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1. Abstract 

Autism is a complex disorder with possible genetic, epigenetic and 

environmental components. As the etiology remains uncertain and an 

increase in incidence is suspected, the involvement of possible 

environmental risk factors has gained increasing attention. With this thesis, 

I aim to provide tools for assessing such risk factors. Firstly, I aim to 

construct a questionnaire for the analysis of an environmental component 

in the etiology of autism. Secondly, I aim to assess the importance of 

prenatal exposure to metals in certain diseases and thirdly I aim to 

construct a methodology enabling the analysis of the mitochondrial 

epigenome, which is especially interesting in relation to autism as 

mitochondrial diseases occur more frequently in an autistic population than 

in the general population. For the creation of the questionnaire the 

scientific literature was reviewed. The resulting questionnaire contains 

general, prenatal, neonatal and paternal risk factors. The metal analysis was 

conducted on the cord blood of patients who later developed autism, 

antinuclear antibodies positive rheumatoid arthritis or diabetes, which were 

then compared to healthy control subjects. My findings propose a link 

between elevated levels of cord blood cadmium or aluminum and 

rheumatic arthritis. In addition, elevated aluminum levels might be 

associated with autism. In regards to the analysis of the mitochondrial 

epigenome, to my knowledge, no standard protocol exists with frozen 

human whole blood as a source. In this thesis, I succeeded in creating the 

basis for such a protocol, however still needing several small modifications 

for an increased overall yield. 

Keywords: autism spectrum disorders, cord blood, environmental factors, 

metals, method optimization, mitochondrial DNA, rheumatoid arthritis 

2. Review of environmental factors involved in the etiology of autism 

2.1. Introduction 

Childhood autism was for the first time diagnosed and its symptoms 

described in 1943 (Kanner 1943). Usually autism is diagnosed within the 

first three years of life (Ratajczak 2011) and is probably the most 

outstanding disease of a group of symptomatically related diseases. They 

are called “autism spectrum disorders” (ASD). ASD is mainly 

characterized by the occurrence of three symptoms: impairments in 

communication, social interaction and the occurrence of restricted 

repetitive behaviors and interests (Rutter 2005). Additionally, most 
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individuals diagnosed with autism present intellectual and cognitive 

impairments (Lampi et al. 2013). 

With one in 88 children being diagnosed with ASD (CDC 2012) it can be 

considered to be rather frequent. Analyzing its incidence rate over time, a 

review article claims a five till ten-fold increase of the rate of ASD 

diagnosis over the last 20 years (Mbadiwe and Millis 2013). This increase 

of incidence might, however, also partially be due to confounding factors 

such as improved diagnostic techniques and a higher awareness for ASD 

(Mbadiwe and Millis 2013). Underlying actual factors leading to a higher 

incidence rate might be an increased exposure to environmental factors 

related to ASD (Grabrucker 2013). However, if environmental factors and 

which of them specifically are related to ASD is still under debate.  

A reason for this uncertainty is the rather complex nature of the disease, 

with genetic, environmental, immunological factors and oxidative stress 

being suggested to be involved (Ratajczak 2011).  

The genetic component of autism can be observed in twin studies as the 

concordance rate in monozygotic twins is relatively high (Schaefer 2016). 

Furthermore, studying the parents or siblings of affected children, milder 

symptoms and only a subset of autistic traits can be noticed (Bolton et al. 

1994; Abrahams and Geschwind 2008). This observation could be 

explained by the involvement of many different genes (Happé and Ronald 

2008).  The parents and siblings of an autistic child would therefore share 

some of the affected genes. However, lacking others, the full set of autistic 

traits is not observed.  

One genetic alteration type, probably being associated with ASD, is copy-

number-variants (CNV)  (Hu and Chung 2009). It was found by Sebat et al. 

(2007) that de-novo CNV were more frequently observed in patients with 

ASD than in healthy individuals. These de-novo CNV occurred in around 

10% of the sporadic ASD cases. One of the CNV affected genes is 

SHANK3. For the same gene Durand et al. (2007) found that a mutation in 

one of the alleles is related to the onset of ASD. However, the observed 

mutation occurred only in a small fraction of patients and therefore might 

explain the development of ASD only under some circumstances. 

Indicating an environmental factor in the etiology of autism, no study so far 

has found  a 100% concordance rate between monozygotic twins (Schaefer 

2016). 

Investigating the concordance rates between dizygotic twins and singleton 
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siblings, a higher concordance rate in dizygotic twins can be observed 

(Grabrucker 2013). As singleton siblings and dizygotic twins share the 

same amount of genetic relatedness another factor than genetics must be 

responsible for this higher rate in dizygotic twins. Such a factor might be 

exposure to specific environmental toxins during the prenatal phase. 

Therefore, if prenatal exposure to such a risk factor would occur both the 

twins would be affected and thus be more likely to develop autism. As 

such, environmental factors might play an important role in the 

development of autism (Rangasamy et al. 2013). 

These environmental factors can be of various origins (heavy metals, drugs, 

food additives, viral infections, etc.), possibly working at different stages 

during life (Ratajczak 2011; Jory 2015). 

Prenatal valproic acid exposure, for instance, was shown to increase the 

occurrence of distinct autistic traits (Moore et al. 2000) and was even 

reported to lead in 8,9% of the cases to the development of autism 

(Rasalam et al. 2005).  

Apart from specific chemicals, several other more general prenatal factors, 

such as nutrition of the mother during pregnancy, are suggested to be 

related to autism (Grabrucker 2013). Therefore, supplementation of the 

maternal nutrition has the potential to reduce the risk of autism. It was 

shown that supplementation such as folic acid and B vitamins (Schmidt et 

al. 2011), or polyunsaturated fatty acids such as  ω-6 (Lyall et al. 2013) 

taken by mothers during pregnancy led to reduced rates of autistic 

offspring. 

Other factors related to autism might be: prenatal stress (Beversdorf et al. 

2005), cerebellar hemorrhagic injury of the newborn child (Limperopoulos 

et al. 2007), residential proximity to organochlorine pesticide sprayed fields 

(Roberts et al. 2007), parental age (Parner et al. 2012), infections during 

pregnancy (Grabrucker 2013), and heavy metal poisoning (Grabrucker 

2013). 

Due to this complexity of autism, there are several hypotheses that try to 

provide an explanation for its etiology.  

One hypothesis suggests that autism is a very heterogenic disease. Some 

cases of autism might be mainly caused by genetics, while other cases 

might mainly be the result of environmental factors (Tordjman et al. 2014). 

Another hypothesis is that autism results from a combination of being 

genetically susceptible in addition to a specific environmental trigger, that 

then leads to developing the disease (Grabrucker 2013). 
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In conclusion, in both mentioned hypothesis, an environmental factor is at 

least in a proportion of the cases suspected to contribute to the onset of the 

disease. 

To my knowledge, most currently existing questionnaires trying to assess 

an environmental component in autism focus on the exposure to heavy 

metals (Yassa 2014) or another single factor. Apart from one single 

causative factor, the disease might be triggered by the combination of 

several factors. Thereby, I aim to firstly review the literature and identify 

plausible environmental risk factors for autism and, secondly, to construct a 

questionnaire including as many of the identified factors as possible, 

enabling an analysis of possible additive effects of various single factors. 

2.2. Parental age 

Studies investigating the role of parental age found  maternal age (Sandin 

et al. 2012) and paternal age (in non-familial cases) (Kong et al. 2012) to 

be independently associated with a higher risk for autism. 

Regarding an advanced maternal age above 35 years of age a 30% increase 

in the incidence of autism was reported (Sandin et al. 2012). A proposed 

mechanism underlying this observation are obstetric complications. 

Specific obstetric complications such as early birth, reduced birth weight or 

generally low Apgar scores were found to be associated with autism, as 

reviewed by Kolevzon et al. (2007). As the rate of obstetric complications 

increases with advanced maternal age (Usta and Nassar 2008), an 

association between autism and advanced maternal age is reasonable.  

Paternal age, on the other hand, is most likely to act via de-novo mutations 

in the germ-line. A study investigating the rate of de-novo mutations in the 

paternal germline observed an 17% increase mutation rate, comparing 

between 33- and 28-year old individuals (Kong et al. 2012). In general, it is 

assumed that every 16,5 years the total number of paternal germline 

mutations are doubled (Kong et al. 2012). 

In contrast to these observations, other studies were unable to report an 

influence of the age of both parents. 

For instance, a study reported paternal and maternal age to be associated 

with different subtypes of ASD (Lampi et al. 2013). Paternal age was 

associated with autism, whereas maternal age was associated with 

Asperger’s syndrome and PDD. 
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2.3. Prenatal factors 

As mentioned above, a higher concordance rate of autism was observed in 

dizygotic twins than in singleton siblings (Grabrucker 2013). As singleton 

siblings and dizygotic twins share the same amount of genetic similarity, 

shared prenatal environmental factors might explain the higher 

concordance rate. 

Further indications of a possible role of prenatal factors originate from 

neurobiological findings. For instance, in postmortem brain samples a 

lower number of Purkinje cells was found in all autistic samples (London 

and Etzel 2000). The authors suggest that this loss in number is more likely 

the result of neuronal migration disturbances early in development rather 

than a loss of these cells over time. Concluding, they suggest the 

investigation of possible prenatal environmental factors. 

2.3.1. Residential area and maternal occupation 

The risk of exposure to certain substances related to autism at a prenatal 

stat might vary depending on the residential area. 

Pesticide exposure might be elevated if living on the countryside. In regard 

of autism and close proximity to agricultural fields sprayed with pesticides 

a dose-dependent effect of organochlorine pesticides and the incidence of 

autism was found (Roberts et al. 2007). The effect of exposure to this 

pesticide was strongest during the 8th week of pregnancy (Roberts et al. 

2007). Another pesticide class associated with ASD are organophosphate 

pesticides (Shelton et al. 2014). In contrast to Roberts et al. (2007), 

however, the correlation was strongest in the second and third trimester of 

pregnancy, suggesting a different underlying mechanism. 

Exposure to traffic related air pollutants might be especially high in towns 

near streets with increased traffic. Especially nitrogen dioxide and 

particulate matter were associated with ASD (Volk et al. 2013). 

The field of work during pregnancy might lead to exposure of the fetus to 

heavy metals, chemicals, air pollution and pesticides, to name a few. 

Exposure levels through this way are assumed to be higher than through the 

general environment (Windham et al. 2013). 

In order to investigate the role of exposure by work, Windham et al. (2013) 

conducted a study analyzing the occupation of parents with children with 

ASD. Occupations were classified into exposure groups, according to their 

likelihood of being exposed to certain environmental factors. For instance, 

the occupation as nurse or paramedic was classified in the group 
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“disinfectants”. 

No correlation of paternal occupation and ASD in offspring was found 

(Windham et al. 2013). However, mothers of ASD offspring were more 

likely to work in fields with exposure to disinfectants or exhaust/ 

combustion products.  

2.3.2. Smoking and alcohol 

The habit of smoking is correlated to several diseases (Hays et al. 1998) 

and might lead to a higher exposure to certain metals (Hutchinson 2015). 

Two meta-studies (Rosen et al. 2015; Tang et al. 2015) investigated a 

possible relation between the development of autism and smoking. Both 

studies, however, found no indications that smoking and autism are related. 

Nevertheless, smoking during pregnancy has been shown to increase the 

risk for placental problems. For instance, the risk for placental abruption 

and placenta previa was increased 2.1-fold and 1.4-fold respectively 

(Ananth et al. 1996). This finding of placental abnormalities/ damage 

caused by smoking might provide a possible link to autism. Thereby, it 

might be plausible that a higher dose of environmental toxins could reach 

the fetus as the placenta might be functionally impaired. 

Consumption of alcohol, especially during pregnancy, might be related to 

ASD (Eliasen et al. 2010). Indications for the involvement of fetal alcohol 

exposure originate from animal studies. Here, similarities in brain structure 

alteration between ASD patients and animal studies with prenatal alcohol 

exposure were found (Varadinova and Boyadjieva 2015). 

In contrast, a population study of around 80,000 pregnant woman was 

unable to find an association between ASD and alcohol consumption 

(average drinking and binge drinking) (Eliasen et al. 2010). Of the 80,000 

pregnant women only 400 gave birth to children with ASD and 157 gave 

birth to children with early onset autism. Of those cases, only a fraction 

reported drinking during pregnancy and even less reported binge drinking. 

2.3.3. Maternal nutrition 

Consumption of a exclusively vegetarian diet has the potential to result in 

reduced intake of zinc (Baines 2013). The importance of Zinc is shown by 

its status as an essential trace element and its involvement in the 

detoxification of mercury (Ratajczak 2011).  

In regards to an effect of a vegetarian diet on the serum zinc level 

conflicting results are reported. A study of the year 2013 was not able to 

report reduced levels (Baines 2013), whereas a more recent meta-analysis 
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found a reduced serum zinc level in vegetarians (Foster and Samman 

2015). Assuming the meta-analysis to be correct, a vegetarian diet might 

lead to a deficiency of zinc in the fetus. This deficiency might then cause 

an increased susceptibility towards mercury. 

In addition to metal deficiency, foods with an especially high content of 

certain metals might be consumed during pregnancy. For example, a source 

of methylmercury is the consumption of fish. Predatory fish as sharks, 

swordfish or king mackerel were found to be especially high in mercury 

levels and were therefore advised not to be consumed during pregnancy 

(Silbernagel et al. 2011). 

Apart from mercury, fish also contain other metals. A study estimating the 

concentrations of lead and cadmium (Cd) in fish of ponds in Kenya showed 

an increase of both heavy metals above the recommended consumable 

concentration in some tissues (Omwenga et al. 2014). The level of lead 

exceeded the recommended concentration in all investigated tissues, 

whereas the level of cadmium exceeded the recommended concentration in 

brain and liver-tissue but not in muscle or gonadal tissue. A study 

conducted in Mexico found the levels of Cd to depend on the region where 

the fish was caught (Frías-Espericueta et al. 2014). The higher Cd levels 

obtained in one of the investigated regions might be the result of extensive 

agriculture within the region (Frías-Espericueta et al. 2014) and therefore in 

this region the consumption of fish might be of possible human concern 

(Frías-Espericueta et al. 2014). Other studies estimating the level of heavy 

metals in sea fish, which might be the most consumed type of fish due to 

export, found no increase above the recommended consumable 

concentration in most investigated fish species (Pastorelli et al. 2012). The 

concentration of Cd in squid, red mullet, European hake and Atlantic cod 

were, however, found to be elevated above the recommended levels 

(Pastorelli et al. 2012). Therefore, as certain metals are related to the risk of 

autism, the consumption of such fish species should be avoided or limited 

during pregnancy. 

Another factor is food supplementation during pregnancy. The importance 

of taking supplementations already at a periconceptional stage was 

observed by two studies (Schmidt et al. 2012; Surén et al. 2013). In both 

studies, folic acid supplementation was investigated. Surén et al. (2013) 

found a lower risk for autism, if the supplementation began 4 weeks before 

pregnancy until the 8th week during pregnancy. Schmidt et al. (2012) only 
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found the preconceptional use of folic acid supplementation to reduce the 

risk of ASD. 

Apart from folic acid, vitamin supplementations might also be beneficial. 

Vitamin D, for instance, is involved in the repairing mechanism of DNA 

damaged by oxidative stress (Kinney et al. 2010). Another vitamin, also 

involved in preventing damage caused by oxidative stress is vitamin E. The 

levels of this vitamin were found to be reduced in individuals with autism 

at a postnatal state (Alabdali et al. 2014). Supplementing with this vitamin 

during pregnancy might, therefore, be beneficial. 

2.3.4. Medicaments 

The use of the analgesic drug paracetamol was observed to be associated 

with autism if used in children between 12 and 18 months of age (Schultz 

et al. 2008). The use of the alternative drug ibuprofen was, on the other 

hand, not associated with autism (Schultz et al. 2008). Apart of its postnatal 

effect, paracetamol might already have an effect if used during pregnancy 

(Ratajczak 2011). 

Another category of drugs possibly being related to autism are 

antidepressants such as selective serotonin re-uptake inhibitors (SSRIs). A 

meta-analysis, conducted by Kaplan et al. (2016), showed that consumption 

of SSRIs before conception and during the first and second trimester 

resulted in a higher risk for ASD. 

The drug valproic acid (VPA) is well known for its prenatal association 

with autism (Moore et al. 2000; Rasalam et al. 2005). VPA is used as an 

anti-convulsant in epilepsy and as a mood stabilizer in bipolar-disorders 

(Grabrucker 2013). However, receiving VPA prenatally resulted in 9% of 

the cases in the giving birth to an autistic child (Mbadiwe and Millis 2013).  

This relation of VPA is suggested to be caused by its inhibiting properties 

of class 1 histone deacetylases (HDAC1) (Mbadiwe and Millis 2013). 

HDAC1 binds to certain transcription factors and thereby inactivates the 

promotors of the corresponding gene. Inhibiting HDAC1 therefore leads to 

the transcription of the corresponding genes (Mbadiwe and Millis 2013). A 

physiological pathway being altered by VPA is suggested to be the 

Wingless (WNT) pathway. The disruption of the proper function of this 

pathway might lead to a unbalanced cell proliferation (Mbadiwe and Millis 

2013). This could then result in an increased number of neocortical 

minicolumns, which was shown to be associated with autism (Mbadiwe 

and Millis 2013).  
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Another drug category associated with autism when consumed during 

pregnancy are antibiotics (Atladóttir et al. 2012). For instance taking 

penicillin during the second and third trimester of pregnancy was 

associated with a 50% increase in incidence of autism (Atladóttir et al. 

2012). However, it might be possible that the underlying factor resulting in 

the consumption of the antibiotic rather than the antibiotic itself is the 

reason for the increased incidence of autism. 

A study  investigating the effect of infections on the incidence of autism 

found viral infections during the first trimester and bacterial infections 

during the second trimester to be associated with ASD (Atladóttir et al. 

2010).  

2.3.5. Gestational diabetes 

Gestational diabetes was found to be associated with autism (Gardener et 

al. 2009; Xu et al. 2014). A possible mechanism for this association might 

be a combination of elevated levels of glucose, insulin and insulin-like 

growth factors (IGF) (Eidelman and Samueloff 2002). Those elevated 

levels might increase the metabolic rate and cell growth of the fetus, which 

as a result leads to a higher oxygen demand of the fetus (Eidelman and 

Samueloff 2002) and therefore might result in hypoxia (Xu et al. 2014). 

This resulting hypoxia, was at least in male children associated with an 

slight but significant increase in the incidence of ASD (Burstyn et al. 

2011). 

Furthermore, in order to satisfy the higher oxygen demand of the fetus, its 

hemoglobin levels might be elevated. As hemoglobin requires iron and the 

iron uptake of the mother is limited, the tissue iron levels of the fetus were 

found to be dramatically reduced in severe cases of hypoxia (Eidelman and 

Samueloff 2002). This iron deficiency in the brain might then lead to 

developmental abnormalities of the fetus (Eidelman and Samueloff 2002). 

Another link between gestational diabetes and ASD is a suggested higher 

production of free-radicals of the mother (Biri et al. 2006). As oxidative 

stress is, at least in some cases, related to autism (Alabdali et al. 2014) this 

might be another possible mechanism behind the association of ASD and 

gestational diabetes. 

2.3.6. Prenatal stress 

A possible way to analyze prenatal stress in humans is through the 

occurrence of natural catastrophes like hurricanes or flooding. It was found 

that the rate of births to children with ASD increased according to the 
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severity of the natural catastrophe during pregnancy (Kinney et al. 2008). 

The strongest effects hereby could be seen when the catastrophe happened 

during the middle or the end of pregnancy. 

Prenatal stress in humans can also be assessed by a questionnaire. 

Beversdorf et al. (2005) found mothers with autistic children to be exposed 

to more stressors during pregnancy than mothers with healthy children. 

Most of these stressors in mothers with autistic children were observed to 

be in the middle or at the end of pregnancy (21st till 32nd week) (Beversdorf 

et al. 2005).  

2.4. Postnatal/ neonatal factors 

2.4.1. Conception and delivery 

Apart from normal conception, several in vitro fertilization techniques 

(IVF) exist currently. A specific IVF technique found to be associated with 

autism is intracytoplasmic sperm injection (ICSI) with surgically extracted 

sperm (Sandin et al. 2013). This procedure is especially used in case of 

paternal infertility (Sandin et al. 2013). In ICSI, the sperm is injected into 

the egg cell and thereby more damage than by normal IVF procedures 

might occur.   

Complications occurring during labor, as for instance injury or trauma 

during birth, abnormal fetal presentation or general distress of the fetus, 

were found to be associated with autism (Gardener et al. 2009). Apart from 

these complications, the type of delivery was also associated with autism. 

Guinchat et al. (2012) found planned cesarean section to be one of the main 

perinatal factors responsible for an increased incidence of ASD. However, 

planning cesarean sections might be the result of e.g. abnormal fetal 

presentation (Gardener et al. 2009).  

2.4.2. Breastfeeding 

Another postnatal factor associated with autism is the type of feeding the 

newborn. Schultz et al. (2006) found breastfeeding in comparison of using 

infant formula to decrease the risk of ASD. The physiological mechanism 

underlying this observation might be induced epigenetic alterations. During 

the digestion process of milk, casein is broken down into smaller peptides. 

One group of such peptides are opioid-like peptide beta-casomorphin-7 

(BCM7) (Trivedi et al. 2015). The human derivative of this class was found 

to have less potential of inducing epigenetic changes than the bovine 

version (bovine milk-based formula are frequently used for infant nutrition) 

(Trivedi et al. 2015). As epigenetic alterations are assumed to be involved 
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in autism (Mbadiwe and Millis 2013), the above mentioned higher 

epigenetic mutation potential of bovine milk might explain the increased 

incidence of autism if using infant formula instead of breast-feeding. 

2.4.3. Vaccinations and infections 

A much debated and very controversial topic is the role of vaccinations in 

the development of autism. The most mentioned vaccines to be related to 

autism is DPT (diphtheria, pertussis and tetanus) and the live measles virus 

(Ratajczak 2011). Both vaccines were mentioned to be related to the 

retinoid receptor function, thereby providing a possible explanation for the 

distorted peripheral vision observed in autistic individuals (Megson 2000). 

Another possible link between autism and vaccines emerges from 

thiomerosal-containing vaccines. Thimoerosal contains around 50% of 

ethyl mercury and is therefore often suspected to trigger autism in at least 

some cases (Ratajczak 2011). 

A more recent meta-analysis, however, found no evidence linking an 

increased risk of autism with vaccinations (Taylor et al. 2014). This meta-

analysis contained data from studies looking for an effect of thiomerosal 

exposure. Therefore, evidence seems to suggest no association between the 

development of autism and thimorosal-containing vaccines. However, as 

the topic remains controversial further investigations are necessary. 

Apart from prenatal infections, as mentioned earlier, also infections early in 

the life of the child might, at least in some cases, be related to autism or 

autism resembling traits. A case study of a 32-month old girl, infected with 

enterovirus-mediated encephalitis, reported the emergence of autistic 

behaviors (Marques et al. 2014). This patient recovered completely after 

being cured from the infection. Another case study shows a possible role of 

herpes simplex mediated encephalitis for late onset autism (Ghaziuddin et 

al. 2002). In this case, however, the symptoms of autism did not disappear 

after recovery from the encephalitis. These cases show that at least in some 

cases autism or autistic like traits can be the result of a viral encephalitis, 

and can even persist after recovery of the encephalitis. 

2.5. Paternal factors 

Regarding the father, epigenetic alterations of the sperm DNA might be 

related to autism. A study conducted by Feinberg et al. (2015) suggested 

that epigenetic alterations in a distinct region of the genome might 

contribute to the risk of developing ASD. The identified region lies at 
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chromosome 15 and was already associated with ASD in other studies 

(Bolton et al. 2004; Cook and Scherer 2008). 

Other especially interesting epigenetic regions in the sperm DNA are the 

imprinted regions. The methylation at those regions is depending on the 

gender. The DNA of sperm should only be methylated in the paternal 

imprinted germline regions, while those imprinting regions of maternal 

origin should show no methylation (Kobayashi et al. 2017). Disruptions in 

imprinting patterns are often associated with several childhood 

developmental diseases (Kobayashi et al. 2017). 

Methylation alterations in imprinted genes might possibly occur due to 

environmental factors. For instance, it was shown that a lack of exercise 

can alter the epigenome of sperm (Kobayashi et al. 2017). Furthermore, 

sperm with lower quality (lower motility, lower sperm concentration and 

high rates of malformations) tends to show more differentially imprinted 

regions (Kobayashi et al. 2017). Factors leading to lower sperm quality and 

thereby being possibly related to methylation changes are consumption of 

carbonated drinks (containing sugar and caffeine) and smoking (Kobayashi 

et al. 2017). The effect of smoking, however, is uncertain as another study 

reported no effect of smoking on sperm quality (De Jong et al. 2012).  

2.6.  Conclusion 

In summary, many different environmental components might be involved 

in the etiology of autism. These factors range from specific factors such as 

prenatal exposure to valproic acid (Mbadiwe and Millis 2013), over 

advanced paternal age (Kong et al. 2012; Sandin et al. 2012) to general 

factors such as area of residence (Roberts et al. 2007). 

During an individual’s life exposure to a multitude of different factors 

occurs. To my knowledge most questionnaires trying to assess an 

environmental involvement in autism focus on one subset of environmental 

factors, such as exposure to certain heavy metals. This focus on ‘one 

factor’ enables a throughout analysis of this specific factor, however misses 

potential additional information. Firstly, no specific cue causing autism is 

yet found, and secondly, rather a combination of several different factors, 

each having relatively low impacts, might lead to the onset of the disease. 

Therefore, I constructed a questionnaire, including as many factors with a 

scientific basis as feasible (Supplement 1). 
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3. Analysis of metal concentrations in cord blood 

3.1. Introduction 

Metals are one of the most frequent mentioned environmental factor being 

related to the onset of autism. Among metals, mercury (Hg) and lead (Pb) 

are most often investigated in relation to autism. Both were shown to be 

related to the incidence of autism and even have a suggested dose-

dependent effect on the severity of the autistic symptoms (Yassa 2014). 

The level of lead in the blood, for instance, has been found to be higher in 

autistic individuals (Cohen et al. 1982). This is of special importance as Pb 

was shown to already have a variety of physiologic and behavioral effects 

at relatively low levels (Alabdali et al. 2014). Furthermore, if exposed to 

lead prenatally, DNA methylation might be affected (Schneider et al. 

2013). In the case of mercury, an increased risk for autism of 17-61% per 

1,000 pounds released mercury was observed (Palmer et al. 2006).  Both 

mentioned metals are capable to pass through the placenta, the blood brain 

barrier and have the ability of affecting critical developmental processes. 

Thereby, these heavy metals have the potential to influence the fetus 

already at a prenatal stage (Grandjean and Landrigan 2006), possibly 

increasing the risk to develop autism. 

Other heavy metals suspected to be involved in the etiology of autism are 

aluminum, cadmium and arsenic (Ragini et al. 2011).  

It is believed that a decreased excretion ability, rather than high exposure, 

is responsible for the development of ASD (Yassa 2014). This low 

excretion/ detoxification ability in autistic patients was investigated by 

Alabdali et al. (2014), who found a lower glutathione (GSH) level in 

autistic individuals. GSH is important in many different processes, such as 

the detoxification of mercury (Hyman 2004).  

In addition to higher loads of some metals, a deficiency in other metals 

(zinc, magnesium and calcium) was found in some ASD patients (Yasuda 

et al. 2013).  

 

Poisoning from heavy metals is not exclusively related to autism but is 

involved in a series of other diseases. Mostly, heavy metal exposure over a 

long period of time is seen to lead to degenerative processes that are similar 

to diseases such as multiple sclerosis, Alzheimer’s disease, muscular 

dystrophies, Parkinson and cancer (Järup 2003; Jaishankar et al. 2014). 

Chronic exposures to lead, for instance, might result in allergies, paralysis, 

mental retardation, psychosis and autism (Jaishankar et al. 2014). 
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Most often, studies analyze metal levels in individuals of at least 3 years of 

age. However, prenatal exposure to certain metals might be of relevance for 

the onset of autism. 

I aim with this study to investigate metal exposure at a prenatal stage and 

relate those findings with the diseases autism, serum positive rheumatoid 

arthritis (ANA) and diabetes. 

3.2. Material and Methods 

3.2.1. Origin of samples and analysis of metal levels 

All samples analyzed in this study are part of the ABIS (Alla Barn I 

SydÖstra Sverige) registry, stored at the Division of Pediatrics of the 

Department of Clinical and Experimental Medicine of the Linköping 

Hospital. 

The original goal of the ABIS study, conducted by Dr. Johnny Ludvigsson, 

was to investigate the emergence of diabetes and rheumatoid arthritis in 

Swedish children. In this context cord blood, breastmilk, hair of the mother 

and blood of the child at the age of 1, 3 and 5 years was obtained. In 

addition to those samples a questionnaire was filled out by the mother. The 

participation was voluntary. 

The study comprised male and female children born between 1997 and 

1999 in the Swedish provinces of Blekinge and Småland. The age of the 

mother at birth of the child ranged between 18 and 35 years of age, whereas 

that of the father ranged between 22 and 53 years of age. The nationality of 

both is unknown. 

This study is an extension of the original ABIS study and is meant as a 

pilot project assessing the role of prenatal exposure to certain metals for the 

development of autism, serum positive rheumatoid arthritis (ANA) and 

diabetes. In this context, 40 cord blood samples were obtained. Of those 40 

samples, each 10 belonged to the different disease groups (autism, ANA 

and diabetes), whereas 10 additional samples belonged to healthy control 

subjects, serving as control group.  

These samples were analyzed for the concentration of iron (Fe), 

magnesium (Mg), aluminum (Al), arsenic (As), cadmium (Cd), copper 

(Cu), mercury (Hg), lithium (Li), lead (Pb) and zinc (Zn) (Supplement 2). 

The analysis of the metal levels was done by ALS Scandinavia using the 

method ICP-SFMS after acid digestion. 

The digestion in short is comprised of drying at 50°C and dissolution in 

nitric acid/ hydrogen peroxide, in the case of As, Cd, Cu, Hg, and Zn. In 
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the case of the other metals the sample is heated to 550°C and treated with 

lithium methaborate following dissolving in nitric acid.  

The project was ethically approved by the “Regionala 

etikprövningsnämnden i Linköping” (Dnr: M138-09 and Dnr: 2016/515-

31). 

 

3.2.2. Outlier identification 

The identification of outliers was done with two different mathematical 

methods. The first method was the “median-rule” described by Carling 

(2000). This method depends basically on the 25 percentile (Q1) and 75 

percentile (Q3), which can be calculated using SPSS. In addition, the 

method also takes the Skewness-value (Skew) and Kurtosis-value of the 

distribution curve into account (calculated with SPSS). Basically, the 

mathematical formulas used by this method are as follows with n being the 

sample size: 

 

𝑥 = 1 + 8,07 − 0,83 ∗ 𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 − 0,48 ∗ (𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠2) − 0,48

∗ (𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 − 3) + 0,04 ∗ (𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 − 3)2 

 

𝑘2 =
17,63𝑛 − 23,64

𝑛𝑥 − 3,71
 

 

𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 = 𝑚𝑒𝑑𝑖𝑎𝑛 + 𝑘2 ∗ (𝑄3 − 𝑄1)  

The second used method, if the median-rule identifies more than three 

outliers, is the “adjusted-boxplot” described by Hubert and Vandervieren 

(2008). As the above-mentioned method, it is based on the 25- and 75-

percentile. An additional value, necessary for this method is the MC-value, 

which can be computed using R. In order to calculate this value, the 

package “robustbase” was downloaded and the command “mc” used. To 

identify the upper boarder the following mathematical formula was used: 

 

𝑢𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 = 𝑄3 + (1,5 ∗ 𝑒4𝑀𝐶 ∗ (𝑄3 − 𝑄1)) 

 

In the case of Q3-Q1 equaling zero none of the above-mentioned methods 

was used, and thus no outliers were tried to be identified. 

(1) 

(2) 

(4) 

(3) 
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Summarizing, outliers for the metals Al, Cu, Zn, Fe and Mg are identified 

via the median rule, outliers for the metals Cd, Hg and Li are identified by 

the more robust adjusted boxplot and for the metals As and Pb no outlier 

detection method is applied- 

3.2.3. Statistical methods 

The Mann-Whitney-U test was conducted in order to assess differences in 

metal levels between each disease group and the control group. The test 

variable consists of the metals concentration. 

In order to assess, between which groups specifically a possible difference 

occurred the 2-Independent-Sample-Mann-Whitney-U-test was chosen. 

Here each disease group was individually tested against the control group. 

 

Boxplots were constructed in order to visualize possible differences in the 

group composition, using the packages “ggplot2” and “beeswarm” of R. 

The corresponding commands were: 

 

𝑏𝑜𝑥𝑝𝑙𝑜𝑡(𝐷𝑎𝑡𝑎, 𝑦𝑙𝑎𝑏 = ′𝑦 − 𝑎𝑥𝑖𝑠′, 𝑚𝑎𝑖𝑛 = ′𝑛𝑎𝑚𝑒′, 𝑜𝑢𝑡𝑝𝑐ℎ = 𝑁𝐴) 

 

𝑏𝑒𝑒𝑠𝑤𝑎𝑟𝑚(𝐷𝑎𝑡𝑎, 𝑚𝑒𝑡ℎ𝑜𝑑 =′ 𝑐𝑒𝑛𝑡𝑒𝑟′, 𝑐𝑜𝑙 = 1, 𝑎𝑑𝑑 = 𝑇𝑅𝑈𝐸) 

 
The Chi-Square test was used to assess differences in the metal levels 

related to literature. Each value was assigned to the groups “threshold”, 

“reference” and “above reference” according to reference data of the 

literature (detailed data see Supplement 3). After replacing the actual 

concentration by the corresponding group name, a chi-square test was 

performed individually for each metal between each disease group in 

relation to the control group. 

3.3. Results 

3.3.1. Total data (including outliers) 

Testing before exclusion of outliers for significance, the results of the 

conducted Mann-Whitney-U-Tests are displayed in Table 1.  

In all the analyzed metals, only the concentrations of Cd when comparing 

ANA and control showed a significant difference (p value = 0.023).  

In addition to this significantly higher concentration of Cd, a tendency (p-

value = 0.089) towards a higher concentration of the metal Li in ANA can 

be observed.  

(5) 

(6) 
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Apart of those metals in ANA, no significances or tendencies (P-value < 

0.1) were found. 

Table 1: Mann-Whitney-U-Test (Exact Sig. [2*(1-tailed Sig.)] comparing the 
metal concentrations of the ANA, autism and diabetes group with the control 
group (all values). Significant values (p < 0.05) are highlighted in green and 
tendencies (0.05 < p < 0.1) are highlighted in yellow. 

 

3.3.2. Data excluding outliers 

The by the “median-rule” and “adjusted-boxplot” identified outliers are 

displayed in Table 2. 

In total ten outliers were identified. Two outliers occurred in the control-

group, three in the ANA-group, four in the autism-group and one in the 

diabetes-group. All here identified outliers had concentration levels of at 

least double the amount of the mean value of the corresponding metal. 

Table 2: Identified outliers of the original data set using median rule and 
adjusted boxplot methods. 

 Al Cd Cu Hg Li Zn Fe Mg 

Mean 

value 

(μg/l) 

13.85 0.11 451.10 0.26 5.61 1099.8

0 

3101 17435 

Values 

outlier 

(μg/l) 

127 2.03 957 - 126/ 

39.4/ 

10.8  

2690 13400 26500/ 

26400 

ID 307728 305188 305188 - 323341

/ 

303664

/ 

309982 

315248 302688 315739

/ 

306078 

Disease 

Group 

control autism autism - Autism/ 

ANA/ 

ANA 

control autism Diabete

s/ ANA 

 

Method Median

-rule 

Adj. 

Boxplot 

Median

-rule 

Adj. 

Boxplot 

Adj. 

Boxplot 

Median

-rule 

Median

-rule 

Median

-rule 

 

 Fe Mg Al As Cd Cu Hg Li Pb Zn 

ANA 0.68 0.97 0.28 0.32 0.02 0.44 0.25 0.09 0.80 0.68 

Autism 0.97 0.17 0.35 0.68 0.14 0.80 0.63 0.22 0.97 0.68 

Diabetes 0.80 0.25 0.97 0.68 1.00 0.97 0.35 0.74 0.97 0.39 
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Test were then performed after excluding the values of the identified 

outliers for significance. The results of the conducted Mann-Whitney-U-

Tests are displayed in Table 3. 

The obtained values resemble mostly those obtained in Table 1. Again, 

only the metal level of Cd in the ANA-group is significantly elevated in 

comparison to the control group. For all the other values, no significant 

difference or tendency was found. Only the concentration of Al in the ANA 

group could almost be regarded as a tendency (p-value: 0.11). 

 

Table 3: Mann-Whitney-U-Test (Exact Sig. [2*(1-tailed Sig.)] comparing the 
metal concentrations of the ANA, autism and diabetes group with the control 
group (excluding outliers). Significant values (p < 0.05) are highlighted in green 
and tendencies (0.05 < p < 0.10) are highlighted in yellow. 

 Fe Mg Al As Cd Cu Hg Li Pb Zn 

ANA 0.68 0.66 0.11 0.32 0.02 0.44 0.25 0.25 0.80 0.40 

Autism 0.66 0.17 0.16 0.68 0.24 0.97 0.63 0.36 0.97 0.97 

Diabetes 0.80 0.40 0.66 0.68 1.00 0.97 0.35 0.74 0.97 0.60 

 

In Figure 1, the distributions of the individual metal concentrations can be 

compared.  

In the case of Al (Figure 1 A), a higher variation in the values of the ANA- 

and the autistic-group can be observed in comparison to the control and 

diabetes group. Whereas in diabetes and control most values are at the 

threshold concentration, in autism and ANA each six values are above the 

threshold concentration. 

Comparing the distribution of the concentrations of Cd (Figure 1 B) the 

values in the ANA-group vary more, which underlines visually the found 

significance.  

Regarding Li (Figure 1 C), the values are all at the threshold level of 1 μg/l 

for both the diabetes and control group. In contrast to that in ANA and 

autism, the values seem to vary more. This variation is, however, not 

significant. 

Another metal with a different distribution pattern is Mg (Figure 1 D). Here 

the concentrations in the autistic group tend to be slightly more clustered at 

higher values, resulting in a higher group mean value than in all the other 
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groups; the difference, however, was non-significant (p-value = 0.165). 

Regarding the other metals, no trends can be discovered in the distribution 

pattern. 

 

  

   

   

Figure 1: Boxplots with sample values (excluding outliers) for each measured 
metal divided into the four different groups (ANA, Autism, Diabetes, Control). P-
values (exact Sig. [2*(1-tailed Sig.)] < 0.05, estimated by a Mann-Whitney-U-
Test in comparison to control group, are indicated with a star underneath the 
corresponding group. The metals are displayed in the following order: A) Al, B) 
Cd, C) Li, D) Mg, E) Zn, F) Cu, G), H) Fe.  

In both Figure 1 A and B the distribution of the diabetes and control group 

equals each other. Therefore, for those metals an additional Mann-

Whitney-U test was conducted that included the individuals of the diabetic-

group as control-group. This testing showed a significant difference 

between the ANA and control group for Al (p-value = 0.04) and Cd (p-

value = 0.01). In the case of the autism group a tendency towards elevated 

* 

C 

F G H 

D E 

B A 
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Al-levels could be found (p-value = 0.09), whereas for Cd the difference 

remains non-significant (p-value = 0.17). 

3.3.3. Results in relation to literature 

Relating the individual metal concentrations to the literature, the group 

composition for Cd and Al can be seen in Figure 2. 

In regards to Cd (Figure 2 A), more of the measured concentrations were 

within the reference range in both the autism and ANA groups, and 

therefore above the threshold concentration. In contrast in the control and 

diabetes groups most values were below the threshold concentration. 

Comparing those compositions each with the control group in ANA a 

significant difference (p-value = 0.025) and in autism a tendency (p-value= 

0.068) could be found. 

In the case of Al (Figure 2 B), the detection limit was with 5 μg/l relatively 

high, as the reference range was between 0 and 6 μg/l. Therefore, the 

values below detection limit and reference were clustered as reference. In 

both the ANA and autism group most values exceed the reference 

concentration, while in the diabetic and control group the majority of the 

values are within the reference range. When comparing those contributions 

with a chi-square test, a tendency (p-value = 0.074) between the control-

group and the ANA-group could be observed. In the autistic-group this 

difference remains non-significant (p-value = 0.178). 

 

  
Figure 2: Clustering the individual values into the categories below detection 
limit, reference and above reference. A)  Distribution of Cd and B) distribution of 
Al. 
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3.4. Discussion 

Regarding my obtained results, overall it can be said that serum-positive 

rheumatoid arthritis is more associated with certain elevated metal levels 

(Cd and Al) in cord blood than the other disease groups. In the autistic 

group a tendency toward higher cord-blood levels of Al was found. 

As the sample size was with 10 individuals each group relatively low, 

outliers have the potential to affect the data. After excluding outliers for 

most metals, the obtained p-values remained in the same range. Therefore, 

it can be concluded that excluding outliers did not alter the data 

substantially. 

In order to compensate for the small sample size, the groups control and 

diabetes were combined, if the distribution of the individual values 

resembled each other. Increasing the size of the control group this way, 

improved the obtained p-values and lead to a significance between serum-

positive rheumatoid arthritis and the new control group for the metals Cd 

and Al and a tendency in the case of the autistic group for Al. This suggests 

that the sample size decreases the detection ability of potential differences, 

by only showing the clearest ones. 

Even though limited by the small sample size, the levels of Cd were found 

to be significantly associated with ANA in all the executed tests. This 

association with at least some metals is in agreement with findings in 

literature. The production of autoantibodies was found to be associated 

with certain heavy metals (Stejskal and Stejskal 2000). Such metals are for 

instance silver and mercury. However, instead of antinuclear antibodies 

those metals were more related to the production of anti-nucleolar 

antibodies (Stejskal and Stejskal 2000). Furthermore, antinuclear 

antibodies were found in certain mouse strains after exposure to metals, 

while in others no such correlation could be observed (Stejskal and Stejskal 

2000). This, therefore, indicates a genetic susceptibility in addition to the 

exposure to metals. 

The results of the present study indicate the strongest relation of Cd with 

serum positive rheumatoid arthritis. A relation of Cd with rheumatoid 

arthritis (serum-positive for autoantibodies) was already assumed by 

Hutchinson (2015). Smoking and certain occupations were suggested as 

major exposure factors. The present study can, thus, support this suggested 

role of Cd. The way of exposure in my study is, however, unclear as only 

two individuals reported smoking in the ABIS questionnaire, and no 
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occupation in a field at risk for exposure to high levels of metals was noted. 

In this study I investigated cord blood. As in ANA significantly higher 

levels of Cd were observed, prenatal exposure to this metal might be of 

importance for this disease. 

When combining the control and diabetes group, significantly higher levels 

of Al were observed in the ANA group in this study. As rheumatoid 

arthritis is considered to be a chronic autoimmune disease (Rosenthal et al. 

2015), a link to high levels of Al might be reasonable. Al is often used as 

an adjuvant, in the purpose of enhancing the response of the immune 

system, in vaccines (Guimarães et al. 2015). Apart from toxic effects on the 

brain, Al might therefore also have the potential to be a factor leading to 

autoimmunity and the formation of autoantibodies (Guimarães et al. 2015). 

Regarding the autistic group, no significant relation to the level of one of 

the investigated metals was apparent. However, when clustering the control 

and diabetic groups, a tendency towards higher aluminum levels in the cord 

blood of individuals later diagnosed with autism was found. Vaccinations 

and their role in the etiology of autism is a controversial point in scientific 

literature. The factor linking vaccinations and autism is often suggested to 

be thiomerosal (Ratajczak 2011), as a clear relation of elevated Hg levels 

and autism is frequently found (Alabdali et al. 2014; Yassa 2014). In this 

study, however, no increase in Hg levels in cord blood were observed. As 

mentioned above, the level of Al in cord blood of autistic individuals might 

be increased. Regarding vaccines, Al is often used as an adjuvant. A study 

investigating the increase of incidence of ASD suggested increased 

exposure to Al through vaccines to be a possible contributing factor 

(Tomljenovic and Shaw 2011). As the present study analyzed cord blood, 

this increased level of Al was not found to be related to vaccination events 

as few vaccination events were reported in the ABIS questionnaire. Only in 

one of the autistic cases a vaccination was reported but the Al levels found 

in the cord blood of this case was even lower than the group average. 

Therefore, the higher rate of Al found in this study is the result of a 

different exposure. In contrast to the literature, no relation between Pb, Hg 

or As and autism could be detected in the study. However, cord blood 

investigation concerns possible prenatal exposure rather than exposure 

early in life, which is the topic in most studies. Another explanation for this 

discrepancy is the small sample size used in my study. Due to this, only the 

metals with the strongest effect might become apparent, whereas metals 
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with a lower impact or only a role in a subgroup of individuals might not 

reach significance. Therefore, even though especially mercury and lead are 

regarded as prenatal risk factors (Grabrucker 2013; Alabdali et al. 2014; 

Yassa 2014), this might explain why the present study was unable to find a 

correlation. 

Mercury exists in three different forms (elemental mercury, inorganic 

mercury and organic mercury) (Carocci et al. 2014). As in this study only 

the level of elementary mercury was measured, the levels of the two other 

forms are not detected and therefore the actual role of mercury may be 

underestimated. Especially organic mercury might be a possible prenatal 

risk factor through ,for instance, consumption of fish (Silbernagel et al. 

2011). Therefore, I suggest that, to assess the role of mercury, total 

mercury levels or organic mercury rather than only the elemental form 

should be measured. 

When dividing the Cd levels according to their physiological role, 

measurable concentrations in cord blood (meaning above the threshold 

level) seem to be more frequent in autism. This might indicate that low but 

measurable levels of Cd in cord blood could be related to autism. This 

higher number of individuals with measurable Cd levels is, however, not 

significant and should be investigated using a larger sample size.   

By analyzing the ABIS questionnaire no specific sources could be 

identified regarding where the individuals might have obtained such higher 

levels. Identifying the actual source of exposure is complicated as an 

individual is exposed to an unlimited amount of different environmental 

influences, and the ABIS questionnaire was not specifically constructed for 

assessing this question. In the case of ASD, high levels of metals are 

suggested to be the result of an decreased excretion ability, rather than of 

an high exposure (Yassa 2014). Thereby, genetic susceptibility might be of 

a higher importance than the level of exposure. 

3.5. Conclusion 

In conclusion, serum-positive rheumatoid arthritis might be associated with 

prenatal exposure to Cd and Al, whereas in autism prenatal exposure to Al 

might increase the risk for the disease. For the diabetes group no relation to 

any of the investigated metals was apparent, thus indicating that prenatal 

metal exposure is not linked to the disease. 

In the case of autism, a stronger association with metal levels was 

expected. This discrepancy can be explained by the used analysis method, 
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which only detects metals in their elemental form. Moreover, the small 

sample size might overlook possible relations. Nevertheless, the tendency 

for elevated levels of Al is a promising preliminary result and should be 

validated in a higher sample size. 

4. Method development for analysis of the mitochondrial genome and 

epigenome 

4.1. Introduction 

Apart from changes in the DNA code, alterations can be inherited by 

epigenetic mechanisms. Epigenomic alterations occur without changing the 

actual DNA code (genotype) but still have the potential to alter the 

phenotype (Varadinova and Boyadjieva 2015).Those alterations can, for 

instance, occur by methylation of the nucleotide cytosine neighbored by a 

guanosine or via histone acetylation (Tsankova et al. 2007; Mbadiwe and 

Millis 2013). Precursor chemicals necessary for this methyl-group transfer 

are methylfolate and methionine (James et al. 2009a; Mbadiwe and Millis 

2013). Mothers of autistic children were found to have significantly 

reduced levels of these two chemicals (James et al. 2009a). A lack of these 

chemicals might therefore reduce total methylation during development of 

the child. In addition to reduced substrate for methylation, a higher 

expression of methylation-inhibiting proteins was observed in mothers of 

autistic children (Mbadiwe and Millis 2013). Taking these two factors  into 

consideration, it is not surprising that total methylation in mothers with 

autistic children is lower compared to mothers without autistic children 

(Mbadiwe and Millis 2013). 

As epigenetic processes are, however, a critical step during development 

(Tsankova et al. 2007) and disruptions in such have the potential to cause 

neurobehavioral deficiencies (Tomalski and Johnson 2011) a link to autism 

might exist. 

An example for such a link is the methyl CpG binding protein 2 (MeCP2), 

which is involved in epigenetic processes and associated with ASD 

(Mbadiwe and Millis 2013). In ASD this protein is frequently less 

expressed than in healthy individuals (Mbadiwe and Millis 2013). One of 

the roles of MeCP2 is the binding of methylated DNA (Mbadiwe and 

Millis 2013). By interacting with various other proteins, MeCP2 then leads 

to a deacetylation of histones. By deacetylating histones, the DNA is 

condensed and thereby less expressed at this region (Varadinova and 

Boyadjieva 2015). The observed reduced expression of MeCP2 in autistic 
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patients is most likely due to an increased methylation of the promotor 

region of the corresponding gene (Mbadiwe and Millis 2013) and thereby is 

in itself affected by epigenetic processes in autistic individuals. 

Apart from an affected epigenome, in an autistic population mitochondrial 

diseases are observed to be more frequent than in the general population 

(Rossignol and Frye 2014; Loke et al. 2015). These mitochondrial diseases 

might be the underlying mechanism responsible for autism, in a 

subpopulation of the cases,. 

This higher frequency might be due to genetics or be the result of 

environmental factors. One proposed factor are heavy metals, as 

mitochondria are an important target of their toxicity (Belyaeva et al. 

2008). 

Disturbances in the functionality of mitochondria might lead to increased 

oxidative stress, which was in some cases shown to be related to autism 

(Alabdali et al. 2014). Additionally to mitochondrial diseases also low 

GSH levels were observed in autistic children at mitochondria (James et al. 

2009b). GSH acts as an antioxidant and thereby protects against oxidative 

stress. Being less protected against oxidative stress, changes in the genome 

might occur, even further damaging the mitochondrion. 

Due to this proposed link of mitochondrial diseases and epigenetic 

processes with autism an analysis of the mitochondrial genome might be 

purposeful. 

Indicating the evolutionary origin of the mitochondrion as prokaryotic 

organism, the DNA of it is circular (Gray 2012). 

Most extraction protocols for circular DNA are based on the principle of 

alkaline lysis introduced by Bimboim and Doly (1979). Circular DNA has 

slightly different properties than linear DNA. One such different property is 

that within a pH range of 12 – 12,5 linear DNA is denatured whereas 

circular DNA remains intact (Bimboim and Doly 1979). After neutralizing 

the solution with sodium acetate, the denatured linear DNA aggregates and 

precipitates with the proteins while the circular DNA remains in solution.  

Therefore, I aim to establish a protocol enabling simultaneous sequencing 

of the mitochondrial genome and epigenome possible from human frozen 

whole blood samples.  
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4.2. Material and Methods 

4.2.1. Origin of samples and enrichment for platelets 

Test blood samples were provided by Dr. Helen Karlsson of the 

Department of Clinical and Experimental Medicine of Linköping 

University Hospital. Those samples were obtained of employees of the 

same department voluntarily. The blood was collected using BD vacutainer 

containing heparin as anticoagulant.  After sampling, the blood was stored 

at -80°C until defrosted at room temperature for use. 

In contrast to fresh blood, centrifugation of frozen whole blood samples 

does not result in a division into three layers as for instance described by 

Birschmann et al. (2008). 

In order to preliminary enrich for mtDNA, 2 ml whole blood was 

centrifuged at 1400 x g for 15 min at room temperature. This centrifugation 

speed and time was used by Baccarelli and Byun (2015) to concentrate for 

platelets in frozen human serum samples. Platelets contain mitochondria 

but no genomic DNA (Zhang et al. 2011). 

After obtaining this platelet containing pellet, 3 washing steps with each 2 

ml PBS were conducted. The obtained platelet-containing pellet was then 

the starting material for all further applied methods.  

4.2.2. Extraction of mtDNA 

After this initial enrichment for platelets by centrifugation the three 

following extraction protocols were used separately: 

4.2.2.1. Original Plasmid-Extraction Protocol (Thermo Scientific 

GeneJET Plasmid Miniprep Kit (K0503)) 

Initially, the obtained pelleted cells are re-suspended in a RNase containing 

solution. Following this step, a lysis solution is added and the tube is 

immediately inverted several times. Thereafter, the pH of the sample is 

again neutralized and the tube inverted to ensure neutralization of the 

whole sample. The cell debris and linear DNA is now precipitated whereas 

circular DNA remains in solution. 

Therefore, after a centrifugation step the supernatant is transferred to the 

supplied spin columns and eluted after two washing steps.  

For a detailed protocol, see Supplement 4. 

4.2.2.2. Modified Plasmid-Extraction Protocol 

As the membranes of platelets and bacteria might have different properties, 

the samples are treated with proteinase K before applying the GeneJet 

Plasmid miniprep protocol. This step should ensure better access to the 

https://www.thermofisher.com/order/catalog/product/K0503
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mtDNA. After the digestion, the normal protocol of the plasmid kit is 

applied.  

For a detailed protocol, see Supplement 5. 

4.2.2.3. DNeasy Blood & Tissue Kit (Quiagen) 

In order to assess if the protocols described above are enriching for 

mtDNA, the whole DNA of the cell pellet is extracted using the “Quiagen 

Blood and Tissue Kit” according to the manufacturer’s instructions. The 

only modification was a prolonged digestion with proteinase K. 

For a detailed protocol, see Supplement 6. 

After extraction, the concentrations of the obtained samples were measured 

using Qubit and thereafter analyzed for the mtDNA content as described in 

section 4.2.4 and 4.2.5. 

4.2.3. Exonuclease digestion 

For further purification of the circular mtDNA, an exonuclease digestion is 

conducted on the extracted DNA. The digestion with exonuclease is 

roughly based on the protocol of Møller et al. (2016). 

The exonuclease digestion was performed on 10 μl, meaning 10% of the 

extracted DNA of each sample. The digestion of the sample originated of 

the “Blood and Tissue kit” was digested with 1 μl exonuclease for 2 hours, 

whereas the extracted DNA of the “modified Plasmid-Extraction protocol” 

was digested with 1 μl exonuclease for 30 min. 

Each of the exonuclease digestions were performed at 37°C. Following 

this, EDTA was added to a concentration of 11 mM and the exonuclease 

was heat-deactivated for 30 min at 70°C. 

After this procedure, the samples were purified using “Zymo – Clean and 

Concentrator 5” and eluted in equal volumes of water. 

The concentrations of those purified samples were then measured using 

Qubit and then analyzed for the mtDNA content as described in section 

4.2.4 and 4.2.5. As only 10% of each sample was subject to the 

exonuclease digestion, the obtained values were multiplied by ten, making 

a comparison with the original plasmid-extraction protocol possible. 

4.2.4. qPCR  

The same qPCR-Program and primers as in the study of Kampira et al. 

(2014) were used. In short, the primers that were specific for mtDNA 

targeted the ATPase 8 gene and the primers estimating the nuclear DNA 
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content targeted the GAPDH gene. The total volume of each qPCR reaction 

was 25 μl (contained 12.5 μl SYBR Green, 2 μl of a 5 mM forward primer 

stock, 2 μl of a 5 mM reverse primer stock, 2 μl of the sample and 6.5 μl 

water). The Cp-values of each sample and for each primer pair was 

assessed in triplicates. 

The qPCR program consisted of initial denaturation step at 95° for 10 mins, 

followed by 45 cycles of 10s denaturation at 95 °C, 10s annealing at 60° 

and 15s elongation at 72°C. 

4.2.5. Estimation of mtDNA content in ng  

The expected copy number in 1 ng DNA (containing 100% of the 

respective DNA type) was calculated for both nuclear DNA and 

mitochondrial DNA using the program of URI Genomics & Sequencing 

Center (2004). 

As the mitochondrial DNA has a total length of 16,569 bp, 1 ng pure 

mtDNA contains 5.59 x 107 copies. The human (haploid) nuclear DNA is 

estimated at around 3234.83 mb and thereby 1 ng pure nuclear DNA 

contains 290 copies. 

Assuming a sample containing of 0.5 ng mtDNA and 0.5 ng nDNA the 

following formula provides the ratio of copy numbers of mtDNA in 

comparison to nDNA: 

 

𝑟𝑎𝑡𝑖𝑜 =
0.5 𝑛𝑔 ∗ 5.59 ∗ 107 𝑐𝑜𝑝𝑖𝑒𝑠 𝑚𝑡𝐷𝑁𝐴

0.5 𝑛𝑔 ∗ 290 𝑐𝑜𝑝𝑖𝑒𝑠 𝑛𝐷𝑁𝐴
 

 

Obtaining the Cp-values by conducting a qPCR the ratio of copies of 

mtDNA in comparison to nDNA can be calculated as in formula (8). 

𝑟𝑎𝑡𝑖𝑜 = 2𝐶𝑝(𝑛)−𝐶𝑝(𝑚𝑡) 

Knowing this ratio, the unknown variable (x) is the content of mtDNA per 

ng. The respective nuclear content therefore is 1-x. The generalized 

formula, based on the previous example (formula 7), is therefore:  

𝑥 =
𝑟𝑎𝑡𝑖𝑜 ∗ 290

5.59 ∗ 107 + 𝑟𝑎𝑡𝑖𝑜 ∗ 290
 

In order to calculate the total amount of expected mtDNA, the obtained x-

value is multiplied by the total yield, measured by Qubit. 

(7) 

(8) 

(9) 
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The obtained values should, however, only be considered as rough 

estimations as 100% efficiency of the qPCR and the used primers and 

100% correctness of the measured concentrations are assumed. As the 

original protocol was conducted on 1 ml blood whereas both other 

protocols used 2 ml, the values obtained for the plasmid kit were multiplied 

by 2 to correct for this difference in starting material 

4.2.6. Barcoding of mtDNA samples 

As sequencing with the PacBio-Platform requires at a high input and is an 

expensive process, clustering several samples and analyzing them at the 

same time is highly beneficial. For the clustering procedure of the DNA 

each sample must be barcoded so that later in the sequence a discrimination 

between the different samples is possible. A method using clustering and 

barcoding DNA is genotyping by sequencing (GBS) (Pértille et al. 2016). 

The method used here for barcoding the samples is mainly based on this 

method. 

The first step of barcoding is to cut the DNA with a restriction enzyme 

(Pst1) to generate a ligation site for the barcode. In the human mtDNA, two 

restriction sites for this enzyme exist. The first site is located at bp 6,914, 

while the second is located at the position 9,024. As the mtDNA is circular 

two fragments of the sizes 2,110 bp and 14,459 bp will be obtained after 

digestion. 

Cutting with Pst1 will lead to 3’ overhangs with the sequence ACGT. 

Hence, the 3’ end of the barcodes needs to have the complimentary 

sequence to be ligated to the fragment. Each barcode is, thus, composed of 

the ligation site and a barcode (e.g.: 5’- barcode-sequence, ligation site 

(TGCA) – 3’). As I used barcodes designed for GBS, they contain an 

additional sequence at the 5’ end. This sequence is only necessary for the 

GBS and is of no special importance for this method. However, this 

additional sequence was helpful for designing primers in order to verify the 

binding of the barcode to the fragments.  

After adding the barcode to the DNA cut with Pst1, the barcodes are ligated 

to the fragments. 

For a detailed protocol, see Supplement 7. 

To ensure that the barcodes are bound to both fragments primers specific 

for each fragment with the attached barcodes were designed and the 

binding was confirmed by PCR. All primers were designed using the 

Primer-Blast tool of NCBI, using the mitochondrial genome NC_012920.1 
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as template. 

Furthermore, to ensure the cutting of the mtDNA with Pst1 an additional 

primer was designed, with the Pst1 cut between the primer sequences.  

The sequences of the primers used in this step are shown in Supplement 8. 

A PCR was performed on: 1) DNA extracted with the modified plasmid 

protocol, followed by the exonuclease digestion and barcoding procedure. 

2) DNA extracted with the blood and tissue kit, followed by the 

exonuclease digestion and barcoding procedure. 3) DNA extracted with the 

modified plasmid protocol, followed by the exonuclease digestion but 

without the barcoding procedure, serving as control for the barcoding 

procedure. 4) A non-template control containing water instead of DNA. 

 

The PCR program used for the quantification was the following: 95°C for 1 

min, followed by 35 cycles of denaturing at 95°C for 30 sec, annealing at 

55°C for 30 sec. and elongation at 72°C for 1 min. Following the cycles, 

one final elongation step at 72°C for 5 min was performed. The total PCR 

volume was 15 μl composed of 7.5 μl Dream-Taq, 0.4 m M of each primer, 

2 μl DNA and the volume was adjusted to 15 μl with water. 

The PCR products are thereafter subject to a gelelektrophoresis using a 2% 

Agarose Gel. 

4.3. Results 

4.3.1. Extraction of mtDNA 

After obtaining DNA from the different methods, the DNA content was 

measured using Qubit and the ratios of mtDNA copies to nDNA copies 

estimated of the by qPCR obtained Cp values (Table 4).  

The amount of DNA extracted by following exclusively the original 

plasmid-extraction protocol gave a total yield of 47.2 ng and a ratio of 

1553, whereas the modified plasmid-extraction protocol achieved a total 

yield of 8,940 ng with a ratio of 50.44. Extracting the whole DNA 

exclusively with the blood and tissue kit resulted in a yield of around 

70,000 ng. 

Calculating the amount of mtDNA in ng (Table 4), the blood and tissue kit 

resulted in the highest expected yield (5.97 ng), followed by the modified 

plasmid-extraction protocol (2.34 ng), whereas the original protocol 

yielded only 0.38 ng mtDNA. 
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Table 4: DNA concentration, total yield, ratio and estimated mtDNA yield 
obtained by the different protocol. In all protocols, the DNA was eluted in a total 
volume of 100 ul elution buffer. For the original plasmid-extraction protocol, 
however, a starting material of only 1 ml blood was used while in the other 
cases 2 ml were used. 

 Original Plasmid-

Extraction Protocol 

Modified Plasmid-

Extraction Protocol 

Blood and tissue 

kit 

Total yield (ng) 47.2 8940 ~70,000 

Ratio 1553 50.44 13.97 

Estimated content 

of mt DNA (ng) 

0.38 2.34 5.07 

 

4.3.2. Exonuclease digestion 

A comparison between the different methods is shown in Table 5. 

The expected yield of mtDNA of the modified plasmid protocol after 

treatment with exonuclease is around 40% lower than solely using the 

original protocol, whereas the purity/ ratio is slightly increased. 

However, the combination of the blood and tissue kit with an exonuclease 

digestion yielded around 140% of the amount of mtDNA yielded by the 

original protocol. On the other hand, extracting with this protocol leads to a 

sample that is less enriched for mtDNA. 

Comparing now the estimated mtDNA content before exonuclease 

treatment with after exonuclease treatment it can be seen that the 

incubation with exonuclease reduced the total yield approximately by a 

factor of 5. 

Table 5: Comparison of values after exonuclease digestion (assuming using 
100% used sample instead of 10%) with the results of using solely the original 
plasmid kit protocol. 

 Original Plasmid-

Extraction Protocol 

Modified Plasmid-

Extraction Protocol 

Blood and tissue 

kit 

Total yield 94.4 43.6 3300 

Purity (Ratio) 1553 1891 61.77 

Expected mtDNA 0.78 0.45 1.1 

Expected mtDNA 

without digestion 

- 2.34 5.07 

Percentage 

compared to before 

digestion 

 19.2 19.7 

4.3.3. Barcoding of mtDNA samples 

Figure 3 A shows the verification of the Pst1 cut of the different samples. 

In all the used samples apart from the non-template control a band can be 
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observed. Therefore, in all samples containing DNA a PCR product was 

formed, meaning that undigested mtDNA was present. By comparing the 

intensity of the bands, the third band (corresponding to uncut DNA) 

appears to be slightly more intense. 

The binding of the barcode to the short (Figure 3 B) and long (Figure 3 C) 

restriction fragment of the mtDNA was verified. In both cases bands can 

only be observed in the first two wells (Figure 3 B), which correspond to 

the samples being subject to the barcoding procedure. The bands of the 

DNA extracted with the modified plasmid kit is, for both the short and long 

fragment, slightly more intense than the corresponding one using the blood 

and tissue kit.  

   
Figure 3: 2% Agarose gel of PCR products verifying A) the Pst1 cut B) the 
ligation of the barcode to the short mtDNA fragment and C) the ligation of the 
barcode to the long mtDNA fragment. The wells following the 100 bp ladder 
contain: 1) Barcoded DNA extracted with the modified plasmid kit protocol, 
followed by an exonuclease digestion. 2) Barcoded DNA extracted with the 
blood and tissue kit protocol, followed by an exonuclease digestion. 3) non-
barcoded DNA extracted with the modified plasmid. 4) A non-template control 
containing water instead of DNA.  

4.4. Discussion 

4.4.1. Extraction of mtDNA 

A higher enrichment for mtDNA is obtained by extracting with the original 

protocol than in the other procedures. However, even though enriched, by 

following this protocol less than 1 ng expected mtDNA yield of a total of 2 

ml of blood was obtained. Adding a proteinase K digestion step to the 

protocol, as in the modified protocol, increased the expected content of 

extracted mtDNA by a factor of three. Extracting according to the blood 

A B C 
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and tissue kit lead to an estimated mtDNA content of around 5 ng. 

Compared to the achieved value following the modified plasmid-extraction 

protocol, approximately double the amount of mtDNA was extracted. A 

possible explanation might be the lysis step. Even though, a part of the 

mtDNA might also be subject to the denaturing (mostly denaturing linear 

DNA). Furthermore, different columns are used in both kits and therefore 

the efficiency of elution might be different for both. 

When comparing the enrichment for mtDNA with the original protocol, a 

drastic decrease can be seen. This might be the result of adding Tris-HCl. 

Therefore, the addition of different amounts of Tris-HCl should be tried to 

identify the optimal concentration for the extraction. This could simply be 

tested by measuring the pH at the lysis step. The pH at this step should be 

in the range between 12 and 12.5, as there the containing linear DNA is 

denatured whereas circular DNA is not affected (Bimboim and Doly 1979). 

As the enrichment for mtDNA is relatively low it might be that the pH 

during the lysis step was below the previously mentioned range. Assuming 

the range is slightly lower, the linear genomic DNA would only be partially 

denatured and a high proportion would therefore be eluted with the 

mtDNA. Applying a too high pH on the other hand might lead to 

denaturation of mtDNA and thereby would reduce the total yield. 

Therefore, in further experiments, the pH should be tested to confirm the 

correctness of the lysis step. 

 

In summary, it can be stated that with the present modifications in this 

paper, the mtDNA yield could be increased in comparison to the original 

extraction protocol. However, the results of the “Blood and Tissue kit” 

indicate that even higher yields might be possible and therefore the 

modified protocol still has room for improvement. 

 

4.4.2. Exonuclease digestion 

In all treatments with exonuclease, around 4/5 of the assumed mtDNA 

content was lost. Hence, by extracting solely using the original Plasmid kit 

a higher yield of mtDNA was obtained, while being almost equally 

enriched in comparison to the modified protocols. 

The manufacturer of the exonuclease states in its protocol that incubating 1 

μg plasmid DNA with 50 units enzyme for 4 hours leads to less than 10% 

loss of the plasmid. The applied digestion procedure was well below this 

number of enzyme units and incubation time and therefore less loss of the 
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mtDNA would be expected. However, as I extracted mtDNA of human 

samples I achieved solely a total expected mtDNA amount between 2 -5 

ng. Hence, it might be that even though the enzyme is more specific for 

linear DNA, due to the low concentration of DNA, a high proportion of the 

mtDNA was digested. Choosing another exonuclease for this procedure 

might lead to less digestion of mtDNA. For instance, the “Plasmid-Safe 

ATP-Dependent DNase” of “epicenter” might provide better results, as the 

manufacturer states no activity of the enzyme on closed-circular dsDNA. 

This non-digestion of circular DNA was confirmed by Apte and Gardner 

(2002) on mtDNA extracted from mussels. However, the confirmation was 

only done by visual comparison of a gel electrophoresis. 

Another procedure where a certain loss of mtDNA is expected is the 

cleanup with the “Zymo – clean and concentrator 5” kit after the 

exonuclease digestion. The expected yield of DNA between the sizes 11 

and 23 kb is around 50 – 70% when using this kit. Hence, even if the 

exonuclease does not digest any mtDNA, the cleaning procedure alone 

might lead to a loss of up to 50% of the DNA. However, in my study 

around 80% of the DNA was lost, possibly due to a combination of the 

effect of the exonuclease, the clean-up procedure and the low initial input 

of mtDNA. Hence, to reduce the loss during the exonuclease digestion a 

different clean-up kit is recommended. A possible suggestion is the 

“Zymos- genomic DNA clean & concentrator 10” kit. For this kit, 

depending on the initial input a recovery of around 70 – 90% of the DNA 

can be expected. 

In summary, it can be said that several factors could be responsible for the 

lower expected mtDNA yield after exonuclease digestion. Therefore, it 

might be more advisable to extract mtDNA of frozen blood by the regular 

plasmid protocol. However, the use of a different exonuclease and/ or a 

different kit for cleanup results in less loss of mtDNA, up to a threefold 

increase in the total yield of mtDNA might be achieved by the modified 

protocol. Considering the already low yield, this increase might be highly 

beneficial if sequencing of the sample is planned. 

4.4.3. Barcoding of mtDNA 

The verification of the barcode binding to the mitochondrial DNA 

fragments can be regarded as successful. It proves that, as theoretically 

expected, the barcodes, or at least a part of them, are binding to the cut 

mtDNA. Therefore, it is possible to cluster different samples together as a 
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pool. This clustering firstly leads to achieving of the required DNA input 

for the PacBioPlatform and secondly reduces the cost, as several samples 

are measured at the same time instead of individually. 

Comparing the obtained band using a sample more enriched for mtDNA 

(modified plasmid extraction protocol), with a less enriched sample (blood 

and tissue kit), it can be seen that the intensity of the band for the enriched 

sample is higher. With an expected ratio of around 1800, the more enriched 

sample had an approximately 30 times higher ratio than the less enriched 

sample. Firstly, this higher enrichment for mtDNA might have led to a 

higher probability of the barcodes to align to the mtDNA instead of to the 

cut nuclear DNA. Secondly, as the Pst1 digestion did not seem to be 

complete (see next paragraph for further details), more mtDNA might have 

been subject to the Pst1 restriction in the higher enriched sample, finally 

leading to more mtDNA fragments with aligned barcodes. Therefore, either 

of the explanations being correct, it can be said that it is beneficial for the 

barcoding procedure to have a more enriched sample. This higher rate of 

enrichment will also be an advantage in the sequencing as a higher amount 

of the reads will later correspond to mitochondrial DNA.  

As already mentioned above, the PCR verifying the Pst1 cut did not work 

as expected. Instead of seeing only a band for the undigested sample, both 

Pst1 digested samples showed a clear band. This result suggests that only a 

fraction of the mitochondrial DNA was subject to the restriction. This 

suggestion is further underlined by the much lower intensity of the bands 

testing for the ligation of the barcodes compared to the bands for the Pst1 

cut. Hence, to optimize the yield of barcoded DNA, the amount of Pst1 

should be increased and the digestion time might also be increased to the 

manufacturer’s recommended maximum of 16 hours. 

An explanation why the restriction might not have been complete is the 

small size of the mitochondrial genome. Assuming the ratio of mtDNA/ 

nDNA to be the same as previously found, when extracting with this 

method and digesting in a similar way with exonuclease the expected 

content of mtDNA is around 0.6 ng. This implies that around 36,000,000 

copies of mtDNA had to be subject to the Pst1 restriction. Therefore, as 

Pst1 is expected to have two restriction sites within the mitochondrial 

genome to completely restrict the mitochondrial DNA, 72,000,000 cuts 

would have to be done. In addition, also genomic DNA is present which 

has multiple restriction sites of the enzyme. However, as the manufacturer 

stated that 0.2 units of Pst1 can digest 1 μg of lambda DNA within 16 
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hours, the use of 5 units and restriction for 2 hours should have been 

sufficient.  

Another explanation might be suboptimal conditions for the restriction 

enzyme. After digestion with exonuclease the reaction was stopped by 

adjusting the concentration of EDTA to 11mM. Even though the samples 

were afterwards purified using the Zymos Clean and Concentrator 5 kit, 

residues of EDTA might have been transferred. The manufacturer states a 

concentration of 20 mM EDTA to inactivate the restriction. 

Therefore, if adjusting the digestion time to 16 hours and using 10 units of 

Pst1 does not lead to an improvement of the digestion, adding EDTA to 

stop the exonuclease should be skipped and the exonuclease should only be 

inactivated by heat.  

4.5.  Conclusion 

Concluding, the modified extraction method has the potential to 

significantly increase the yield of extracted mitochondrial DNA. However, 

due to losses at purification-steps or at the exonuclease digestion the 

concentration remains below expectations. Therefore, further optimizations 

should be applied to the protocol starting with the suggestions in the 

discussion of using a different exonuclease and purification kits. 

Nevertheless, clustering and barcoding different DNA samples extracted 

with the modified protocol is promising and might already be sufficient for 

sequencing. 

5. Concluding remarks 

Overall, with this Master-Thesis I aimed to contribute to the scientific field 

of autism-research. 

This was achieved by firstly creating a questionnaire enabling the analysis 

of the contribution of environmental factors in a general context. To my 

knowledge most currently existing questionnaires are either too specified 

on a limited range of environmental components or are not specifically 

constructed for autism. The first scenario might be problematic as a wide 

variety of different factors (Roberts et al. 2007; Kong et al. 2012; Mbadiwe 

and Millis 2013; Sandin et al. 2013) are possibly related to the disease and 

one individual might be exposed to a multitude of those factors at the same 

time. Thereby, it might be plausible that exposure to multiple 

environmental factors and not to single specific factors might be 

responsible for the development of the disease. With the questionnaire 

constructed in the present thesis, such additive effects can be analyzed, 
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whereas in most currently existing questionnaires this might not be 

possible. 

Secondly, I was able to report a possible, even though non-significant, link 

of prenatal exposure of aluminum with autism. This needs to be further 

validated by the analyses of larger cohorts. Nevertheless, this preliminary 

result shows the importance of extending the current scientific-focus on 

mercury and lead to include aluminum. Furthermore, specific exposure-

sources of aluminum should be assessed in future. 

Thirdly, I established the basis for the analysis of the mitochondrial 

epigenome using frozen human whole blood samples. Being able to 

analyze the mitochondrial epigenome from frozen human whole blood is 

highly beneficial as obtaining blood samples is a rather non-invasive highly 

standardized procedure and does not require expansive instruments. 

Furthermore, frozen human whole blood samples are relatively easy to 

obtain and therefore a larger cohort size might be achieved for experiments. 

However, the protocol still needs some adjustments for increasing the 

overall yield of mitochondrial DNA. Nevertheless, the principles behind it 

have worked successfully. 

In summary, with this thesis two tools for assessing the etiology of autism 

were created. By the questionnaire environmental influences can be 

analyzed, whereas by the constructed extraction protocol of mitochondrial 

DNA, after slight modifications, autism can be assessed from an epigenetic 

point of view. Furthermore, my preliminary findings proposes a relevance 

of prenatal exposure to aluminum to the etiology of autism, and might be 

worth of further investigation. 
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8. Appendix 
Supplement 1: Autism questionnaire for investigation of environmental factors 

Background Information 

1a. Number of children in family?  one    two    three    four 

If more, please state number: 

1b. Number of children with autism?  one    two    three    four 

If, please state number 

1c. Does the autistic child have a 

twin? 
 yes    no 

1d. What kind of twin?  Monozygotic    Dizygotic 

1e. Does the twin also have autism?  yes    no 

2. What is the gender of the child 

diagnosed with autism? 
 male    female 

3. When was the child diagnosed 

with autism? 

 

(Year/ month/ day) 

4a. When was the autistic child born?   

(Year/ month/ day) 

4b. When was the mother born?  

(Year/ month/ day) 

4c. When was the father born?  

(Year/ month/ day) 

5. Did autism already occur in the 

family history? 
 yes    no 

If yes, state degree of relatedness: 

 

6a. Residential area during 

pregnancy? 
 countryside 

 town with < 500 inhabitants 

 town with 500 – 3000 inhabitants 

 town with > 3000 inhabitants 

6b. Residential proximity to:  street with high amount of traffic 

 agricultural field 

7. How was the child with autism 

delivered? 
 vaginal 

 cesarean-section 

Other: 

8. Did complications during labor 

occur?  
 yes    no 

If yes, please specify: 

9. Was the child breast fed?  yes    no 

If no, please state what formula was used: 

10. At what age were the first 

symptoms of autism observed? 
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11. Was the child conceived through 

assisted reproductive technologies? 
 yes    no 

If yes, please state which technique was used: 

12. Did the child receive 

vaccinations? 

During first year of life: 

 yes    no 

If yes, please state how many and name of 

vaccine: 

_____________________________ 

During second year of life: 

 yes    no 

If yes, please state how many and name of 

vaccine: 

_____________________________ During 

third year of life: 

 yes    no 

If yes, please state how many and name of 

vaccine: 

_____________________________ 

  

Questions related to mother 

1. What was the occupation of the 

mother at the time of conception? 

 

2. Did the mother work during 

pregnancy? 

 first trimester 

 partially   full time 

 second trimester 

 partially   full time 

 third trimester 

 partially   full time 

3a. Did the mother smoke during 

pregnancy?  
 yes    no 

 

3b. How often did the mother 

smoke? 

 more than once per day 

 once per day 

 once every two days 

 once every week 

State approximate number of cigarettes per 

week: _________ 

 

3c. Did the mother smoke during 

pregnancy? 

 first trimester 

 second trimester 

 third trimester 

3d. Is the mother exposed to passive 

smoking? 
 yes     no 

3e. What is the source of passive 

smoking? 
 husband     parents     work 

Other: 

3f. How extensive is the passive 

exposure? 

 more than once per day 

 once per day 

 once every two days 
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 once every week 

4a. Did the mother consume alcohol 

before pregnancy? 
 yes     no 

4b. How often did the mother 

consume alcohol before pregancy? 

 once per day 

 once per week 

 twice per week 

4c. Did binge drinking occur?  yes     no 

If yes, state how often: 

4d. Did mother consume alcohol 

during pregnancy? 
 yes     no 

4e. How often did the mother drink 

during pregnancy? 

 first trimester 

 daily   once per week 

 less     binge drinking 

 second trimester 

 daily   once per week 

 less     binge drinking 

 third trimester 

 daily   once per week 

 less     binge drinking 

5a. What were the eating habits of 

the mother before conception? 
 no restriction     vegetarian 

 vegan                 raw food   

5b. What were the eating habits of 

the mother during pregnancy? 

First trimester: 

 no restriction     vegetarian 

 vegan                 raw food   

Second trimester: 

 no restriction     vegetarian 

 vegan                 raw food   

Third trimester: 

 no restriction     vegetarian 

 vegan                 raw food   

6a. Was fish or sea-food consumed 

by the mother before conception? 
 yes     no 

6b. How regularly was fish or sea-

food consumed before conception? 
 less than twice per week 

 twice per week 

 more than twice per week 

6c. Was shark, king mackerel, squid, 

red mullet, European hake or 

Atlantic cod included? 

 yes     no 

6d. Was locally caught fish included 

in diet before conception?  
 yes     no 

If possible, please state area: 

 

7a. Was fish or sea-food consumed 

by the mother during pregnancy? 
 first trimester 

 second trimester 
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 third trimester 

 no 

7b. How regularly was fish or sea-

food consumed during pregnancy? 

First trimester 

 less than twice per week 

 twice per week 

 more than twice per week 

Second trimester 

 less than twice per week 

 twice per week 

 more than twice per week 

Third trimester 

 less than twice per week 

 twice per week 

 more than twice per week 

7c. Was shark, king mackerel, squid, 

red mullet, European hake or 

Atlantic cod included during 

pregnancy? 

 first trimester 

 second trimester 

 third trimester 

 no 

7d. Was locally caught fish included 

in diet before conception?  
 first trimester 

 second trimester 

 third trimester 

 no 

If possible, please state area: 

 

8. How was the level of stress during 

pregnancy? (1 = low; 5 = high) 

First trimester: 

 no stress 

 1     2    3    4    5 

Second trimester: 

 no stress 

 1     2    3    4    5 

Third trimester: 

 no stress 

 1     2    3    4    5 

9. Did the mother take antibiotics 

during pregnancy? 

First trimester: 

 yes    no 

If possible, please state name of 

medicament:__________________ 

Second trimester: 

 yes    no 

If possible, please state name of 

medicament:__________________ 
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Third trimester: 

 yes    no 

If possible, please state name of 

medicament:__________________ 

 

10. Did the mother take painkillers 

(analgesics) during pregnancy? 

First trimester: 

 yes    no 

If possible, please state name of 

medicament:__________________ 

Second trimester: 

 yes    no 

If possible, please state name of 

medicament:__________________ 

Third trimester: 

 yes    no 

If possible, please state name of 

medicament:__________________ 

 

11. Did the mother take 

antidepressants during pregnancy?  

First trimester: 

 yes    no 

If possible, please state name of 

medicament:__________________ 

Second trimester: 

 yes    no 

If possible, please state name of 

medicament:__________________ 

Third trimester: 

 yes    no 

If possible, please state name of 

medicament:__________________ 

 

12. Did the mother have infections 

during pregnancy? 

First trimester: 

 yes    no 

 viral  bacterial 

If possible, please state name of 

infection:__________________ 

Second trimester: 

 yes    no 

 viral  bacterial 

If possible, please state name of 

infection:__________________ 

Third trimester: 

 yes    no 

 viral  bacterial 
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If possible, please state name of 

infection:__________________ 

 

13a. Did the mother take vitamin 

supplements or other supplements 

before conception? 

 yes    no 

If possible, please state which 

supplementation:__________________ 

 

13b. Did the mother take vitamin 

supplements or other supplements 

during pregnancy? 

First trimester: 

 yes    no 

If possible, please state which 

supplementation:__________________ 

Second trimester: 

 yes    no 

If possible, please state which 

supplementation:__________________ 

Third trimester: 

 yes    no 

If possible, please state which 

supplementation:__________________ 

 

14a. Was the drug valproate used 

before conception? 
 yes    no 

 

14b. Was the drug valproate used 

during pregnancy? 

First trimester: 

 yes    no 

Second trimester: 

 yes    no 

Third trimester: 

 yes    no 

15a. Does the mother have diabetes?  yes    no 

 

15b. Did the mother had gestational 

diabetes? 

First trimester: 

 yes    no 

Second trimester: 

 yes    no 

Third trimester: 

 yes    no 

  

Question related to father 

1. What was the occupation of the 

father at the time of conception? 

 

2a. Did the father consume alcohol 

before conception? 
 yes     no 

2b. How often did the father 

consume alcohol before conception? 

 once per day 

 once per week 
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 twice per week 

2c. Did binge drinking occur?  yes     no 

If yes, state how often: 

3a. Did the father smoke at 

conception?  
 yes    no 

 

3b. How often did the father smoke?  more than once per day 

 once per day 

 once every two days 

 once every week 

State approximate number of cigarettes per 

week: _________ 

 

4. How often did the father consume 

carbonated drinks before conception? 

 daily 

 once per week 

If possible, state amount (ml per day): 

 

5. Would the father be willing to 

donate sperm for epigenetic 

analyses? 

 yes    no 
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Supplement 2: Metal (Fe, Mg, Al, As, Cd, Cu, Hg, Li, Pb, Zn) concentration 

(μg/l) in cord blood serum of individuals with ANA, autism, diabetes and healthy 

subjects (control) (all values).  

 
 ID  Fe Mg Al As Cd Cu Hg Li Pb Zn 

ANA 30366

4 

2220 1530

0 

47.

2 

1.4

6 

0.116 62

8 

0.56

1 

39.

4 

0.75

5 

144

0 ANA 30460

5 

1760 1890

0 

6.4

3 

1 0.084

2 

59

8 

0.53

7 

3.1

5 

0.5 842 

ANA 30607

8 

1040

0 

2640

0 

19.

6 

4.2 0.166 86

6 

0.65 4.8

4 

0.57

8 

178

0 ANA 30897

7 

3500 1920

0 

25.

9 

1 0.123 42

5 

0.2 4.1

4 

0.5 153

0 ANA 30998

2 

2030 1670

0 

15.

9 

1 0.11 29

1 

0.28

5 

10.

8 

0.5 174

0 ANA 31146

2 

3220 1680

0 

5 1,1

2 

0.067

7 

42

0 

0.2 1 0.5 116

0 ANA 31359

9 

1420 1660

0 

5 1.5

7 

0.064

5 

38

1 

0.29

8 

1 0.5 103

0 ANA 31604

3 

1700 1600

0 

5 1 0.05 37

7 

0.2 1 0.5 957 

ANA 32187

4 

1180 1050

0 

12.

1 

1 0.05 29

5 

0.2 1 0.5 707 

ANA 32269

2 

2810 1330

0 

21 1 0.05 57

2 

0.2 1 0.5 956 

Autism 30268

8 

1340

0 

1750

0 

5 1 0.05 29

5 

0.44

8 

1 0.63 120

0 Autism 30518

8 

3150 1970

0 

7.6

1 

2.7

4 

2.03 95

7 

0.2 1 0.5 745 

Autism 30683

5 

1600 1580

0 

5 1 0.05 40

2 

0.40

1 

1 0.5 100

0 Autism 30773

0 

1370 1840

0 

22.

4 

1 0.059 51

5 

0.2 2.2

1 

0.5 104

0 Autism 30794

9 

2550 1870

0 

12.

4 

1 0.080

9 

55

7 

0.25

8 

1.5 0.5 130

0 Autism 30849

8 

3910 1850

0 

11.

8 

1 0.086

8 

33

8 

0.2 1.1

4 

0.5 103

0 Autism 31090

4 

2220 1590

0 

5 2.7

8 

0.051

4 

20

5 

0.33

5 

1 0.5 929 

Autism 31805

0 

1420 1640

0 

5.1

8 

1 0.05 35

5 

0.2 1 0.5 666 

Autism 31865

6 

2380 1790

0 

18.

9 

1 0.05 44

2 

0.2 1 0.5 110

0 Autism 32334

1 

3180 1940

0 

26 1 0.061

5 

65

2 

0.2 126 0.5 894 

Control 30613

0 

2150 1710

0 

5 1 0.05 57

9 

0.2 1 0.5 107

0 Control 30629

5 

6700 1600

0 

8.9

9 

1 0.064

4 

42

3 

0.2 1 0.5 121

0 Control 30772

8 

3890 1470

0 

127 1 0.072

8 

37

8 

0.2 1 0.5 105

0 Control 30795

1 

2230 1940

0 

5 1 0.05 48

9 

0.53

4 

1 0.5 882 

Control 30850

0 

1750 1600

0 

5.1

2 

1 0.05 27

4 

0.21

4 

1 0.5 883 

Control 31524

8 

1880 1790

0 

34 1 0.05 35

6 

0.20

1 

1.0

8 

1.28 269

0 Control 31793

5 

1690 1270

0 

5 1 0.05 25

7 

0.2 1 0.5 683 

Control 31804

8 

1600 1620

0 

5 1 0.05 48

6 

0.2 1 0.5 100

0 Control 31954

8 

2810 1770

0 

5 1 0.05 39

3 

0.2 1 0.5 995 

Control 31984

5 

4950 1800

0 

5 1.8

6 

0.05 53

0 

0.2 1 0.5 123

0 Diabete

s 

30591

8 

1190 1670

0 

5.0

9 

2.3

8 

0.05 59

7 

0.22

7 

1 0.5 946 

Diabete

s 

30642

9 

1880 1660

0 

5 1 0.05 34

9 

0.2 1 0.5 989 

Diabete

s 

30947

3 

2400 1670

0 

9.2 1 0.05 35

8 

0.2 1 0.5 102

0 Diabete

s 

30947

7 

1910 1960

0 

5.8

5 

1 0.05 35

7 

0.21

7 

1 0.5 931 

Diabete

s 

30957

2 

2890 2010

0 

5 1 0.052

4 

35

8 

0.26

9 

1 0.5 160

0 Diabete

s 

31573

9 

6550 2650

0 

6.0

1 

2.6

7 

0.05 64

6 

0.38

2 

1 0.5 152

0 Diabete

s 

31639

8 

2090 1680

0 

5 1 0.05 32

5 

0.2 1 0.5 820 

Diabete

s 

31768

0 

2210 1680

0 

5 1 0.05 33

2 

0.25

6 

1 0.5 782 

Diabete

s 

31781

5 

5610 1650

0 

15.

1 

1 0.093

9 

50

4 

0.2 1 0.9 929 

Diabete

s 

31908

0 

2250 1750

0 

5 1 0.05 48

0 

0.2 1 0.5 714 
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Supplement 3: Classification of metal levels into the groups threshold, reference 
and above reference according to Mayo Clinic (2017). 

Metal Threshold Reference Above Reference 

Al 5.0 0.0 – 6.0 > 6.0 

As 1.0 0.0 – 12.0 > 12.0 

Cd 0.05 0.0 – 4.9 > 4.9 

Cu 1 400 – 1400 > 1400 

Fe 10 500 – 1500 > 1500 

Hg 0.2 0.0 – 9.0 > 9.0 

Li 1.0 - - 

Mg 200 16,000 – 27,000 > 27,000 

Pb 0.5 0.0 – 49.0 > 49.0 

Zn 10 600 – 1200 > 1200 
 

Supplement 4: Detailed protocol of Thermo Scientific GeneJET Plasmid 
Miniprep Kit. 

Step Procedure 

1 Resuspend the obtained cell pellet completely in 250 μl resuspension solution 

2 Add 250 μl lysis solution and invert the tube around 10 times 

3 Add 350 μl neutralization solution and mix by inverting several times 

4 Centrifuge at max speed for 5 min 

5 Transfer the transparent solution obtained after step 4 to a spin column 

6 Centrifuge at max speed for 1 min and discard the flow-through 

7 Add 500 μl wash solution to the spin column 

8 Centrifuge at max speed for 1 min and discard flow-through 

9 Repeat step Nr. 7 and 8 

10 Centrifuge empty column for 1 min and don’t discard possible flow-through as by 
discarding wash-solution might possibly be transferred into next step 

11 Transfer spin column to 1.5 ml Eppendorf tube. 

12 Add 50 μl elution buffer at room-temperature to center of column and incubate 
for 2 min 

13 Centrifuge at max-speed for 2 min 

14 Repeat step 12 and 13 to increase the yield (in same Eppendorf tube) 

15 Safe the Eppendorftube with the eluted DNA 
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Supplement 5: Detailed, modified protocol. 

Step Procedure 

1 Add 100 μl resuspension solution to pellet 

2 Add 20 μl Proteinase K and 40 μl Tris-HCl (1M) 

3 Incubate 30 min at 55 °C without rotation 

4 Resuspend the now partially digested pellet by pipetting 

5 Incubate 1 hour at 55 °C under constant rotation 

6 Add 250 μl lysis solution and invert the tube around 10 times 

7 Add 350 μl neutralization solution and mix by inverting several times 

8 Centrifuge at max speed for 5 min 

9 Transfer the transparent solution obtained after step 8 to a spin column 

10 Centrifuge at max speed for 1 min and discard the flow-through 

11 Add 500 μl wash solution to the spin column 

12 Centrifuge at max speed for 1 min and discard flow-through 

13 Repeat step Nr. 7 and 8 

14 Centrifuge empty column for 1 min and don’t discard possible flow-through as by 
discarding wash-solution might possibly be transferred into next step 

15 Transfer spin column to 1.5 ml Eppendorf tube. 

16 Add 50 μl elution buffer at room-temperature to center of column and incubate 
for 2 min 

17 Centrifuge at max-speed for 2 min 

18 Repeat step 16 and 17 to increase the yield (in same Eppendorf tube) 

19 Safe the Eppendorf-tube with the eluted DNA 
 

Supplement 6: Blood and tissue kit 

Step Procedure 

1 Add 200 μl PBS, 20 μl proteinase K and 200 μl Buffer AL to cell pellet 

2 Incubate 30 min at 55 °C without rotation 

3 Resuspend the now partially digested pellet by pipetting 

4 Incubate at 55°C for 2 hours 

5 Add 200 μl absolute ethanol 

6 Transfer the solution to a spin column (quiagen) 

7 Centrifuge at 6000 x g for 1 min and discard the flow-through 

8 Add 500 μl Buffer AW1 to the spin column 

9 Centrifuge at 6000 x g for 1 min and discard the flow-through 

10 Add 500 μl Buffer AW2 to the spin column 

11 Centrifuge at max speed for 3 min 

12 Add 200 μl Buffer AE to column and incubate 1 min 

13 Centrifuge at 6000 x g for 1 min 

14 In order to increase the DNA yield, place the column in a new Eppendorf tube and 
repeat step 12 and 13 
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Supplement 7: Barcoding protocol 

Step Procedure 

1 Add 3 μl Buffer 0 and 0.5 μl Pst1 to each DNA-sample and adjust volume to 30 μl 
with water 

2 Incubate at 37°C for 2 hours followed by a heat deactivation at 80°C for 20 min 

3 Dry the samples and add each 5 μl of the corresponding adaptor working solution 

4 Incubate 30 min at room temperature under constant shaking 

5 Add 1 μl ligase, 3 μl T4 buffer and 20 μl water to each sample 

6 Incubate 2 hours at 22°C followed by a heat deactivation at 65°C for 30 min 

7 Cluster the samples and follow the purification protocol of “Zymo-Clean and 
Concentrator 5 Kit” 

8 Elute DNA in 30 μl 70° warm water 

 

Supplement 8: Sequence of primer pairs used for verification of Pst1 cut 
(Primer-Set 1 and 2) and the ligation of the barcode (Primer-Set 3). 

 Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) Product 
length 

Primer-Set 1 
(verifying 
Pst1 cut) 

TTCTTACCACAAGGCACACCT GGTCATGGGCTGGGTTTTACT 349 

Primer Set 2 
(verification of 
barcode 
binding to 
shorter 
fragment) 

TCTTTCCCTACACGACGCTC GGCGTAGGTTTGGTCTAGGG 256 

Primer Set 3 
(verification of 
barcode 
binding to 
longer 
fragment) 

TCTTTCCCTACACGACGCTC TAGGCATGTGATTGGTGGGTC 242 

 


