact molecular structures of compounds known for ages remain unknown, 

this is also true for MB. Its molecular structure was unknown for over 70 years and has 

only recently been elucidated by our group [252]. Contrary to expectations, MB is very stable 

towards oxidation in the solid-state due to a two-dimensional polymeric network structure 

with intramolecular sulfur bridges. In dimethylsulfoxide (DMSO) solution MB forms a 

coordination polymer with two coordinating DMSO molecules in each unit cell.[252] MB is 

thus a polymer of unknown length and its insolubility makes it unsuitable for conventional 

liquid chromatography coupled with mass spectrometry. Therefore, residue analyses of 

dithiocarbamate (DTC)-containing fungicides in crops are based on carbon disulfide (CS2) 

content and do not refer to the specific metal species, which makes it impossible to 

distinguish between approved and non-approved EBDC fungicides. The European Food 

Safety Authority (EFSA) published in their annual report on pesticide residues from 2020 

that the chronic dietary exposure (expressed in % of the acceptable daily intake (ADI)) was 

between 9% and 83%, over all DTC-containing fungicides. Most chronic exposures from 

other pesticides are typically less than 10% or even less than 1% of the ADI. The primary 

food contributors were apples, pears, and broccoli.[39] Thus, the group of dithiocarbamates 

repeatedly attracts attention due to cases of increased residue levels. Unlike food samples, 

environmental samples are collected less frequently. Data on possible ecological 

accumulation of the metals released from EBDC fungicides, especially in soil or water 

samples, is somewhat limited, and their fate in the environment has not been identified. 
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On the one hand, Mn is a necessary cofactor for several enzymes and is involved in different 

processes, including metabolism, antioxidant defense, development, and reproduction.[130] 

On the other hand, despite being essential, a chronic over-supply of Mn can lead to 

neurodegenerative damage with symptoms similar to Parkinson's disease, termed 

"manganism".[76,137,221] 

Various EBDC degradation products are known, including CS2 and ethylene thiourea 

(ETU), which is formed by metabolism but also appears as a manufacturing by-product.[44] 

The proposed mode of action of the fungicidal activity is based on disruption of  several 

metabolic processes in fungi by interactions with amino acids, thiol-containing biomolecules 

or metals from metalloenzymes.[75,186] Due to the broad mechanism of action, it can be 

assumed that this class of fungicides acts non-specifically against fungi and may also affect 

other organisms and humans. In the 1980s, a relationship between MB exposure and the 

development of neurological symptoms in field workers was observed.[2,3,320] ETU exposure 

is associated with chronic effects such as thyroid issues and the risk of thyroid cancer.[81,82] 

In vivo and in vitro studies revealed that MB exposure caused toxic effects similar to ionic 

Mn(II) overexposure. These include accumulation of Mn,[9,321] neurotoxic effects,[10,54,63,228] 

and alteration in the glutathione (GSH) antioxidant system[8,54] as a marker for oxidative 

stress. 

Due to the fact that most toxicological studies of MB use the fungicide either as a 

formulation with various additives or pesticide standards, this study focused on the effect 

of pure-synthesized MB.[252] However, it has not yet been determined if the toxicity of MB 

is primarily caused by the fungicide itself, the released ionic Mn, the organic EBDC 

backbone, its degradation products or a combined effect. Therefore, this study addressed 

the toxicological effects of MB in comparison to MnCl2, the trace element-free EBDC 

disodium salt Nabam (NB) and the major EBDC-metabolite ETU using the wild-type 

nematode Caenorhabditis elegans (C. elegans) as an in vivo model organism.  

C. elegans is a transparent nematode that lives in organic-rich soils in temperate 

environments and is directly affected by applied pesticides. C. elegans has a rapid lifecycle 

and provides a self-fertilizing hermaphrodite with many offspring using Escherichia coli 

(E. coli) as a food source. C. elegans also features a fully sequenced genome with many 

homologs to the mammalian system.[204,317] For example, the nematode features genes 

involved in trace metal homeostasis and their transporters, allowing investigations into 

trace metal-induced toxicity.[322,323] Because of its numerous properties, the worm is a 
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popular model organism for studying neurotoxicity according to the 3 R-principle (refine, 

reduce, replace).[324,325] C. elegans features a nervous system with functionality similar to 

humans and, for example, also secretes neurotransmitters like dopamine (DA), serotonin 

(SRT), acetylcholine (ACh), gamma-aminobutyric acid (GABA), glutamate and others.[206–

209,323] Thus, C. elegans is a popular model for studying neurotoxicity.  

In this study, we investigated the acute toxic effects in C. elegans of each substance (MB, 

ionic Mn and the MB derived metabolites) and examined the bioavailability of the 

individual Mn species. Furthermore, the mechanisms underlying Mn and MB toxicity were 

examined, specifically focusing on oxidative stress and neurodegeneration. 

6.2 Material und Methods 

6.2.1 Caenorhabditis elegans strain and maintaince. 

C. elegans wild-type (WT) N2 Bristol was obtained from the Caenorhabditis Genetics 

Center (CGC) (Minneapolis, MN, USA). Worm populations were cultivated on 8P plates 

seeded with the E. coli strain NA22 at 20 °C, as described by Brenner in 1974.[317] All 

experiments were performed in synchronized L1 stage larvae. According to standard 

protocols, age-synchronized worm populations were obtained using a bleach solution (1% 

sodium hypochlorite, 0.25 M NaOH). The released eggs were purified by centrifugation with 

a sucrose solution and worms were allowed to hatch overnight in M9 buffer. 

6.2.2 Material and synthesis. 

Manganese(II) chloride (MnCl2•4H2O, 99.99% trace element basis) was obtained from 

Sigma-Aldrich. The fungicide MB was synthesized as previously published and 

characterized via elemental analysis, thermal gravimetric analysis, X-ray diffraction, X-

ray absorption studies, and electron diffraction.[252] Ethylene thiourea (ETU) was supplied 

from Sigma Aldrich. Stock solutions of each substance were prepared immediately before 

each experiment. For MnCl2, a 2 M stock solution in 85 mM NaCl was maintained at 4°C 

for up to 6 weeks, and the corresponding working solution was diluted fresh daily. The 

sodium-containing structural analog NB was synthesized as described in the 

supplementary material.[255] 

6.2.3 Acute exposure. 

For all experiments 60.000 synchronized L1 larvae were exposed in the absence of E. coli 

for up to 2 h at different concentrations in a volume of 6 mL (resulting in "worm 
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concentration" 10 k/mL). In the case of the water-insoluble fungicide MB, each 

concentration contained 2% dimethyl sulfoxide (DMSO, >99.8% p.a., Roth); therefore, a 

vehicle control with 2% DMSO was included in each experiment. Exposure intervals of 30 

min and 2 h were chosen to investigate acute effects on L1 larvae. For some studies, 4.000 

exposed L1 worms were transferred on nematode growth medium (NGM) plates coated with 

the E. coli strain OP50, allowing them to reach the L4 larvae stage.  

6.2.4 Survival Assay. 

Following treatment, nematodes were washed three times with 85 mM NaCl. The lethality 

of the substances was determined using the survival assay.[146] Approximately 30 to 40 L1 

larvae per condition (in triplicate) were pre-counted and transferred to coated NGM plates. 

48 h post-exposure, the number of surviving worms was scored as a percentage of the 

original worm count to evaluate the survival rate. 

6.2.5 Measurement of Mn bioavailability. 

Mn bioavailability of the species was determined in 60.000 L1 stage worms using 

inductively coupled plasma-optical emission spectrometry (ICP-OES) (Avio 220 Max, 

Perkin Elmer). The samples were homogenized on ice to prevent protein denaturation (3x 

freeze-thaw cycles and sonication (3 x 20 s, 1 cycle, 100% amplitude). After centrifugation 

(10 min, 10.000 rpm, 4 °C), an aliquot of the supernatant was collected for protein 

determination. Subsequently, the worm suspension was dried and then acid-assisted 

digested (HNO3/H2O2, 1:1, suprapure® 65% nitric acid, 30% hydrogen peroxide, Merck) 

overnight at 95 °C. Ashed samples were re-suspended in 1 mL of 2% HNO3 with Yttrium 

(10 µg/L, single element ICP standard, Roth) as internal standard and diluted 1:3 for ICP-

OES measurements. The instrument settings were chosen as follows: plasma power 1500 

W, plasma gas flow: 10 L/min, auxiliary gas flow 0.2 L/min, nebulizer gas flow: 0.70 L/min, 

pump flow rate: 1 mL/min, Wavelength: Mn 257.610 nm, Y 371.029 nm. An external 

calibration was prepared using a multi-element mix (Inorganic Ventures) for evaluation. 

Mn amounts were validated by measuring acid-assisted digested certified reference 

material (BCR-274, single cell protein, Institute for Reference Materials and Measurement 

of the European Commission, Geek, Belgium) and reference water (SRM-1640a, trace 

elements in natural water, National Institute of Standards and Technology, Gaithersburg, 

MD, USA). 
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6.2.6 Protein determination via bicinchoninic acid (BCA) assay. 

All analytical data were normalized to protein content, including total Mn bioavailability, 

neurotransmitter, and GSH/GSSG levels. The protein amount was determined using the 

bicinchoninic acid (BCA) assay (Sigma Aldrich) with bovine serum albumin (Sigma Aldrich) 

(100 to 1000 µg/mL) as an external calibration standard. The BCA assay was performed 

according to standard protocols[326] and absorption was measured at 560 nm using a 

microplate reader (Infinite M Plex, Tecan). 

6.2.7 Neurotransmitter quantification. 

Neurotransmitter levels were quantified according to a method using LC-MS/MS and 

deuterated standards of DA, SRT, ACh, and GABA, which has been previously published.[70] 

60.000 L1 worms were exposed to the respective compounds for 2 h and washed three times 

with 85 mM NaCl solution. 4000 L1 worms of each treatment condition were seeded on 

OP50 E. coli-coated NGM plates and allowed to reach the L4 larvae stage. L1 worms were 

immediately shock-frozen in liquid nitrogen and L4 stage larvae were pelleted after 48 h 

resting. Pellets were stored at -80 °C, and sample preparation was performed as described 

previously.  

6.2.8 Carboxy-DCFH-assay for RONS measurement. 

The formation of reactive oxygen and nitrogen species (RONS) was determined by a 6-

carboxy-2',7’-dichlordihydrofluorescein-diacetate (carboxy-DCFH-DA)-based fluorescence 

emission assay.[146] A 50 mM carboxy-DCFH-DA stock solution in DMSO was prepared 

immediately before the experiment. 50.000 synchronized L1 worms were exposed to 500 µM 

carboxy-DCFH-DA for 1 h in the dark. After treatment, the worms were washed with M9 

buffer and three times with 85 mM NaCl. Subsequently, 8000 L1 worms were transferred 

to each well in a 96-well plate and incubated with 350 µM tert-butyl hydroperoxide (t-

BOOH) as a RONS generating positive control, different MB and MnCl2 concentrations, as 

well as NB and ETU in triplicate. The cellular oxidation of carboxy-DCFH was monitored 

immediately (excitation: 485 nm, emission: 520 nm) by a microplate reader (Infinite M Plex, 

Tecan, Switzerland), and measurements were conducted every 30 min up to 4 h. Data were 

normalized to carboxy-DCFH-DA treated controls or, in case of MB, to the carboxy-DCFH-

DA treated DMSO-vehicle controls. 
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6.2.9 GSH and GSSG quantification. 

The total glutathione (GSH) and glutathione disulfide (GSSG) levels were evaluated 

according to a previously published method using N-ethylmaleimide (NEM) bound GSH as 

well as GSSG for external calibration.[327] Exposure of L1 worms was conducted as described 

in the neurotransmitter quantification section and samples were prepared as described. 

6.2.10  Statistical analysis. 

All data were analyzed and plotted using GraphPad Prism 6 (GraphPad Software, La Jolla, 

CA, USA). Data are shown as means with standard error of the mean (SEM). An unpaired 

t test with Welch's correction was used to compare concentrations and species to their 

respective controls.  

6.3 Results and Discussion 

6.3.1 Acute Toxicity. 

Many studies indicate that MB has a toxic potential, especially its role in neurotoxicity and 

induction of oxidative stress is discussed.[8,11,63] Mn has also been attributed to cause 

impaired dopaminergic, glutamatergic, and GABAergic transmission, oxidative stress and 

mitochondrial dysfunction.[145] However, no direct comparison of MB, ionic Mn and the MB 

derived metabolites in one model organism were carried out with respect to toxicity. 

Therefore, as a first step, the toxicity of MB in C. elegans after acute exposure was compared 

with that of MnCl2, NB, and ETU. Since commercially available pesticide standards can 

vary significantly in quality and the exact molecular structure of MB has just recently been 

reported, it was synthesized as previously published.[252] Previous studies either used MB 

in a formulation with other additives or pesticide standards. However, in order to 

specifically investigate the effect of the active ingredient, the existence of a pure substance 

is of critical importance. NB was also synthesized and obtained as a hexahydrate.[255] 

The dose-response survival curve revealed significant toxic effects induced by MB. It 

decreased survival rates in a dose-dependent manner, with an LD50 (dose which is lethal 

for 50 % of a tested population) of approximately 0.6 mM after 2 h exposure (Figure 30). 

Compared to MnCl2 with an LD50 of 5 mM, MB appears to be about eight times more toxic 

(Figure 30). These findings agree with an in vitro study comparing MB to several Mn 

species in PC12 rat pheochromocytoma cells [321]. 
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Figure 30: Dose-response curves following acute exposure for Maneb (MB). MnCl2, Nabam (NB), and 

ETU. In the box the respective LD50 values are shown. N2 (wild-type, WT) worms were treated for 2 

h at the L1 larvae stage with increasing concentrations of different compounds. Data are expressed 

as means ± SEM from at least four independent experiments (each experiment with three replicates). 

An unpaired t test with Welch's correction was used for the statistical analysis. Following p value 

summary was chosen: **p < 0.01, ***p < 0.001 compared to untreated control. 

 

In contrast, the disodium salt NB and the primary metabolite ETU showed no significant 

effects in the same concentration range (0 to 5 mM). Both showed increased toxic effects 

only at concentrations greater than 10 mM, but even at the highest applied dose of 50 mM, 

a lethality of 50% was not reached. These effects are consistent with cytotoxicity results 

from the literature.[54,328] Since several studies have shown in vitro that MB exposure leads 

to higher cytotoxicity than NB, ETU, and MnCl2, it was suggested that the complexed Mn 

in MB might be more bioavailable. Consequently, all subsequent experiments in this study 

were performed at subtoxic concentrations, including 0.1 mM and 0.25 mM for MB and 0.25 

mM and 0.5 mM for MnCl2 and their respective LD50 concentrations. In the case of NB and 

ETU, the subtoxic concentration of 5 mM was chosen as the highest concentration of the 

Mn-species range (5 mM). 
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6.3.2 Bioavailability of Mn.  

To investigate if the increased lethality of MB might be the result of an increased 

bioavailability of Mn, the total amount of Mn in L1 stage worms after acute treatment was 

quantified using inductively coupled plasma-optical emission spectrometry (ICP-OES). 

Treatment with higher doses for both Mn species increased total Mn time- and 

concentration-dependent (30 min vs. 2 h, Figure 31 (A)). A comparison of the total Mn 

amount after 2 h exposure to a subtoxic concentration showed that the more toxic MB 

species accumulated to a lower extent than the less harmful MnCl2 (Figure 31 (B)). For 

example, incubating 0.1 mM or 0.25 mM of MB for 2 h resulted in a 1.5-fold lower total Mn 

level than MnCl2 at the same dose (Table 6). Thus, the data suggest an inverse relationship 

between toxicity and Mn bioavailability of the species. 

Moreover, the total amount of Mn at the LD50 concentration was about five times higher in 

the case of MnCl2 compared to MB. To determine if Mn is still present in the worms while 

aging, treated and non-treated L1 larvae were placed on NGM plates for 48 h post-exposure. 

Total Mn content in the L4 animals was also determined via ICP-OES but no difference 

was found compared to untreated control nematodes indicating an elimination of Mn once 

treatment ended (Figure S4). NB and ETU-treated samples were also quantified, but as 

expected, Mn levels were not altered (data not shown).  

Bioavailability data of MnCl2 are in agreement with data of Peres et al., exposing L1 stage 

worms for 1 h.[329] Carmona et al. also observed an approximately 10-fold higher cytotoxicity 

of MB in vitro in PC12 rat pheochromocytoma cells compared to other Mn species. As in our 

study, no species-specific differences in Mn bioavailability was found.[321]  

Based on the bioavailability results, it was concluded that the higher toxicity of MB may 

not be caused by overexposure to Mn alone. Therefore, more detailed mechanistic studies 

were performed.  
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Figure 31: Mn contents following Maneb and MnCl2 exposure (time- and concentration dependent). 

Total Mn amount (normalized to protein content) of wild-type worms (L1 larvae) following acute 

Maneb or MnCl2 exposure at two different exposure times. Data are expressed as means ± SEM from 

at least three (30 min n = 3, 2 h: n = 5) independent experiments. (B) Species-specific effects. Total 

Mn amount (normalized to protein content) of wild-type worms (L1 larvae) following acute Maneb 

or MnCl2 exposure for 2 h. Data are expressed as means ± SEM from at least five independent 

experiments. An unpaired t test with Welch's correction was used for the statistical analysis of the 

total Mn content. Following p value summary was chosen: *p < 0.05, **p < 0.01, ***p < 0.001 

compared to untreated control and §p < 0.05, §§p < 0.01, compared to different species and #p < 0.05, 

##p < 0.01, ###p < 0.001 compared to different exposure time. 

 

Table 6: Total Mn content of C. elegans wild-type L1 worms measured with ICP-OES following 2 h 

incubation with the respective Mn species. Data are expressed as means ± SEM of at least five 

independent experiments. The individual LD50 dose is printed in bold. For control, a mean (n=26) 

was built of non-treated worms in 85 mM NaCl and non-treated worms with 2% DMSO as vehicle 

control. 

 Concentration [mM] Total Mn ± SEM [ng Mn/µg protein] 

Control 0 0.15 ± 0.01 x- fold of control 

Maneb 0.1 0.25 ± 0.01 1.7 x 

 0.25 0.38 ± 0.03 2.6 x 

 0.5 0.88 ± 0.15 6.0 x 

 

MnCl2 0.1 0.38 ± 0.03 2.6 x 

 0.25 0.58 ± 0.03 4.0 x 

 0.5 0.94 ± 0.12 6.4 x 

 5 4.8 ± 0.4 33 x * 
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6.3.3 Neurotransmitter quantification. 

Neurotransmitters (NT) are essential for proper function of the neural system; even small 

changes in their homeostasis and equilibrium can significantly impact the signaling 

cascade. Alterations in NT homeostasis are associated with neurodegenerative diseases 

including Alzheimer's disease, Parkinson's disease (PD), or Huntington's disease.[330–332] 

First, no treatment-related changes in NT levels of L1 or L4 larval stage worms were 

observed at a concentration of 5 mM NB or ETU (Figure 32 A-D), Figure S22 A-D). An MB 

concentration of 0.5 mM (LD50) leads to a significant decrease in DA, ACh, and GABA levels 

in L1 larvae compared to the untreated control (Figure 32 A-D). For comparison, exposure 

to MnCl2 at the LD50 concentration (5 mM) did not lead to significant changes in DA, SRT 

or ACh levels at any concentration or larval stage (Figure 32 A-C, Figure S22 A-D). GABA 

levels were significantly decreased at 5 mM MnCl2 in L1 larvae (comparable to the LD50 of 

MB) (Figure 32 D). However, after MB exposure the NT level alteration is rather acute 

since no more long-lasting effects are evident 48 post-treatment in the L4 stage worms 

(Figure S22 A-D).  

Epidemiological data prove that MB exposure is associated with a higher risk of Parkinson's 

disease (PD), especially when exposure occurs at a younger age.[52] Mancozeb (Mn and Zn 

containing EBDC fungicide) exposure during pregnancy is associated with adverse 

neurodevelopmental effects in children living near banana plantations in Costa Rica.[51,333] 

Many assumptions have been made about the loss of dopaminergic neurons for the 

underlying mechanism of action and the neurotoxic potential of MB. The underlying 

mechanisms are still poorly understood. Two in vitro studies[58,59] demonstrated decreased 

aldehyde dehydrogenase (ALDH) activities after MB exposure. ALDHs detoxify many 

reactive aldehydes generated during metabolism or by xenobiotics [334]. The dopamine 

monoamine oxidase (MAO) metabolite 3,4-dihydroxyphenylacetaldehyde (DOPAL), which 

is detoxified by ALDH, is even in physiological concentrations known to be selectively 

neurotoxic in dopaminergic neurons targeting the mitochondria. ALDH dysfunctions are 

associated with dopaminergic neurodegeneration and the pathogenesis of PD, which is 

characterized by the loss of dopaminergic neurons in the substantia nigra and the presence 

of α-synuclein aggregation.[69]  

Mesencephalic cells exposed to MB showed decreased cellular uptake of 3H-labeled DA and 

14C-labeled GABA in a dose-dependent manner.[54] The underlying principle is based on the 

fact that irreversible neuronal damage is associated with impaired NT uptake.[335] Domico 
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et al. also investigated the effect of the other species NB, MnCl2 and ETU. MnCl2 and ETU 

exposure in the same concentration range did not alter the DA and GABA uptake; only 

higher MnCl2 concentrations resulted in decreased DA uptake. At higher applied 

concentrations than MB, NB exposure also leads to reduced uptake of both 

neurotransmitters [54]. A few studies also investigated the neurotoxic effects of the Mn and 

Zn-containing EBDC fungicide Mancozeb (MZ) in C. elegans.[32] Experiments showed 

dopaminergic neurons are most vulnerable to MZ toxicity[336] but also GABAergic neurons 

seem affected by MZ exposure.[56] 

Carbamates such as the insecticide aldicarb are known for reversibly inhibiting 

Acetylcholinesterase (AChE). A similar effect is suspected for dithiocarbamates.[61] AChE 

inhibitors usually lead to an initial elevation in synaptic ACh levels since it is not 

enzymatically cleaved into choline and acetate. Elevated ACh levels cause hyperexcitability 

and paralysis.[71] On the other hand, low ACh levels are associated with Alzheimer’s disease 

due to reduced activity of cholinergic neurons. Here, AChE inhibitors are used to increase 

ACh levels in the brain and prevent damage to neurons due to loss of ACh.[337]    

NB was generally expected to generate similar effects as a structural analog of MB since 

both species contain the EBDC backbone. NB is in vivo partly metabolized to ETU and 

about 25 % is excreted via urine [338]. During EBDCs metabolizing to ETU, other metabolites 

such as CS2 or metal sulfides may be produced, but unmetabolized MB and NB are still 

present. CS2 exposure displays many adverse effects, including thyroid disruption, 

neurotoxicity, and cardiotoxicity.[65] However, no alteration was detected in NT levels after 

NB exposure (Figure 32 A-D, Figure S5 A-D). One noticeable difference between the 

disodium EBDC salt NB and MB is the replacement of Mn2+-ion with two Na+-ions. 

Moreover, the EBDC ligand acts as monodentate ligand toward Na+ ions,[27] while EBDCs 

in the presence of divalent d-block cations, such as Mn2+, act as bidentate chelate ligands.[18] 

In contrast to MB, which is only soluble in coordinating solvents such as DMSO or 

dimethylformamide, NB is highly water soluble. Although both EBDC complexes were 

synthesized in water, the co-crystallizing water molecules of MB are not bound to Mn.[252] 

Since the Mn ion prefers soft donor ligands one can assume that when MB enters a 

biological system, it interacts with sulfur functionalities of cellular molecules including 

proteins or enzymes.[186] Furthermore, MB might be more stable than usually assumed in 

the literature and therefore the toxicological effects might be more related to intact MB 

rather than its degradation products. 



Chapter 6 – Exposure to the environmentally relevant fungicide Maneb: Studying toxicity 

in the soil nematode Caenorhabditis elegans 

 

95 

 

Due to the significant differences in the toxicity of MB and NB, Mn has a considerable 

influence on the toxicity of MB. However, this Mn-related impact seems to exist only in 

combination with the organic backbone. Many studies concluded that the mechanism of 

action is affected by the ability of the ligand to control the reactivity of the metal.[186] 

Chronic overexposure of Mn (in the ionic form) can lead to neurodegenerative damage with 

symptoms similar to Parkinson's disease, termed 'manganism.' The underlying mechanism 

is not yet fully understood, but it is assumed that Mn accumulates in the brain region 

substantia nigra and leads to the loss of dopaminergic neurons.[76] However, only GABA 

levels decreased in L1 worms after MnCl2 treatment (Figure 32 D). Mn complexed to EBDC 

ligands becomes more lipophilic, implying permeability through cellular membranes.[186] In 

addition, another difference in the mechanism of action of the two Mn species might be a 

different oxidation state since the Mn(II) ions may be oxidized in the cellular environment. 

Thus, Mn can act as a redox cycler and induce the formation of reactive oxygen and nitrogen 

species (RONS), resulting in oxidative stress.[121] 
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Figure 32: Neurotransmitter levels [dopamine (A), serotonin (B), acetylcholine (C), GABA (D)] 

measured with LC-MS/MS normalized to protein content and normalized to respective control of 

wild-type worms (L1 larvae) following acute exposure for 2 h. Data are expressed as means ± SEM 

from at least three independent experiments. An unpaired t test with Welch's correction was used 

for the statistical analysis. The following p-value summary was chosen: *p < 0.05, **p < 0.01 

compared to respective untreated control, and §p < 0.05, §§p < 0.01 compared to the same 

concentration with different species. 
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6.3.4 Reactive oxygen and nitrogen species (RONS) formation. 

Oxidative stress is the imbalance between reactive species generated by metabolic 

processes and antioxidant capacity.[339] Increased amounts of reactive oxygen and nitrogen 

species (RONS) are associated with several neurodegenerative diseases. However, it is still 

unclear if RONS are a primary cause or a consequence in the pathogenesis.[72] Formation 

of RONS in C. elegans was detected during exposure using the fluorescence dye Carboxy-

DCFH-DA. RONS exceeding the homeostatic range can cause oxidative stress and cellular 

damage, especially oxidizing large biomolecules, like lipid membranes, enzymes or 

desoxyribonucleic acid (DNA).[340] After 30 min exposure MB showed a slightly increased 

fluorescence emission, corresponding to the induction of RONS at higher MB 

concentrations. (Figure 33 (A)). However, MnCl2 showed no effect at the same concentration 

(0.5 mM), although bioavailability data revealed similar Mn amounts at concentrations of 

0.5 mM compared to both Mn species. After 2 h exposure, the observed trend is identical 

but except for t-BOOH, the level of RONS did not increase compared to the 30 min exposure 

time (Figure 33 (B)). This may be explained by activating an intracellular stress response, 

resulting in regulation or detoxification processes.  

 

Figure 33 Fluorescence emission intensity normalized to respective control of wild-type worms (L1 

larvae) after 30 min acute exposure to the individual species. 0.35 mM t-BOOH was used as a positive 

control. Data are expressed as means ± SEM from at least three independent experiments. (B) 

Fluorescence emission intensity normalized to respective control of wild-type worms (L1 larvae) after 

2 h acute exposure. 0.35 mM t-BOOH was used as a positive control. Data are expressed as means ± 

SEM from at least three independent experiments. An unpaired t test with Welch's correction was 

used for the statistical analysis. The following p-value summary was chosen: *p < 0.05, **p < 0.01 

compared to respective untreated control, and §p < 0.05 < compared to the same concentration with 

different Mn species.  
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Other studies indicate that exposure to higher MnCl2 concentrations (> 5 mM) in C. elegans 

leads to slightly increased RONS levels after 2 h in L1 larval stage.[146] For MB no data 

regarding the formation of RONS are available in C. elegans. However, in human 

neuroblastoma cells[63] MB exposure leads to a concentration-dependent induction of RONS 

and similar effects were observed after MZ exposure in mesencephalic cells.[55] 

 

6.3.5 GSH and GSSG quantification. 

Oxidative stress is a synonym for the imbalance between reactive species produced by the 

influence of oxygen and the antioxidant protection systems.[339] Since more RONS are 

generated by MB treatment, the other side of the equilibrium was examined. As a marker 

for antioxidant capacity the total levels of GSH and GSSG in worm lysates were quantified 

to determine if MB is affecting the oxidative state as hypothesized. The endogenously 

synthesized thiol GSH is present in all cells and has many physiological functions, such as 

its involvement in the antioxidant defense system.[72] MB exposure significantly increased 

the total GSH levels in L1 stage worms after 2 h exposure in a dose-dependent manner 

compared to DMSO-treated controls. A maximal increase of total GSH (200%) was observed 

for the MB LD50 concentration (Figure 34 A). However, exposure to any other investigated 

species did not increase GSH levels. Considering the GSSG levels, the effect of MB becomes 

even more apparent, as a 10-fold increase (0.5 mM Maneb) was observed compared to the 

DMSO-treated vehicle control (Figure 34 B). 

MB is thought to interact with thiol groups and might be able to modify protein side 

chains.[11,75] In a previous in vitro study, cells treated with Maneb for 1 h resulted in highly 

elevated GSSG levels. However, GSH levels were decreased at lower MB concentrations 

and did not change at a higher MB concentration compared to the control.[62] In contrast, in 

mesencephalic cells an increased level of GSH after Maneb exposure was found, but no 

changes in the GSSG levels.[8] No changes in GSSG levels in the study by Barlow et al. could 

be due to the lack of sensitivity of fluorescent dye-based methods for GSSG quantification. 

In our study, we were able to detect GSSG levels in the picomolar range. Therefore, we 

could show in this study, that MB is causing oxidative stress, whilst this could not be 

observed in the other tested species.  
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Figure 34: (A) GSH amount measured with LC-MS/MS as GSH-NEM adduct normalized to protein 

content and normalized to respective control of wild-type worms (L1 larvae) following acute exposure 

for 2 h. (B) GSSG amount measured with LC-MS/MS normalized to protein content and normalized 

to respective control of wild-type worms (L1 larvae) following acute exposure for 2 h. (C) GSH 

amount normalized to protein content and normalized to respective control of wild-type worms (L4 

larvae) following acute exposure for 2 h in L1 larvae stage and 48 h rest on NGM plates. (D) GSSG 

amount normalized to protein content and normalized to respective control of wild-type worms (L4 

larvae) following acute exposure for 2 h in L1 larvae stage and 48 h rest on NGM plates. Data are 

expressed as means ± SEM from at least three independent experiments. An unpaired t test with 

Welch's correction was used for the statistical analysis. The following p-value summary was chosen: 

*p < 0.05, **p < 0.01 compared to respective untreated control, and §p < 0.05 compared to the same 

concentration with different species. 

 

6.4 Conclusion 

Maneb is often used as a part of resistance management strategies and is widely applied in 

Brazil, India, and China as a multi-site fungicide. However, epidemiological studies 

indicate an increased risk of neurodegenerative diseases associated with fungicide 
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exposure, including Maneb. Since Maneb is postulated to degrade into several products 

under physiological conditions, this study aimed to learn more about the underlying 

mechanism through a direct comparison of the different species in one organism. By using 

batches of our in-house synthesized pure Maneb, we could ensure that the effects of the 

fungicide were not caused by any impurities or additives which may be present in 

commercial products. This study showed that although Mn in Maneb is slightly less 

bioavailable than in MnCl2, Maneb is about eight times more toxic in Caenorhabditis 

elegans. For Maneb as underlying mechanisms of toxicity, oxidative stress and 

neurotoxicity could be identified. Neither MnCl2 nor the metabolites of Maneb such as ETU 

could be identified as being responsible for Maneb toxicity. The structural analog of Maneb, 

the disodium salt Nabam, was significantly less toxic and caused no changes in glutathione 

or neurotransmitter levels. The ligand-controlled metal reactivity plays a critical role in the 

mechanism of neurotoxicity. Thus, the toxicity appears to be a combined effect of the 

organic backbone and the coordinated Mn ion.  
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Chapter 7 – Further Studies using the model organism 

Caenorhabditis elegans  

7.1 Introduction 

For conducting toxicity studies using C. elegans, it is crucial to ensure the availability of 

the target species in a suitable form for the nematodes. Common methods for toxicity 

assessment using the worm involve either incubation on plates or in solution. During plate 

incubation, inactivated E. coli is typically enriched with the target species and spread onto 

agar plates. The worms are then exposed to the tested species for up to 48 hours. The E. 

coli should be inactivated (heat treatment), to prevent the metabolism of the species being 

studied. During incubation in solution, the worms are exposed for shorter periods, usually 

in the absence of food. The established exposure setup for Maneb and its limitation will be 

explained in the following section.  

Insights derived from the data presented in Chapter 6 indicate that the mechanism behind 

Maneb-induced toxicity involves both the ligand and Mn, as neither Mn-ions alone nor 

Nabam or ETU exhibit comparable effects. Children living near banana plantations in 

Costa Rica, which are subjected to aerial Mancozeb spraying, exhibit neurological 

abnormalities in development. These observed effects correlate with elevated Mn levels in 

hair or blood and ETU levels in urine.[51,52] Given that Mn and ETU are primary metabolites 

and degradation products of Maneb, investigating the impact of a combined Mn and ETU 

exposure becomes crucial in determining whether this combination contributes to enhanced 

toxicity of Maneb compared to the other species. Furthermore, to investigate the influence 

of the trace elements within the dithiocarbamates, the zinc-containing EBDC Zineb was 

examined in comparison to zinc sulfate. Zineb is reported to be less toxic than Maneb.[341,342]  

The neurotoxic potential of Maneb has been demonstrated in many studies.[9,54,55] Maneb 

exposure in C. elegans results among others in decreased neurotransmitter levels as shown 

in Chapter 6. However, this effect is observed only in L1 larvae, immediately after exposure. 

However, at 48 h post-exposure neurotransmitter levels in L4-stage worms returned to 

untreated control level, implying a reversibly impact on the neurotransmitter homeostasis. 

Thus, the C. elegans mutant strain BY200 was selected to determine the morphology of 

dopaminergic neurons in L1- and L4-stage. To identify neurodegenerative characteristics 

and to validate the assay, a positive control using the LD50 concentration of 6-

hydroxydopamine (6-OHDA) was included. 
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7.2 Materials and Methods 

7.2.1 C. elegans strains and maintaince. 

The C. elegans wild-type (WT) and BY200 strain (vtls1 [Pdat-1::GFP; rol-6], roller 

phenotype rarely detectable) were obtained from the Caenorhabditis Genetics Center 

(CGC) (Minneapolis, MN, USA). Handling and maintenance of the worm population was 

conducted as described in Chapter 6. 

7.2.2 Materials. 

Manganese chloride (MnCl2•4H2O, 99.99% trace element basis) and Zinc sulfate 

(ZnSO4•7H2O, 99.99% trace element basis) were obtained from Sigma-Aldrich. The 

fungicides Maneb and Zineb were synthesized as previously published[252] or described in 

Chapter 4. Ethylene thiourea (ETU) was supplied from Sigma Aldrich. Stock solutions of 

each substance were prepared immediately before each experiment. A 2 M MnCl2 and a 

1 M ZnSO4 stock solution in 85 mM NaCl was maintained at 4°C. The corresponding 

working solution were diluted fresh daily. 6-hydroxydopamine was obtained from Sigma-

Aldrich. 

7.2.3 Exposure. 

The exposure was conducted as described in Chapter 6. During the development of the 

“upscaling” exposure, experiments were carried out using 50,000 L1-stage worms in a 

volume of 0.5 mL (=100,000/mL).  

7.2.4 Survival Assay and Bioavailability. 

Survival assay and bioavailability measurements via ICP-OES were also performed as 

previously described in Chapter 6. 

7.2.5 Fluorescence microscopy. 

The BY200 strain was exposed for 2 h during L1 larval stage according to the described 

exposure procedure. For imaging both larval stages (L1 and L4-stage), worms were 

carefully transferred onto 4% agarose pads and anesthetized with 5 mM Levamisole. 

Therefore, 10 µL of a 5 mM Levamisole solution and 2-5 µL of a L1 worm suspension or 30-

40 L4-stage worms were applied on an agarose pad.  
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Images were acquired using a Leica DM6 B Fluorescence Microscope equipped with a x63 

magnification objective. Fluorescence images were captured with excitation at 460-500 nm 

and an emission range of 512-542 nm. The following parameters were selected: For L1 

worms using the 63x magnification objective: 500 ms exposure time for both modes. For L4 

worms using the 63x objective: 750 ms brightfield, 275 ms fluorescence. A series of z-stacked 

(20 steps) was obtained by optical sectioning at approximately 0.5 µm intervals. Images 

were processed and edited using the thunder function (small volume computational 

cleaning, adaptive strategy (water)) of the LAS X (Leica) software. This procedure aimed to 

obtain blur-free detailed overlays. For evaluation following scoring system was chosen: 1 = 

no alterations visible, 2 = irregular dendrites (kinks, bends), 3 = blebbing[343] (“beads on a 

string”), 4 = loss of dendrites or/and shrunken soma, 5 = loss of dendrites or/and loss of 

soma.  

7.3 Results and Discussion 

7.3.1 Establishment of an exposure setup for fungicides and metals 

MnCl2 incubation in L1-stage worms was conducted as described in the literature.[146,223] 

Data obtained from 30 min exposure to Mn(II) are in agreement with published lethal 

doses.[146] While this method is generally suitable for water-soluble compounds, its 

implementation encountered difficulties when dealing with Maneb. The EBDC-based 

fungicides Maneb and Zineb are exclusively soluble in DMSO, but the nematode can only 

tolerate up to 2% dimethyl sulfoxide (DMSO) in 85 mM NaCl without having adverse 

effects.[344]  However, Maneb becomes insoluble and precipitates in water containing 2% 

DMSO at concentrations exceeding 2.5 mM.  30 min exposure to Maneb resulted in an LD50 

in L1-stage worms of approximately 2.5 mM. Given that this concentration nears the 

solubility limit of Maneb and therefore may interfere ICP-OES measurements, the 

exposure interval was extended from 30 min to 2 h for all experiments in this study. 

The bioavailability data presented in Chapter 6 demonstrated a time-dependent Mn 

concentration in L1-worms, quantified using ICP-OES (Figure 31). Not only the Mn 

bioavailability was shown to be time-dependent, also the lethality was increased from the 

LD50 concentration 10 mM (30 min) to 5 mM (2 h) (Figure 35).  
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Figure 35: Time-dependency of the dose-response curve of C. elegans wild-type exposed to MnCl2 for 

30 min or 2 h. Data are expressed as means ± SEM from at least three independent experiments. An 

unpaired t test with Welch’s correction was used for statistical analysis. Following p value summary 

was chosen: * < 0.05, *** < 0.001 compared to untreated control. 

The survival assay was conducted using 5,000 worms per 0.5 mL tube (equivalent to 

10,000/mL). However, for assessing the bioavailability, larger number of worms are 

required due to the ICP-OES and BCA-assay detection limits. To accommodate this 

requirement, 50,000 worms were treated within a final volume of 0.5 mL (resulting in a 

concentration of 100,000 worms/mL). However, incubating 50,000 worms in the same 

volume as before yielded a reproducible shift in the LD50 concentration of MnCl2, observed 

in the survival assay (Figure 36 left). Conversely, incubating the identical worm number in 

5 mL (= 10,000 worms/mL) for 30 minutes, resulted in outcomes consistent with the 

preceding observations.  

There is no explanation for this phenomenon yet, since the MnCl2 concentration remained 

constant. The only factors that underwent alteration were the quantity of available Mn per 

worm and the “density” of worms. To determine whether the worms exhibit a reduced Mn 

uptake, the total Mn amount was measured via ICP-OES. Interestingly, there were no 

differences in the total Mn amount of the two different worm counts (10k vs.100k/mL). To 

put that in context, worms with lower toxic response exhibit a similar total Mn content per 

µg protein (Figure 36).  
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Figure 36: Effect of the worm-to-volume-ratio on the lethality and total Mn amount in L1 worms. C. 

elegans wild-type L1-stage worms were treated for 2h. Data are expressed as means ± SEM from at 

least three independent experiments. An unpaired t test with Welch’s correction was used for 

statistical analysis. Following p value summary was chosen: ** < 0.01, *** < 0.001 compared to 

untreated control.  

However, subsequent to the fluorescence measurement during the carboxy-DCFH assay, 

the exposed worms were assessed for any abnormalities under the microscope in the 96-

well plate. L1-worms exposed to 5 mM MnCl2 displayed a tendency to aggregate, exhibiting 

an “attachment to particles” behavior. The carboxy-DCFH assay was performed using 8.000 

worms in a final volume of 100 µL (80,000/mL) per well, making the experimental setup 

comparable to the high worm-to-volume ratio. One plausible hypothesis is that Mn(II) 

might undergo metabolic transformations, potentially involving oxidation processes, 

resulting in species that may precipitate. Consequently, the bioavailability assessment of 

the 100,000 worms/mL samples could potentially yield false-positive outcomes due to the 

measurement of attached Mn on the worm cuticle. This could also account for the reduced 

Mn toxicity, as precipitated Mn species might have limited bioavailability. In general, Mn 

is predominantly found in biological systems in oxidation states +II and +III.[124] In the +III 

oxidation state, Mn is encountered in forms such as Mn-citrate or bound to transferrin. On 

the other hand, Mn(III) is also known for undergoing disproportionation to Mn(II) and 

Mn(IV), while Mn(IV) typically forms precipitates like oxides.[345] However, the analytical 

characterization of Mn species is challenging due to their instability and low quantities.  

Michalke et al. has found eleven distinct Mn species in liver extracts using various 

combined analytical techniques.[345] This underlines the complexity of the nature of Mn 

species and their excretion. It’s important to emphasize that this “particles-attaching-

phenomenon” was only observed at the high worm-to-volume ratio (100k/mL) and not at 
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lower worm numbers (10k/mL) or in the absence of worms. All subsequent assays were 

therefore performed by exposing 60,000 worms in 6 mL. 

7.3.2 Influence of the metal on the toxicity of EBDC fungicides  

In this study Zineb serves as a structural analog of Maneb. Distinct from the water-soluble 

disodium salt Nabam, Zineb shares the characteristic of insolubility in water and contains 

the trace element Zn, integrated within a polymeric network. However, the published 

structures of Maneb[252] and Zineb[28] have already demonstrated differences in their 

coordination modes. Despite these structural variances, the aim was to focus on the impact 

of the contained trace element on the toxicity of EBDC fungicides. Several studies indicated 

that Zineb demonstrates relatively lower toxicity compared to Maneb.[341,342]  

To investigate if these findings can be confirmed in C. elegans, L1-stage wildtype worms 

were exposed to Zineb and ZnSO4. The LD50 for Zn(II) is approximately 1 mM (Figure 37), 

which is fivefold lower than that of Mn(II). Setting aside species-specific effects, this 

observation implies Zineb to be more toxic than Maneb. However, Zineb in 2% DMSO/ NaCl 

solution begins to precipitate even at concentrations as low as 0.5 mM. Despite this, 

concentrations ranging up to 5 mM were examined, but no lethality was evident (Figure 

37). This lack of effect might be attributed to the inaccessibility of the precipitates for L1-

stage worms. Concentrations below the solubility threshold were tested in small steps (inlet 

of Figure 37) to avoid any precipitations, but also exhibited no toxicity. Consequently, 

determining the LD50 of Zineb using the experimental framework designed for Maneb was 

not successful. However, a direct extrapolation between Mn(II)- and Zn(II)-salts to the 

corresponding fungicides is not possible. Otherwise, Zineb-induced lethality should have 

emerged at concentrations above 0.1 mM (Maneb LD50, 2 h, L1-worms 0.5 mM).  
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Figure 37: Dose-response curves following acute exposure to ZnSO4 (left) and Zineb (right). C. elegans 

wild-type L1 worms were treated for 2h. Since Zineb starts to precipitate at concentrations above 

0.5 mM, concentration below 0.5 mM were also tested. Data are expressed as means ± SEM from at 

least three independent experiments. An unpaired t test with Welch’s correction was used for 

statistical analysis. Following p value summary was chosen: *** < 0.001 compared to untreated 

control. 

 

One approach to address the solubility limitation of Zineb could involve extending the 

exposure interval. The L1-stage worm can be incubated for up to 4 hours without any 

consequences.[346] However, considering the stability results of Zineb in section 4.3.3, after 

4 hours in DMSO, ETU is already formed as a sign of degradation. Given that this study 

aimed to investigate the species-specific effects, this approach was not continued, but 

should be addressed in future studies. 

 

7.3.3 Dopaminergic neuron morphology in Maneb-induced neurotoxicity  

Neurotoxic effects of Mn-containing dithiocarbamate fungicides have been observed in 

vivo[8], in vitro[9,54,55] and in humans.[3,51,52] The immediate impact of Maneb on 

neurotransmitter levels of DA, SRT and GABA in C. elegans upon incubation in the L1-

larval stage was demonstrated in Chapter 6. However, no differences in neurotransmitter 

levels were observed compared to the untreated control after a resting period of 48 h to 

reach the L4-stage. Therefore, this study aimed to explore potential persisted morphological 

changes in dopaminergic neurons in both larval stages following Maneb exposure in L1-

stage.  
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For this purpose, the C. elegans BY200 strain was used, allowing the visualization of all 

three classes of dopaminergic neurons (CEP, ADE, PDE) in the hermaphrodite, due to GFP-

expression in DAT-1.[206,347] The dopamine transporter (DAT) is a protein responsible for 

reuptake of the neurotransmitter dopamine from the synaptic cleft into the cytosol of a 

nerve cell. This process is sodium-dependent, leading to the transport of two sodium ions 

and one chloride ion alongside each dopamine molecule, which is why the dopamine 

reuptake is controlled by a sodium/potassium ATPase.[348] In human DATs are prominently 

expressed in dopamine rich brain areas such as the substantia nigra, particularly within 

the axonal membranes of the nigrostriatal dopaminergic neurons.[349] Analogously, in C. 

elegans, there is a highly DAT-1 expression within the CEP dendrites, which enables to 

study not exclusively the cell body (soma) but also the morphology of their processes, the 

dendrites.[210] Dendrites are extensions of neurons that provide a large surface area for 

receiving, processing, and transmitting signals to the cell body, while axons are sending 

signals to other cells.[350,351]  

To ensure the identification of any morphological changes, a positive control was also 

included. 6-hydroxydopamine (6-OHDA) was used as a proven neurotoxicant due to its 

structural similarity to dopamine.[210] 6-OHDA is also of particular interest because it was 

discovered in brain and urine samples of Parkinson's disease (PD) patients, suggesting its 

role as endogenous factor in the pathogenesis of PD.[352,353] Nass et al. (2002) demonstrated 

that 6-OHDA specifically targets dopaminergic neurons.[210]  

Figure 38 displays L1-stage worms immediately after treatment, showing exemplary 

distinctive features observed during microscopic analysis. In L1-stage worms, the anterior 

deirids (ADE) processes (dendrites) and the posterior deirids (PDE) are not yet observable, 

as they develop between the first and second larval stage.[206] In Figure 38 A all four cephalic 

sensilla (CEP) dendrites of the untreated control worm are visibly intact. The ADE neurons 

are well observable, while the four CEP neurons are less distinguishable due to their 

emission intensity. However, overexposure of the soma is required, as the fine dendrites 

would otherwise not be observable, especially in neurodegenerative processes. Figure 38 B 

represents a L1-stage worm treated with 0.5 mM Maneb. Here only one of four CEP 

dendrites is visible, and all four CEP neurons emit less intense compared to the untreated 

control. The worm exposed to 5 mM 6-OHDA (Figure 38 C) serves as a positive control and 

displays also frequently occurring abnormalities which were classified in different groups 

and summarized in Figure 39. One of the dendrites shows the so called “blebbing” 
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phenomenon, which can be described as “beads on a string”[343] (Figure 38 C). Blebbing is a 

characteristic of dendrite degeneration.[354] However, this process is not always irreversible, 

as dendrites can also regenerate up to a certain threshold.[355] Bijwadia et al. (2021) 

introduced system for evaluating the progression of neurodegeneration with focus on all 

four CEP dendrites.[356] The scale categories abnormalities and ranges from no damage, 

through kinks, blebs to complete dendrite breakage and removal. Upon microscopic 

examination, it was observed that not only the dendrites experienced adverse effects, but 

also the cell bodies displayed indications of neurodegeneration, for example a reduced soma 

size. Due to these findings, a modified scoring system for evaluation of morphological 

abnormalities in dopaminergic neurons of L1- and L4-stage worms was developed and took 

different published methodologies into account.[357]  

 

 

Figure 38: Visualization of the six dopaminergic neurons (CEP and ADE), which are already 

developed in the L1 worm using the BY200 (pDAT-1::GFP) C. elegans strain. Worms were exposed 

for 2 h in L1-stage to evaluate the morphology of dopaminergic neurons. Shown are combined z-

stacked (20 steps) fluorescence images of different conditions: untreated control (A), treatment with 

0.5 mM Maneb (B) a positive control using 6-OHDA (C) and their respective brightfield images (D-

F). 
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Figure 39: Percentage distribution of L1 worms allocated to individual groups (1-5), with each 

condition normalized to the corresponding total worm count (approximately 30 worms were 

evaluated for each condition). C. elegans BY200 strain was exposed to the species for 2 h in L1-stage. 

The definition of each group was chosen as follows: 1 = no alterations, 2 = irregular dendrites (kinks, 

bends), 3 = blebbing, 4 = loss of dendrites or/and shrunken soma, 5 = loss of dendrites or/and loss of 

soma. 

 

The expression level of DAT-1 differs in each type of neuron, the highest expression occurs 

in CEP neurons, followed by ADE neurons and the PDE neurons show the lowest expression 

levels.[358] Expression levels are directly comparable to the GFP fluorescence intensity as 

evidenced in Figure 40, representing an untreated L4 stage worm. Considering the 

cylindrical body shape of the nematode and its common orientation on its side, usually only 

one of the two cell bodies of the respective neuron pair is visible in the overlaying z-stack 

images (Figure 40).  
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Figure 40: Visualization of the eight dopaminergic neurons (CEP, ADE and PDE) in the L4-stage 

worm using the DAT-1::GFP transcriptional fusion in the BY200 C. elegans strain. Worms were 

exposed for 2 h in L1 larval stage to evaluate the morphology of GFP expressing dopaminergic 

neurons after 48 h post-treatment. Shown are a combined tile scan fluorescence image with a 

combined z-stacked (20 steps) (A) of an untreated control and the respective brightfield image (B).  

 

Figure 41 displays exemplary images of L4-stage worms at 48 h post-exposure. In the 

control group, all four CEP dendrites were visible and exhibited no irregularities. 

Depending on the orientation of the worm, the z-stack captured all four CEP dendrites or 

layered two on top of each other, as depicted in Figure 41 (A). The worm in Figure 41 (B) 

was treated with 0.5 mM Maneb. All four CEP dendrites were present, but several 

evaluated worms displayed irregular bends and kinks in their dendrites. Additionally, the 

fluorescence intensity of the ADE neurons was decreased to the extent that both ADE 

neurons were distinctly visible despite the worm laying in a side position. The positive 

control (shown in Figure 41 C) treated with 6-OHDA exhibited the most pronounced effects 

across all examined worms. In some cases, all four CEP dendrites were either completely 

absent or only visible as blebs. Furthermore, many worms exhibited a reduced CEP cell 

body size, as demonstrated in Figure 41(C). These findings are in agreement with Nass et 

al. (2002), who reported that all three neuron classes respond with different sensitivity to 

6-OHDA (CEP>ADE>>PDE).[210] However, after Maneb exposure, the dopaminergic ADE 

neurons seem to be the most sensitive neurons, indicated by the fact that most CEP 

dendrites are intact or have irregularities, but no blebs (Figure 41 B).  
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Figure 41: Visualization of the six dopaminergic neurons (CEP and ADE) in the head (anterior) 

region in the L4-stage worm using the BY200 C. elegans strain. Worms were exposed for 2 h in L1-

larval stage and the morphology of GFP expressing dopaminergic neurons was evaluated in L4-stage 

48 h post-treatment. Shown are combined z-stacked (20 steps) fluorescence images of different 

conditions: untreated control (A), treatment with 0.5 mM Maneb (B) and a positive control using 6-

OHDA (C). 

 

 

Figure 42: Percentage distribution of L4 worms assigned to each group (1-5), with each condition 

normalized to the respective total worm count (approximately 30 worms for each condition were 

evaluated). C. elegans BY200 strain was exposed to the respective species for 2 h in L1-larval stage 

and analyzed via fluorescence microscopy in L4-stage 48 h post-treatment. The definition of each 

value can was chosen as follows: 1 = no alterations, 2 = irregular dendrites (kinks, bends), 3 = 

blebbing, 4 = loss of dendrites or/and shrunken soma, 5 = loss of dendrites or/and loss of soma. 

Since this is the first study, which exposed the BY200 strain to Maneb, there is a lack of 

date for comparing the diverse sensitivities of individual dopaminergic neurons. 

Furthermore, it would be of great interest to investigate whether the neurotoxic dopamine 

metabolite DOPAL follows a similar pattern in affecting ADE neurons. Maneb is reported 

to inhibit the aldehyde dehydrogenase (ALDH), which may lead to an accumulation of 

DOPAL and causes neurodegenerative effects on dopaminergic neurons.[58,59] 
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7.3.4 Co-Incubation of MnCl2 and ETU 

As shown in Chapter 6, the mechanism of toxicity induced by Maneb appears to involve a 

combination of Mn and the EBDC backbone. Given that EBDC predominantly decomposes 

into ETU, the lethality of a co-incubation of MnCl2 and ETU was assessed. This experiment 

aimed to determine whether the same concentration of both species leads to comparable 

toxicity levels as observed with Maneb. 

Indeed, the combination of Mn and ETU was more toxic than MnCl2 alone (Figure 43). The 

LD50 of the combination is approximately 2.5 mM, making it twice as toxic as MnCl2 alone 

(LD50 5 mM). ETU was not lethal at concentrations below 25 mM (Figure 30), while Maneb 

is still five times more toxic than the combination of Mn/ETU. However, during the 

formation of ETU, one equivalent of carbon disulfide is also produced, which could 

significantly contribute to the overall toxicity. Therefore, in all experiments was Nabam 

used as a possible CS2-releasing structure analog.  

 

Figure 43: Dose-response curves following acute exposure to MnCl2 and a combination of MnCl2 and 

ETU. C. elegans wild-type L1 worms were treated for 2h. Data are expressed as means ± SEM from 

at least three independent experiments. An unpaired t test with Welch’s correction was used for 

statistical analysis. Following p value summary was chosen: * < 0.05, ** < 0.01 *** < 0.001 compared 

to untreated control and # < 0.05 compared between species at the same concentration. 
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7.4 Conclusions 

To assess the toxicity of Maneb, a suitable exposure method was established and applied to 

other relevant species including MnCl2, ETU, and Nabam. However, due to the distinctive 

solubility characteristics of Zineb, this method is unsuitable for its evaluation, although 

investigation of the role of the metal in EBDC-induced toxicity is important. Adjustments 

of the incubation conditions would be required, potentially involving extended exposure 

times and the inclusion of a control with the specific ETU concentration, expected to form 

after Zineb being DMSO solution for 4 h according to NMR spectroscopy (Figure 23). 

Dose-response curves from co-incubation experiments indicate that the combination of ETU 

and Mn enhances toxicity, but not to the extent that it can exclusively account for the toxic 

effects of Maneb. Zinc sulfate, selected for comparison with Zineb as an inorganic species, 

exhibited an LD50 approximately five times lower than that of MnCl2 (1 mM Zn(II) vs. 5 mM 

Mn(II)). Other studies involving the nematode also emphasize that Zn(II) displays 

increased effects on the lifespan compared to Mn(II).[357,359] Mechanisms underlying zinc-

induced toxicity are still not fully understood but is hypothesized that labile Zn-ions might 

play a crucial role[360] and overexposure is associated to PD.[361] 

By using the BY200 strain and its GFP-expressing dopaminergic neurons, enabled the 

identification of effects that remained unclear considering the neurotransmitter levels 

alone. These findings confirm that Maneb not only acutely disrupts the neurotransmitter 

homeostasis but induces morphological abnormalities in the dopaminergic neurons of C. 

elegans. The observed morphological changes in L1-stage worms exhibit a similar intensity 

to those induced by 6-OHDA at concentration of 5 mM (compared to 0.5 mM Maneb). At 

48 h post-treatment, neurotransmitter levels of Maneb-treated L4-stage worms returned to 

control levels, but the morphological irregularities are persisted, implying a sustained and 

irreversible effect of Maneb. Especially the ADE neurons appeared to be more affected since 

ADE processes were partially lost and ADE cell body sizes were reduced. However, in the 

case of 6-OHDA-treated worms, CEP-dendrites and CEP somas were partially lost, 

consistent with published data that highlight the sensitivity of CEP neurons.[210] The 

varying sensitivity of the dopaminergic neurons in the anterior region implies the 

involvement of different mechanisms of dopaminergic neurodegeneration and provides a 

potential starting point for further studies. 
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Chapter 8 – Final Discussion and Future Perspectives 

The use of preventive acting fungicides has become increasingly importance due to the 

growing global population, aiming to counteract crop loss and mycotoxin contamination. 

However, these agents have the potential to impact not only intended target organism but 

can also affect non-target organisms and humans by entering the environment. The higher 

the specificity in the action of active ingredients, the greater the probability of resistance 

development in target species. In contrast, dithiocarbamate fungicides, known for their 

non-specific “multi-site” effect, are often combined with other pesticides to combat fungal 

resistance – an increasing concern due to extensive usage in the industrial agriculture.  

Since the 1950s, ethylene bis(dithiocarbamate) fungicides, particularly those containing 

Mn, have been extensively applied across 100 agricultural crops.[22] Curiously, despite 

stringent pesticide approval processes, their molecular structure has remained unknown. 

The undetermined structure, accompanied by challenging residue analysis, raises 

additional concerns about Maneb-induced neurodegeneration. Occupational exposure of 

field workers to Maneb has shown neurological abnormalities and residents, especially 

children, living near areas where aerial Mancozeb spraying is conducted, have displayed 

adverse neurological effects. These effects correlate with elevated levels of Mn in hair and 

blood and urinary metabolite (ETU) concentrations.[2,3,51,52] These findings have been 

confirmed by cell culture experiments and in vivo studies.[32,54–56] Nevertheless, the precise 

mechanism of toxicity remains unknown, as well as the role of the trace elements complexed 

in the fungicides. Excess of essential trace elements like Mn, Fe, Cu, Zn are associated with 

adverse effects and are discussed in the pathology of neurodegenerative diseases. 

Hence, this study aimed to establish a reproducible synthesis method for obtaining trace 

element-containing EBDC fungicides of high purity and consistent quality. The resulting 

Mn-containing fungicides were characterized using various analytical techniques to 

elucidate their molecular structure after decades of widespread use. Subsequently, the 

impact of Maneb on inducing neurodegenerative processes and oxidative stress was 

assessed in comparison to other relevant species using the in vivo model organism 

Caenorhabditis elegans. 
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8.1 Synthesis and structure characterization 

Various strategies for Maneb synthesis were employed including the patent method, using 

in situ generated sodium ethylenebis(dithiocarbamate salts) and carbon disulfide, which 

yielded byproducts such as ETU,[31] and other possible Mn-derived oxidation-sensitive 

impurities.[234] Therefore, the ammonium EBDC salt was isolated first and reacted with 

MnCl2 to Maneb. Initially, the Maneb dihydrate was obtained from water, and transformed 

into the anhydrous from through vacuum drying. The purity was determined using 

standard techniques such as elemental analysis and thermal gravimetric analysis. The 

magnetic moment of Maneb was measured using a Gouy balance, confirming the presence 

of Mn in the +II oxidation state in a high spin octahedral complex. 

Generally, Mn(II)-containing dithiocarbamates are considered to be extremely unstable 

and sensitive to oxidation.[30,234] Until recently, only one Mn(II)-DTC molecular structure 

had been reported by Ciampolini et al. (1975) using the diethyl dithiocarbamate.[30] 

However, these unstable properties do not apply to Maneb, which is stored at room 

temperature for at least several months and is exposed to oxygen. Maneb exhibits 

insolubility in most commonly used solvents and exclusively dissolves in aprotic solvents 

such as DMF and DMSO, capable of coordinating via nitrogen or oxygen. Even in solution, 

there are no indications of the formation of manganese dioxide or any other insoluble 

oxidation products. In fact, the opposite was observed, whereby single crystals were 

obtained from a DMSO solution (similar with DMF), which were immediately subjected to 

low-temperature X-ray diffraction (XRD) analysis. As a result, the Maneb-DMSO species, 

which has been applied in numerous toxicity studies[9,54,55] as well as in chapter 6 and 7, 

was successful structural characterized. The molecular structure reveals a polymeric 

coordination product of Maneb and DMSO, with DMSO coordinating in the cis position. 

Consequently, Mn(II) is hexacoordinated, and due to the relatively small chelate angles of 

approximately 75°, it adopts a distorted octahedral geometry. These insights were of 

particular significance, as it opened up new possibilities to develop a fit model for X-ray 

absorptions studies.  

However, the molecular structure of Maneb in solid-state was still unknown. Due to the 

occurrence of a cis-configuration, it was assumed that the trans-position in Maneb may be 

sterically hindered, possibly due to sulfur bridges which are frequently observed in 

dithiocarbamates (depicted in Figure 2, coordination mode D, E). These sulfur bridges were 

also observed by Ciampolini et al. (1975) in the Mn(II) bis(diethyl dithiocarbamate) 
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complex.[30] Powder XRD indicated that Maneb and its dihydrate are microcrystalline, but 

the obtained powder patterns were too broad for any structural refinement. In the case of 

Zineb, a zinc-containing structure, this method of structural elucidation was successful by 

Lefton et al. (2020).[28] To determine the closer coordination environment of Mn in Maneb 

in solid state, X-ray absorption spectroscopy emerged as the preferred method as it can 

characterize the surrounding atoms of Mn using synchrotron radiation at the Mn 

absorption edge. A fitting model defined by 4 shorter and 2 longer Mn-S bonds confirmed 

that Maneb adopts a hexacoordinated octahedral geometry. It was also confirmed that both 

water molecules in the dihydrate do not bound to Mn, as expected since they are easily 

removeable in vacuum. 

The exact molecular structure of Maneb in solid state was finally determined using electron 

diffraction (ED). In contrast to X-ray crystallography, MircoED uses a beam of electrons to 

obtain diffraction patterns, enabling the determination of structures from crystals in the 

sub-micron size.[362] The microcrystalline samples with particle sizes in the range of a few 

100 nm were measured at low temperature in vacuum, to prevent beam damaging of 

crystals. To prevent the potential loss of the co-crystallized solvent, the cryo-transfer 

method was used to freeze the crystals beforehand for a successful structural analysis. 

Characterizing Mancozeb, an EBDC fungicide containing Mn and Zn proved to be 

challenging. The goal was not only to prevent byproduct formation during synthesis but 

also to manage varying product outcomes from different. The initial patent[5] synthesis of 

Mancozeb involved reacting an EBDC salt with solutions of varying Mn/Zn ratios while 

maintaining an equimolar total metal concentration. However, different metal ratios such 

as 90:10 or 10:90 (Mn:Zn) yielded distinct products, as characterized by ICP-OES. 

Interestingly, attempts to prepare Mancozeb with equal amounts of Mn(II) and Zn(II) 

(50:50 ratio) resulted in a product containing more Zn than Mn (Figure 21). Explanations 

might be that Zn modifies the product structure, making it less accessible for Mn(II) to form 

two sulfur bridges for stabilizing it oxidation state. Maneb and Zineb themselves exhibit 

different coordination structures (hexacoordinated vs. pentacoordinated). Consequently, 

the redox-active Mn(II) might become more sensitive to oxidation processes in solution.[345] 

Furthermore, it was demonstrated that Zineb does not react with Mn-ions, supporting the 

hypothesis of inaccessibility of sulfur bridge formation. On the other hand, Maneb reacts 

with Zn-ions to yield Mancozeb,[33] but reaches saturation with ca. 0.4% Zn. Both observa-
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tions align with Irving-Williams theory,[117] which proposes that divalent Mn complexes 

have lower stability compared to other transition metals in the first transition series.    

8.2 Stability of EBDC containing Fungicides 

The stability characterization of Maneb in solution is challenging due to its limited 

compatibility with routine NMR spectroscopy. Therefore, structurally analogous 

compounds, namely Nabam and Zineb, were subjected to NMR spectroscopy analysis, 

exhibiting contrasting behaviors. Nabam maintained its stability for more than a week, 

while the formation of ETU was observed within 4 h in a Zineb-DMSO solution, and after 

4 days 30% ETU formation occurred. The ability of Nabam to crystallizes as a hexahydrate 

in presence of water may contribute to its stability (Figure 24). Despite Maneb being 

successfully characterized in DMSO solution (Figure 12), Zineb did not yield any crystals, 

likely due to its degradation and precipitation. A phenomenon which was not observed with 

Maneb.  

The stability of Nabam in aqueous solution appears to be good; however, based on this 

experiment, only limited conclusions can be drawn concerning stability and the degradation 

to ETU, CS2 or other compounds in a model organism like C. elegans, especially considering 

factors such as pH changes. In general, it was shown that dithiocarbamates, particularly 

those derived from primary amines, degrade rapidly under acidic conditions.[19] Hence, the 

uptake of dithiocarbamate fungicides via the gastrointestinal tract, such as the 

consumption of crops containing DTC residues, may cause acidic degradation within the 

stomach, where the pH ranges from 1 to 4.[363] Consequently, Zineb might be suitable for 

being a structural analogue for studying the metal-derived effects, since after oral exposure 

ethylene bis(dithiocarbamates) will degrade anyway. 

One further approach to study the stability of Maneb itself in solution could involve electron 

paramagnetic resonance (EPR) spectroscopy. In this technique, unlike nuclear magnetic 

resonance (NMR) spectroscopy where atomic nuclei are excited, electrons are excited 

instead, making it particularly suitable for paramagnetic materials with unpaired 

electrons. EPR identifies changes within the electron environment such as oxidation state 

or coordination partners.[364] 

In addition, in vivo studies[83] have shown that the degradation of EBDC fungicides not only 

releases the metal and ETU but also CS2. The release of highly volatile CS2 was also 

observed in the TGA analysis (Figure S6). Therefore, monitoring a Maneb-DMSO solution 
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using head-space gas chromatography to detect CS2 formation could be a promising method 

for characterizing the stability of Maneb in solution. 

A notable positive aspect is that the specific incubated species from experiments involving 

C. elegans was precisely identified due to the XRD structure of Maneb in DMSO solution. 

Due to the fact that Maneb is freshly dissolved in DMSO before each experiment and 

crystals were formed within 17 hours the Maneb-DMSO adduct should be stable during the 

2 h worm, regardless of any metabolic pathways within the biological system.  

 

8.3 Toxicity of Maneb in comparison to other relevant species 

8.3.1 Lethality 

Maneb is significantly more toxic than all other associated species (MnCl2, ETU, Nabam) 

in the nematode C. elegans. Based on the formation of sulfur bridges in solid state and the 

occurrence of polymeric DMSO-coordination adducts (and crystals) in solution, Maneb 

might be more stable than previously expected. The polymeric nature of Maneb, may 

enhance its lipophilic character,[45,46] and enables it to enter different compartments within 

cells where it eventually undergo metabolism. In animal studies, metabolites like Mn, ETU, 

and CS2 have been detected after EBDC fungicide exposure and epidemiological studies 

have shown that humans exposed to Mancozeb, exhibited higher levels of Mn in hair and 

blood, as well as detectable levels of ETU in urine.[51,52] 

To determine if the toxicity induced by Maneb is attributed to the combination of Mn(II)-

ions and ETU, both compounds were co-incubated. The results indicated that when MnCl2 

and ETU were co-incubated, the LD50 value was 2.5 mM, which is twice as toxic as MnCl2 

alone (5 mM) but still five times less toxic than Maneb itself. However, each Maneb 

molecule, does not only release ETU and Mn, but also releases CS2, a highly toxic and 

volatile compound. To avoid the handling of CS2 in a C. elegans laboratory, Nabam and 

Zineb served as potential CS2 releasers and structural analog compounds. Nabam and ETU 

demonstrated similar low toxicity in the examined concentration range up to 5 mM (LD50 > 

25 mM). Zineb did not display any toxic effects in the concentration range compared to 

Maneb, likely due to its precipitation at concentrations as low as 0.5 mM. Thus, Zineb was 

not suitable as a model for EBDC-induced CS2 release using this specific exposure setup. 

Despite this, existing literature, reported that Zineb is the comparatively less toxic 

fungicide species.[11,341,342] 



Chapter 8 – Final Discussion and Future Perspectives 

125 

 

Domico et al. (2006) investigated the effect of all relevant species on mesencephalic 

neuronal cells. Their findings revealed, that Maneb and Mancozeb are significant more 

toxic than ETU, Nabam and MnCl2, assessed by cell viability measurements. In case 

Nabam and MnCl2 were co-incubated to mimic Maneb, a comparable level of toxicity 

compared to that of Maneb alone was observed. It was concluded that the combination of 

the backbone and metal plays a pivotal role in causing toxicity.[54] However, it is uncertain 

whether the combination truly mimics Maneb or if both compounds react to generate Maneb 

within the cell culture medium. It is plausible that the applied species might be actually 

Maneb itself. Therefore, it might be worth to consider experiments with pre-incubation of 

Mn and subsequently incubation with Nabam, and vice versa to see if Maneb is formed in 

vitro.  

 

8.3.2 Bioavailability  

The bioavailability of Mn in L1-stage was assessed via inductively coupled plasma with 

optical emission spectrometry (ICP-OES) following exposure to Maneb and MnCl2, and 

revealed a time- and concentration-dependent uptake. However, no species-specific effects 

were observed. These findings are in agreement with Carmona et al., showing a 10-fold 

increased toxicity of Maneb compared to MnCl2, but no differences in bioavailability in 

PC12 cells.[321] In summary, the toxicity of Maneb appears to be based on a mechanism 

distinct from elevated Mn levels. At 48 h post-treatment, the total Mn amount in L4-stage 

worms returned in both species to untreated control level.  

Nevertheless, the method utilizes a worm lysate, making it impossible to localize Mn within 

the body. It is plausible that Mn(II) ions are transported differently than Mn(II) complexed 

with ligands, especially polymeric ones like in Maneb, which potentially undergo passive 

transport processes due to their lipophilic character. Therefore, experiments using metal 

imaging methods within the worm would be of great interest to localize essential trace 

element storage after exposure to different Mn species.[365] A method using laser-ablation 

(LA) coupled with inductively coupled plasma-mass spectrometry (ICP-MS) is already 

established for imaging Mn uptake in C. elegans L1-stage worms with resolutions usually 

between 4 and 20 µm.[366] An alternative method for element imaging in C. elegans is based 

on synchrotron X-ray fluorescence microscopy (XFM). Due to its higher resolution, the 

distribution of metals can be investigated even within a single cell and at a subcellular 
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level. In contrast to ICP-based methods, this technique also preserves structural 

information and oxidation states.[365] Considering the complexity of Maneb-induced toxicity, 

species-specific information as well as their storage and distribution could yield more 

insights and provides a more comprehensive understanding of the underlying mechanisms 

driving its toxic effects.   

Initial results of the effect of Maneb or MnCl2 showed a decreasing trend in the total Cu 

content in L1 worms. When using 60,000 L1 worms to measure the metal content, Cu levels 

in untreated control worms were near the LOQ. Exposure of Maneb and MnCl2 appeared 

to reduce Cu levels below the LOQ. The decrease in Cu levels could be explained by the 

high Cu-affinity of dithiocarbamte ligands as well as potential CS2-derived biological 

dithiocarbamates.[87,88] This mechanism is proposed to underlie both antifungal and toxic 

effects.[89] It is possible that the elimination of copper-containing complexes is facilitated, 

leading to observable effects of Cu deficiency. To further investigate this, future 

experiments should involve increasing the worm count to at least 80,000 (in an 8 mL 

exposure volume) to enable accurate quantification even at reduced copper levels. 

 

8.3.3 Oxidative Stress  

C. elegans L1-stage worms, exposed to Maneb exhibited significant effects on the 

antioxidative glutathione (GSH) and glutathione disulfide (GSSG) system. The ratio of 

GSH/GSSG is typically employed to assess the oxidative status of an organism. During 

oxidative stress conditions, more GSH is converted to GSSG by reducing reactive species, 

leading to a shift in the ratio towards GSSG.[8,73] However, after Maneb exposure, GSSG 

levels extremely increases, but also the GSH levels were elevated more than expected 

(Figure 34). Consequently, it is expected that an excess of reactive oxygen and nitrogen 

species (RONS) is the reason behind the shifting GSH/GSSG ratio. However, data obtained 

from RONS detection using the carboxy-DCFH assay revealed only slight effects (Figure 

33). In summary, Maneb induces significant alterations in the GSH/GSSG-related 

antioxidant capacity but impacts cellular RONS formation only mildly. Explanations for 

the observed effects are discussed below.  

Barlow et al. (2005) have reported that Maneb elevates the levels of both GSH and GSSG 

in PC12 cells. This effect is supported by increased activity of glutamate-cysteine ligase 

(GCL), an enzyme involved in producing the immediate precursor of GSH. Despite this, the 
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activity of glutathione peroxidase (GPx), the enzyme responsible for catalyzing the 

conversion of GSH to GSSG, remains unaffected following Maneb treatment.[8] Moreover, 

two other studies documented that Maneb substantially shifts the GSH/GSSG ratio in three 

cell lines.[9,62] Roede and Jones (2014) observed that Maneb appears to elevate cellular GSH 

levels without evident signs of oxidative stress.[75] Taken together, these findings imply a 

non-enzymatic conversion of GSH to GSSG, potentially arising from a direct interaction of 

GSH with Mn itself due to its metal-binding affinity.[73] On the other hand, Maneb is 

proposed to have a high reactivity towards thiol-containing molecules such as cysteine side 

chains of proteins or GSH.[7,11,75] Roede and Jones (2014) reported that Maneb causes 

stochiometric loss in protein thiols, leads to reversibly dimerizing them and inhibits enzyme 

activities using recombinant thioredoxin-1 (Trx-1) as a model protein.[75] Anderson et al. 

(2021) have demonstrated significant alterations in mitochondrial respiration, 

proliferation, glycolysis and the thiol redox status, assessed by the mitochondrial 

antioxidant enzyme peroxiredoxin 3 (Prx3).[11] Both studies underline the thiol reactivity of 

Maneb, which is also implicated in its anti-fungal activity and may be linked to the release 

of CS2.[86]  

However, other studies demonstrated that Maneb exposure also leads to the formation of 

RONS.[62,63,367] The observation of only slight effects in our study might be attributed to the 

fact that the carboxy-DCFH assay is known to detect cellular RONS, especially hydrogen 

peroxide, hydroxyl radicals, and peroxyl radicals, but not mitochondria-derived RONS.[340] 

Bailey et al. (2016) exposed C. elegans to a commercially available Mancozeb-containing 

fungicide formulation (MZ) and assessed the impact on RONS formation using different 

detection techniques.[60] It has been reported that hydrogen peroxide, but not the superoxide 

or hydroxyl radical levels were increased. Increased H2O2 levels with the same fluorescence 

dye were also observed after Mancozeb exposure by Domico et al. (2007) in mesencephalic 

cells.[55] Since exogenous H2O2 is able to up-regulate the glutathione-S-transferase (GST)[368] 

a GST:GFP transgenic worm strain was used to reveal an increase of GST expression by 

elevated GFP intensity after MZ exposure.[60] GST catalyzes the conjugation of GSH to 

electrophile substrates for detoxification.[369] Since the assay used in our study should detect 

hydrogen peroxide generation as well, it might be that increased of fluorescence emission 

(Figure 33) is referred to hydrogen peroxide generation. The increased GST-expression[60] 

and the non-affected GPx activity[8] supports the hypothesis that GSH is non-enzymatically 

converted to GSSG for example by binding to redox active Mn or reacting with Maneb or 



Chapter 8 – Final Discussion and Future Perspectives 

 

128 

 

other species itself. The elevated GSH level may due to increased activity of the γ-

glutamylcysteine synthase (GCS).[8] 

Furthermore, Bailey et al. (2016) and Domico et al. (2007) reported inhibitions of 

mitochondrial functions after Mancozeb exposure.[55,60] Mitochondria have a central role in 

supplying ATP as cellular energy and are recognized as the primary source of essential 

reactive species.[370] Consequently, mitochondria become susceptible to oxidative stress-

related impairments due to an excess of RONS. While there is no precise definition for 

mitochondrial dysfunction existent, any abnormalities in mitochondria-related functions, 

such as oxidative phosphorylation for ATP production, generation/detoxification of RONS, 

or involvement in apoptosis, can be categorized as dysfunction.[371]  

To further investigate the impact of Maneb on oxidative stress, particularly within the 

mitochondria, the fluorescent dye MitoTracker™ may be a suitable tool. This dye has the 

ability to passively diffuse across plasma membranes and accumulate within the 

mitochondria. When the dye undergoes oxidation by RONS, it emits fluorescence.[372] To 

explore further in which cell compartment Mn might accumulate after Maneb exposure, 

the isolation of  mitochondria and subsequent metal quantification would be promising. 

Here, it is important that the isolated mitochondria are intact to ensure that the metal is 

still inside, but functionality is of less importance.[373]  

 

8.3.4 Neurotoxicity  

To investigate the impact of Maneb on neurodegenerative processes, a liquid 

chromatography – tandem mass spectrometry (LC-MS/MS)-based method was developed to 

simultaneously quantify levels of dopamine, serotonin, acetylcholine, and GABA within C. 

elegans lysates. Special attention was given to achieving low detection limits in the low nM 

range and optimizing the sample preparation due to the individual properties among the 

analytes.[70] 

Exposure to Maneb resulted in several significant decreased neurotransmitter levels, 

specifically dopamine (DA), acetylcholine (ACh) and γ-aminobutyric acid (GABA) in L1- 

stage worms immediately after treatment (Figure 32). However, at 48 h post-treatment in 

L4-stage, neurotransmitter levels had returned on control level. This raises the question of 

whether the effects induced by Maneb are more acute or reversible. It may be possible that 

neurotransmitter levels have normalized as an adaptive response, although the neurons 
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are still affected. Given that Maneb-induced toxicity predominantly affects the dopamine 

system and the most pronounced reduction was observed in dopamine levels, the following 

study was included.  

To assess any morphological abnormalities of dopaminergic neurons after Maneb 

treatment, the in DAT-1 GFP-expressing BY200 strain was used. L1-larvae after Maneb 

exposure showed reduced soma sizes and loss of dendrites (Figure 38 B) similar to the 

included reference positive control treated with 6-hydroxydopamine (Figure 38 C), a 

neurotoxicant specifically targeting dopaminergic neurons. Interestingly, following Maneb 

exposure, the anterior deirids (ADE) neurons appeared sensitive, whereas 6-OHDA 

primarily affected the cephalic sensilla (CEP) neurons.[210] In contrast to the 

neurotransmitter levels, alteration in the morphology of dopaminergic neurons were 

evident in L4-worms at 48 h post-treatment. Certain CEP dendrites exhibited irregular 

bends, while numerous ADE neuron somas were visibly smaller and displayed reduced 

fluorescence compared to the control group. The positive control group treated with 6-

OHDA exhibited strong effects in all types of dopaminergic neuron, including complete loss 

of CEP dendrites and CEP cell bodies. Although the effects induced by Maneb are not as 

pronounced as those caused by 6-OHDA, it has been demonstrated that even single 

exposures to Maneb can lead to lasting consequences in terms of neurodegeneration. 

Furthermore, the specific sensitivity of ADE neurons, which differs from the response seen 

with 6-OHDA, suggests possibilities for further mechanistic exploration.  

Case-control studies,[2,3] epidemiological studies[51–53], in vivo studies[8,336,374] and cell culture 

experiments[9,54,55] have demonstrated the neurotoxic properties of Mn-containing EBDC 

fungicides. Mechanistically, it is believed that they inhibit crucial enzymes for 

neurotransmitter homeostasis, including the aldehyde dehydrogenase (ALDH)[58,375] and 

acetylcholine esterase AChE.[376] Given that Maneb is thought to undergo metabolism 

involving degradation products such as Mn, ETU and CS2, it is important to note that no 

changes in neurotransmitter levels were observed after exposure to ETU or Nabam. These 

findings are in agreement with Domico et al. (2006) studying in vitro the uptake of 3H- and 

13C-labled dopamine and GABA after treatment with Maneb, Mancozeb, Nabam, MnCl2 

and ETU followed by a 72 h long resting period in mesencephalic neuronal cells.[54] ETU, 

MnCl2 and Nabam did not affect the cell viability in the observed concentration range (0-

125 µM), while Maneb and Mancozeb showed EC50 values of approximately 60 µM. 

However, Nabam exposure at the highest sub-toxic concentration (125 µM) decreased 
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uptake of dopamine and GABA by about 50%, but not to the extent of Maneb at the same 

concentration which resulted in a decrease of over 80%.[54] Negga et al. (2012) exposed two 

transgenic C. elegans strains, expressing GFP in GABAergic (EG1285) and dopaminergic 

(BZ555) neuronal cells, to a Mancozeb-containing fungicide. Both strains revealed after 

treatment decreased pixel number, implying neurodegenerative effects in both 

dopaminergic and GABAergic neurons.[56] A previous study by Negga et al. (2011) was 

conducted with the NW1229 C. elegans strain, which expresses GFP in all neurons. Here, 

the Mancozeb-containing fungicide decreased pixel numbers in a higher extent at lower 

concentrations.[32] Consequently, it is assumed that not only the dopaminergic and 

GABAergic neurons are affected but also glutamatergic, serotonergic and cholinergic 

neurons.[56] These hypothesis is in agreement with the neurotransmitter levels after Maneb 

exposure in L1-stage worms (Figure 32), as dopamine, GABA and acetylcholine levels were 

decreased.   

In contrast to that, an in vivo study of Zhang et al. (2003) revealed that Maneb selectively 

induces neurodegenerative effects in dopaminergic neurons and does not affect the 

GABAergic neurons.[78] Potentially, the route of uptake (oral, intravenous) might influence 

the toxicity, as the stomach has an acidic pH[363] where dithiocarbamates are typically acid 

hydrolyzed.[19] In the study of Zhang et al. (2003) Maneb was administered intraventri-

cularly, directly into the brain of rats. This is particularly interesting given that the data 

from Chapter 6 demonstrated an effect of MnCl2 on decreasing GABA levels, and Mn could 

also be released through acid hydrolysis of Maneb in the stomach. Therefore, it might be 

possible that the varying sensitivity of neurons is attributed to the presence of either Maneb 

or its metabolites. 

Chronic overexposure of Mn can lead to Mn accumulation in the brain and result in 

symptoms affecting the motor system (manganism) with symptoms similar to those of 

Parkinson’s disease. Although this is pathological distinct from PD, Mn is reported to 

induce the aggregation of α- synuclein, a hallmark of PD and possible risk for developing 

PD.[76,141] Both disease affect the basal ganglia, and both are characterized by a loss of 

dopaminergic neurons. However, initial symptoms of manganism involve the GABA-rich 

area globus pallidus, while PD is characterized by dopaminergic degeneration in the 

substantia nigra pars compacta.[377] Consequently, the decreased GABA levels after MnCl2 

exposure (Figure 32) in L1-stage worms may be explained by initial effects of Mn 

accumulation. However, reports of GABA concentrations following Mn exposure are 
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inconsistent und appear to be highly dependent on the Mn concentration as well as the 

brain region under investigation.[378] GABA levels in C. elegans have not been quantified so 

far, mainly due to the fact that the developed LC-MS/MS method[70] is currently the only 

one that quantifies GABA simultaneously to dopamine, acetylcholine, and serotonin.  

Carbon disulfide is a metabolite product, formed by degradation of Maneb to ETU and was 

detected after EBDC fungicide exposure in the breathing air of rats. Consequently, an oral 

uptake of Maneb may lead to a breakdown in the acidic stomach and releases highly volatile 

CS2. Proposed mechanisms for CS2-induced neurotoxicity are the inhibition of dopamine-β-

hydrolase (DBH)[379] and the chelation of copper.[380] Both may induce neurodegenerative 

effects, possibly enhanced by combination with other compounds such as Mn, ETU or 

Maneb.  

For further investigations regarding the neurotoxic effect of Maneb and to assess whether 

the observed alterations in neurotransmitter levels correlates with permanent 

morphological changes in neurons, it would be of great interest to examine worm strains 

expressing GFP in specific neurons upon Maneb exposure. For or instance, utilizing the 

LX929 C. elegans strain, which features GFP expression in cholinergic neurons, or the 

EG1285 C. elegans strain, with GFP expression in GABAergic neurons, could provide 

valuable insights. 

To verify further whether the changes in neurotransmitter levels and morphological 

abnormalities, correlate with progressive functional impairments of neurons, C. elegans is 

particularly suitable for conducting behavior assays in this regard. The functionality of the 

dopaminergic system can be assessed by the basal slowing response (BSR).[211] In the 

presence of bacteria, wild-type worms display a decreased movement speed compared to 

their movement in the absence of bacteria. The sensing of bacteria is mediated by 

dopamine-containing neural circuits. Consequently, a reduced movement slowing on food 

is observed when there is a loss of functionality in dopaminergic neurons. Therefore, the 

worms are observed under the microscope both in the absence and presence of bacteria. 

During this observation, the number of body movements in the anterior region (“head 

trashes”) is counted within a 20-second interval.[211,325] Other locomotor behaviors of C. 

elegans, to assess the nervous system are body bends, pharyngeal pumping and 

thermotaxis, which were reviewed by Soares et al. (2023) and should be addressed in 

further experiments.[325] 
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In summary, Maneb is significantly more toxic than MnCl2 alone, but not due to increased 

total Mn levels in L1-stage worms. However, Maneb or its metabolites might be possibly 

located in other cellular organelles, such as mitochondria. The formation of RONS, possibly 

occurring within mitochondria and not accurately detected by the DCFH-DA assay, may 

lead to oxidative imbalances. This would explain the significant impact of Maneb on the 

GSH/GSSG system. Nevertheless, this effect could also be attributed to the reactivity of 

Maneb and its metabolites, particularly towards thiols. Overall, it is still unclear whether 

oxidative stress causes neurodegenerative effects or is more a consequence. In this context, 

Maneb exposure resulted into altered neurotransmitter levels and persistently affected the 

morphology of dopaminergic neurons in L4-stage worms after one exposure in L1 stage.  

A comprehensive understanding of the underlying mechanisms of Maneb could lead to a 

more accurate assessment of the risks to human health and the environment. Furthermore, 

this knowledge could facilitate the development of targeted therapeutic strategies aimed to 

prevent neurodegenerative effects or to slow down their progression. While this work 

conducted here has been successfully elucidated the molecular structure of Maneb and 

demonstrated several fundamental principles of Maneb-induced toxicity, further studies 

are necessary to gain a deeper understanding of the specific effects and their 

interrelationships. 
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Appendix – Supplementary Material 

Supplementary Material for Chapter 3 

The structure of Maneb: An important manganese-containing 

bis(dithiocarbamate) fungicide 

Experimental Details 

Instruments.  NMR spectra were recorded on a Bruker Avance 400 spectrometer 

referenced externally to Me4Si. C, H and N analyses were performed by staff of the in-house 

elemental analysis facility using an Elementar Vario EL system. TGA/DSC measurements 

were conducted using a Netzsch STA 449 F5 Jupiter instrument. Experiments were carried 

out in alumina crucibles, which were closed with alumina lids. Samples were heated from 

25°C to 1000 °C with a heating rate of 5 K min-1 in a nitrogen atmosphere applying a 

constant nitrogen flow of 25 ml min-1. IR spectra were recorded on a Thermo Scientific 

Nicolet iS5 spectrometer equipped with an iD7 diamond ATR unit. The magnetic 

susceptibility was determined using a Sherwood Scientific magnetic susceptibility balance. 

Calibration against mercury tetrathiocyanato cobaltate (II). 

X-ray crystallography X-ray quality crystals formed by slow evaporation of a 0.5 M 

Maneb solution in dimethylsulfoxide (DMSO) (complex 4) or dimethylformamide (DMF) 

(complex 5) within a few days. Diffraction data were collected at 150 K or 100 K (complex 

4) using a Rigaku Oxford Diffraction Gemini E Ultra diffractometer, equipped with an EOS 

CCD area detector and a four-circle kappa goniometer. Data integration, scaling and 

empirical absorption correction were performed using the CrysAlis Pro program 

package[238]. All crystal structures were determined using SHELXT and refined using 

SHELXL[239,240]. The Olex2 graphical user interface was used for all structure 

manipulations and to generate the graphics[241]. Crystallographic and refinement details 

for both complexes are listed in Table S1. The structure of the DMSO complex had high 

residual electron density, which was consistent with the presence of two additional, highly 

disordered DMSO molecules. No satisfactory model for the disorder could be developed so 

that the data was subjected to the solvent mask routine as implemented in Olex2. 

X-ray absorption studies X-ray absorption experiments at the Mn K-edge (6539 eV) were 

performed at beamline 10 of the DELTA synchrotron facility (Dortmund, Germany)[235]. A 

Si(111) channel-cut monochromator was employed, and gas-filled ionization chambers were 
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used to determine the intensities of the incident and the transmitted X-ray beam with a 

size of typically 0.4 mm x 4 mm (v x h). A Mn metal foil was regularly measured to calibrate 

the energy scale of the spectra, however no substantial changes were observed from scan to 

scan. Energy scans contained a pre-edge region of 200 eV below the Mn K-edge to 20 eV 

below the edge with a larger step size of about 5 eV, while the edge region (-20 eV to +40 

eV above the edge) was acquired with a step size of 0.3 eV to allow a precise determination 

of the edge position and small pre-edge peaks. The step size above the edge successively 

increases with increasing energy, so that a full spectrum comprised an energy range to 

about 650 eV above the edge, with in total 470 data points. Several scans, each of about 25 

minutes acquisition time, were averaged to improve the signal to noise ration of the data. 

The samples were prepared by homogeneously dispersing the Maneb powders on self-

adhesive tape, and several tapes were stacked in order to obtain an absorption suited for 

XANES and EXAFS experiments. A bath cryostat filled with liquid nitrogen (77 K) was 

used to cool the samples to a temperature of around 80 K. The samples were investigated 

at room temperature as well as after cool-down to 80 K. For comparison, reference spectra 

of several Mn-containing compounds of different chemical valence such as zero-valent Mn-

metal, MnO (Mn2+), Mn3O4 (Mn2+/Mn3+), Mn2O3 (Mn3+) and MnO2 (Mn4+) as well as MnS 

(Mn2+) were collected. EXAFS data reduction was performed employing the 

Athena/Artemis software package[242], and quantitative fits used amplitudes and phases 

calculated by FEFF 8.0[243]. 

X-ray powder diffraction Powder diffraction was carried out on a Bruker D8 Advance 

instrument fitted with a Lynx Eye detector using Cu kα radiation (λ = 1.5483 Å). Data 

acquisition and processing was done using the DIFRAC plus XRD Commander software[244]. 

Electron Diffraction Electron diffraction measurements for Maneb anhydrous and 

Maneb dihydrate were collected using the Rigaku XtaLAB Synergy-ED, equipped with a 

Rigaku HyPix-ED detector optimized for operation in the continuous rotation 3D-ED 

experimental setup[245]. Data acquisition was performed at 100 K under high vacuum with 

an electron wavelength of 0.0251 Å (200 keV). The instrument was operated and the 

diffraction data were processed in the program CrysAlis Pro[246]. A multi-scan absorption 

correction was performed using spherical harmonics implemented in SCALE3 ABSPACK 

scaling algorithm in CrysAlis Pro. The structure was solved using SHELXT[240], and 

subsequently, refined with kinematical approximation using SHELXL[239] in the 

crystallographic program suite Olex2[241,247]. By merging data of several individual 
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grains/datasets, a completeness of 99.9% up to a resolution of 0.80 Å was achieved. Non-

hydrogen atoms were assigned anisotropic displacement parameters unless stated 

otherwise. The hydrogen atoms bonded to nitrogen atoms as well as hydrogens bonded to 

oxygen atoms were located from Fourier difference maps. Other hydrogen atoms were 

placed in idealized positions and included as riding. Isotropic displacement parameters for 

all H atoms were constrained to multiples of the equivalent displacement parameters of 

their parent atoms with Uiso(H) = 1.2 Ueq(parent atom). Enhanced rigid bond 

restraints[248],[249] with standard uncertainties of 0.001 Å2 were applied. The experimental 

and refinement details are given below. CCDC 2255649 (Maneb anhydrous) and 2255650 

(Maneb dihydrate) contain the supplementary crystallographic data for this publication. 

These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by 

emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic 

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. 

Microcrystalline powder of Maneb anhydrous was spread on a standard TEM grid. 

Yellowish plate-like crystals with approximately 100 nm thickness were selected for 

measurements. Microcrystalline powder of Maneb dihydrate was spread on a standard 

TEM grid. Yellowish plate-like crystals with approximately 100 nm thickness were selected 

for measurements. Cryo-transfer, i.e. freezing of samples prior to introduction to vacuum, 

at 100 K using a Gatan ELSA (Model 698) specimen holder was applied. As electron 

diffraction requires samples to be studied under high vacuum, the cryo-transfer technique 

is essential for many sensitive compounds. Solvated crystals, such as Maneb dihydrate, lose 

the weakly bound solvent molecules, and hence loses its crystallinity, when no cryo-transfer 

is applied. Stabilization of samples in vacuo, reducing beam damage, improving resolution 

and reducing disorder are typical benefits using the combination of cryo-transfer and low 

temperature measurement. A crystal-to-crystal transformation from Maneb dihydrate to 

Maneb anhydrous is observed when first cryo-transfer is applied followed by heating the 

samples slowly from 100 K to approximately 230 K.  
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Figure S1: 1H-NMR spectrum of compound 1. 

 

Figure S2: 13C-NMR spectrum of compound 1. 
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Figure S3: IR-spectrum of compound 1. 

 

Figure S4: IR-spectrum of Maneb dihydrate (2) 

 

Figure S5: IR-spectrum of anhydrous Maneb (3). 
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Figure S6: Thermal gravimetric analysis (TGA) curves (top) and differential scanning calorimetry 

(DSC) curves (bottom)of Maneb dihydrate (dashed line) and anhydrous Maneb (solid line). 
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Figure S7: Photographs of products obtained by our optimized synthesis route, the patent method 

and the commercially available pesticide standard. 

 

Figure S8: X-ray absorption near-edge spectra (XANES) of the Mn-O reference materials Mn-metal, 

MnO, Mn3O4, Mn2O3, and MnO2 as indicated, (all measurements at room temperature). A clear shift 

to higher X-ray energies is observed depending on the chemical valence of Mn, and the inset shows 

a linear relationship between both quantities with a shift of about 3.1 eV per formal valence. The 

edge location of divalent MnS fits very well with these data (light green data point / spectrum). 

Anhydrous Maneb (dark green) agrees well with MnS in edge position and in the shape of the near 

edge. 
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Figure S9: Room temperature k3-weighted extended X-ray absorption fine structure  (k)*k3 

obtained from anhydrous Maneb over an extended range in k and E. The envelope of the 

experimental EXAFS function is given as a dashed blue line. As can be seen, a beat node, i.e. a 

minimum, is observed for kbn ≈ 10.3 Å-1. 

 

In Figure S9 the k3-weighted X-ray absorption fine structure ((k)*k3) of anhydrous Maneb 

at room temperature is presented over an extended photoelectron wave vector (k) range. As 

can be seen, the amplitude of the (k)*k3 first increases to about 5 Å-1 and decreases for 

increasing values of k. However, for further increasing values of k (i.e. k > 15 Å-1), a 

substantial increase of the (k)*k3 amplitude is again observed. In order to guide the eye, 

the envelope function is also provided in Figure S9. The observed minimum in the envelope 

function (“beat node”) can easily be related to the superposition of the two Mn-S shells with 

slightly different bond length, and from the k-value of the beat node (kbn), the difference in 

the bond distance of the two Mn-S shells (R) can easily be estimated using R = n*π/2 kbn, 

see Martens et al., 1977[250]. As can be seen from Figure S9, the beat node in the k3-weigthed 

EXAFS function of the anhydrous Maneb (dashed envelope line of the EXAFS function) 

occurs at ca. 10.3 Å-1, so that, employing n=1, R results to 0.152 Å, well in accordance with 

the quantitative fits of the EXAFS function (Figure 3 in the main text). 
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Figure S10: Magnitude of the Fourier transform of the k3-weighted EXAFS fine structure|FT (χ(R)| 

for the anhydrous Maneb sample at the Mn K-edge measured at 77 K. Both the raw data and a fit 

to a model structure comprised of 4 short and 2 long Mn-S bonds are shown. The inset depicts the 

back transform (χ(k)*k3 data Rmax = 2.75 Å (dashed vertical blue lines) for the data and the fits. More 

details are provided in the text (k-range for the Fourier transform: kmin = 1.98 Å−1 to kmax= 12.94 Å−1) 

of the Fourier transform in the range from Rmin = 1.2 Å to). 

 

Figure S11: Magnitude of the Fourier transform of the k3-weighted EXAFS fine structure |FT (χ(R)| 

for the Maneb dihydrate sample at the Mn K-edge measured at 77 K. Both the raw data and a fit to 

a model structure comprised of 4 short and 2 long Mn-S bonds are shown. The inset depicts the back 

transform (χ(k)*k3 data) of the Fourier transform in the range from Rmin = 1.2 Å to Rmax = 2.75 Å 

(dashed vertical blue lines) for the data and the fits. More details are provided in the text (k-rangefor 

the Fourier transform: kmin = 1.98 Å−1 to kmax= 12.94 Å−1). 
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Figure S12: X-ray powder pattern of Maneb dihydrate (bottom). The calculated powder pattern of 

Maneb dihydrate (top) was obtained using Mercury from electron diffraction data. The small shift of 

the experimental data towards lower 2θ values can explained by the temperature. Calculated data 

is based on low temperature ED data, whilst powder diffraction data were collected at room 

temperature. 

 

Figure S13: X-ray powder pattern of Maneb anhydrous (bottom). The calculated powder pattern 

Maneb anhydrous (top) was obtained using Mercury from electron diffraction data. The small shift 

of the experimental data towards lower 2θ values can explained by the temperature. Calculated data 

is based on low temperature ED data, whilst powder diffraction data were collected at room 

temperature. 
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Table S1: Crystal data and structure refinement for Maneb DMF. 

CCDC code 2177534 

Empirical Formular C16H34MnN6O4S4 

Formular weight 557.67 

Temperature/K 150 

Crystal System monoclinic 

Space Group P21/n 

a/Å 17.0330(5) 

b/Å 10.4373(2) 

c/Å 17.1213(6) 

α/° 90 

β/° 118.727(4) 

γ/° 90 

Volume/Å3 2669.17(6) 

Z 4 

Ρcalc/g/cm3 1.388 

µ/mm-1 0.839 

F(000) 1172.0 

Crystal size/mm3 0.1 x 0.07 x 0.03 

Radiation Mo Kα (λ = 0.71073) 

2θ range for data collection 4.754 to 58.562 

Index ranges -22 ≤ h ≤ 23, -13 ≤ k ≤ 14, -12 ≤ l ≤ 23 

Reflection collected 16426 

Independent reflections 6127 [Rint = 0.0317, Rsigma = 0.0345] 

Data/restraints/parameters 6127/0/288 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2σ(I)] R1 = 0.0345. WR2 = 0.0837 

Final R indexes [all data] R1 = 0.0456. WR2 = 0.0903 

Largest diff. peak/hole/e Å3 0.43/-0.27 
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Table S2: Crystal data and structure refinement for Maneb DMSO. 

CCDC code 2177535 

Empirical Formular C12H30MnN2O4S8 

Formular weight 577.80 

Temperature/K 100 

Crystal System orthorhombic 

Space Group Pca21 

a/Å 35.4838(6) 

b/Å 10.81153(14) 

c/Å 7.5204(3) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 6721.42(18) 

Z 8 

Ρcalc/g/cm3 1.142 

µ/mm-1 0.905 

F(000) 2408.0 

Crystal size/mm3 0.15 x 0.1 x 0.08 

Radiation Mo Kα (λ = 0.71073) 

2θ range for data collection 4.988 to 59.092 

Index ranges -46 ≤ h ≤ 36, -13 ≤ k ≤ 14, -15 ≤ l ≤ 23 

Reflection collected 27989 

Independent reflections 12001 [Rint = 0.0253, Rsigma = 0.0409] 

Data/restraints/parameters 12001/1/504 

Goodness-of-fit on F2 1.036 

Final R indexes [I>=2σ(I)] R1 = 0.0459. WR2 = 0.1102 

Final R indexes [all data] R1 = 0.0508. WR2 = 0.1133 

Largest diff. peak/hole/e Å3 0.54/-0.39 

Flack parameter 0.42(2) 
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Crystal data for Maneb anhydrous: CCDC 2255649, yellow plate, C4H6MnN2S4, Mr = 265.29 

gmol-1, triclinic, space group P-1 (No. 2), a = 7.2027(9) Å, b = 7.3452(10) Å, c = 8.8355(13) Å, 

α = 108.216(13)°, β = 108.011(12)°, γ = 94.327(10)°, V = 414.53(11) Å3, Z = 2, Z’ = 1, T = 100 

K, m(transmission electron microscope) = 0.000, 8137 total reflections, 1538 with I0 > 2σ(I0), 

Rint = 0.1240, 1757 data, 101 parameters, 121 restraints, GoF = 1.146, R1 = 0.1934 and wR2 

= 0.4426 [I0 > 2σ(I0)], R1 = 0.2100 and wR2 = 0.4541 (all reflections), 0.324 < dΔρ < -0.318. 

Table S3: Data collection parameter overview for Maneb anhydrous 

Dataset 

(grain) 

Number of 

frames 

Scan range 

[°] 

Scan width 

[°] 

Exposure time 

[s] 

Total time 

[min] 

944 480 -60 to +60 0.25 0.25 02:08 

945 480 -60 to +60 0.25 0.25 02:07 

947 492 -63 to +60 0.25 0.50 04:13 

948 480 -60 to +60 0.25 0.25 02:08 

949 480 -60 to +60 0.25 0.50 04:07 

    Total: 14:43 

 

Table S4: Data quality statistics overview for all single data collections as well as merged data. All 

datasets were processed up to a resolution of 0.80 Å. Point group symmetry: P-1. 

Dataset 

(grain) 

Data Compl. 

[%] 

Redund. <F2> <F2/σ(F2)> Rint Rrim Rpim CC* 

944 2246 65.4 2.0 75.13 22.80 0.111 0.156 0.111 0.991 

945 2272 66.6 1.9 44.42 16.43 0.097 0.137 0.097 0.996 

947 2272 66.2 2.0 36.26 18.78 0.082 0.117 0.082 0.998 

948 2281 66.8 2.0 31.78 13.78 0.106 0.150 0.106 0.996 

949 2238 65.3 1.9 23.88 15.30 0.080 0.114 0.080 0.998 

merged 7781 99.9 4.6 29.69 21.81 0.121 0.137 0.066 0.997 

 

 

Figure S14: Crystal packing viewing along principal lattice axis : [1 0 0]. Maneb anhydrous forms a 

two-dimensional coordination polymer. Hydrogen atoms have been omitted for clarity. 
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Figure S15: Grain snapshots and diffraction images for all selected measurements of Maneb 

anhydrous. 

 



 

150 

 

 

Crystal data for Maneb dihydrate: CCDC 2255650, yellow plate, C4H10MnN2O2S4, Mr = 

301.32 gmol-1, monoclinic, space group P21/c (No. 14), a = 9.42(9) Å, b = 15.02(12) Å, c = 

7.64(8) Å, α = 90°, β = 103.7(4)°, γ = 90°, V = 1050(17) Å3, Z = 4, Z’ = 1, T = 100 K, 

m(transmission electron microscope) = 0.000, 19363 total reflections, 2443 with I0 > 2σ(I0), 

Rint = 0.1879, 3209 data, 119 parameters, 122 restraints, GoF = 1.120, R1 = 0.1796 and 

wR2 = 0.4273 [I0 > 2σ(I0)], R1 = 0.2130 and wR2 = 0.4472 (all reflections), 0.291 < dΔρ < -

0.487. 

Table S5: Data collection parameter overview for Maneb dihydrate. 

Dataset 

(grain) 

Number of 

frames 

Scan range 

[°] 

Scan width 

[°] 

Exposure time 

[s] 

Total time 

[min] 

951 480 -60 to +60 0.25 0.25 02:08 

952 400 -60 to +40 0.25 0.25 01:47 

953 480 -60 to +60 0.25 0.25 02:08 

    Total: 06:03 

 

Table S6: Data quality statistics overview for all single data collections and merged data. All datasets 

were processed up to a resolution of 0.70 Å. Point group symmetry: P2/m. 

Dataset 

(grain) 

Data Compl. 

[%] 

Redund. <F2> <F2/σ(F2)> Rint Rrim Rpim CC* 

951# 7051 71.5 3.0 28.68 12.33 0.131 0.169 0.097 0.997 

952 6212 61.6 3.0 14.41 9.58 0.150 0.192 0.106 0.996 

953 7703 95.1 2.4 8.52 7.44 0.186 0.256 0.162 0.991 

merged 19876 99.8 6.0 11.72 13.05 0.186 0.220 0.087 0.995 

 

 

Figure S16: Crystal packing viewing along principal lattice axis: [0 0 1]. Maneb dihydrate forms a 

two-dimensional coordination polymer with co-crystallized water molecules located in-between the 

polymer layers stabilizing the structure via hydrogen bonds. 
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Figure S17: Grain snapshots and diffraction images for all selected measurements of Maneb 

dihydrate. 
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Supplementary Material for Chapter 6 

Exposure to the environmentally relevant fungicide Maneb: 

Studying toxicity in the soil nematode Caenorhabditis elegans 

Experimental Procedures 

Material. 

All reagents were obtained from commercial suppliers and were used as received. 

Instruments. 

NMR spectra were recorded on a Bruker Avance 400 spectrometer and signals were 

referenced externally to Me4Si. Thermal gravimetric analysis experiments were conducted 

using a Netzsch STA 449 F5 Jupiter instrument. Measurements were carried out in 

alumina crucibles, which were closed with alumina lids. Samples were heated from 25°C to 

400 °C with a heating rate of 5 K min-1 in a nitrogen atmosphere applying a constant 

nitrogen flow of 25 ml min-1. IR spectra were recorded on a Thermo Scientific Nicolet iS5 

spectrometer equipped with an iD7 diamond ATR unit. 

Syntheses 

Nabam (Disodium ethylene bisdithiocarbamate hexahydrate). 

Nabam was synthesized according to a published synthesis route[255]. 1.6 g (40 mmol, 2.0 

eq.) sodium hydroxide was dissolved in 7.5 mL water and then 1.34 mL (20 mmol, 1.0 eq.) 

ethylenediamine was added. The solution was cooled to 0 °C and 3.00 mL (50 mmol, 2.5 eq.) 

carbon disulfide was added. The mixture was then stirred for 3 h at room temperature. To 

the mixture was added 100 mL of acetone, forming a colorless precipitate. This was isolated 

by filtration, washed with acetone and dried. Subsequently, the colorless precipitate was 

re-dissolved in 10 mL of water and precipitated by using 150 mL of acetone. The precipitate 

obtained was again filtered, washed with acetone and dried in vacuo. 4.2 g (12 mmol, 57%) 

of a colorless solid was be obtained. Single crystal X-ray diffraction, thermal gravimetric 

analysis and elemental analysis confirmed the product to be the hexahydrate of disodium 

ethylene bisdithiocarbamate. 1H-NMR (400 MHz, D2O): δ in ppm = 3.87 (s, 4H). 13C-NMR 

(400 MHz, D2O): δ in ppm = 213.9, 48.3. IR (ATR) 𝜐̃ [cm-1] = 3330, 3284, 1606, 1489, 1429, 

1345, 1282, 1239, 1044, 945, 761, 743. Elemental analysis, calculated for C4H18N2Na2O6S4: 

C, 13.16; H, 4.98; N, 7.69. Found: C, 13.04; 4.89; N, 7.56. Thermal gravimetric analysis: - 
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28.5 % mass loss below 100 °C corresponds to - 6 H2O (Figure S20). Data agree with the 

calculated mass loss of - 30 % for six water molecules. 

 

Figure S18: 1H-NMR-spectrum of Nabam. 

 

 

Figure S19: 13C-NMR-spectrum of Nabam. 
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Figure S20: Thermal gravimetric analysis (TGA) curve of Nabam. 

 

Figure S21: Total Mn amount (normalized to protein content) of L4 larval stage wild-type worms 

48 h post-treatment after acute Maneb or MnCl2 exposure for 2 h in L1 stage worms. Data are 

expressed as means ± SEM from at least three independent experiments. 
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Figure S22: Neurotransmitter levels (dopamine (A), serotonin (B), acetylcholine (C), GABA (D)) 

measured with LC-MS/MS normalized to protein content and normalized to respective control of 

wild-type worms (L4 larvae) following acute exposure for 2 h and resting 48 h to reach the L4 larval 

stage. Data are expressed as means ± SEM from at least three independent experiments. An 

unpaired t test with Welch's correction was used for the statistical analysis. 
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