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Abstract  
Infectious diseases transmitted by vectors, such as the tick Ixodes ricinus, have been 

estimated to cause 1 million human deaths each year. Understanding dynamics that drive 

different vector–borne diseases are therefore important in order to initiate procedures to 

decrease disease risk. I. ricinus belongs to the Ixodidae family and is a vector for a range of 

pathogens that can cause diseases in humans such as Borrelia burgdorferi sensu lato (s.l.), 

which causes Lyme disease. I. ricinus is a generalist tick that feeds on a wide range of 

vertebrate hosts in which only some are reservoirs for pathogens that can cause diseases in 

humans. Determining the host of the last blood meal from I. ricinus can therefore help 

increase our understanding of the transmission dynamics of pathogens carried by the vector. 

Thus, there is a need for an accurate and sensitive technique that can determine the last blood 

meal in ticks. The overall goal for this project was to develop a method that could identify the 

mammalian host of ticks through characterization of host DNA. Polymerase chain reactions 

(PCR) were designed with 12S rRNA and Cytochrome oxidase I (COI) as molecular targets. 

The 12S rRNA region was amplified successfully and used to differentiate between hosts’ 

DNA. To assess the sensitivity and specificity of the assay, a dilution series of host DNA was 

performed within a constant background of tick DNA. The series established that the assay 

could detect a host concentration down to an estimated 13 genomes. An experimental setup 

that used Matrix Assisted Laser Desorption Ionization Time of Flight (MALDI-TOF) Mass 

spectrometry (MS) to determine specific species of the PCR product was tested, but was 

inconclusive. MALDI-TOF MS is a sensitive technique that requires much optimization, and 

it was difficult to obtain a result even when using the 12S rRNA primers as controls. 

However, further development of this method could be a helpful step in increasing our 

understanding of the complex transmission cycle of tick-borne diseases. A better 

understanding of vector-borne diseases is important as it is estimated that vector-borne 

disease will impose an even greater threat to public health in the future.  
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Abbreviations  
A Adenine  

ApE  A plasmid Editor 

BLAST Basic Local Alignment Tool 

BOLD The Barcode of Life Data System 

Bp Base pair  

C Cytosine 

COI Cytochome oxidase I 

Cytb  Cytochrome b 

DNA  Deoxyribonucleic acids  

dNTP Deoxunucleotide 

dsDNA Double stranded DNA  

G Guanine  

HS  High sensitive  

MALDI-TOF Matrix Assisted Laser Desorption Ionization Time of flight  

MS Mass spectrometry 

mtDNA  Mitochondrial Deoxyribonucleic acids 

NCBI National Center for Biotechnology Information 

NEB New England Biolabs inc. 

Nt  Nucleotide  

PCR  Polymerase chain reaction  

rDNA  Ribosomal DNA  

RLBH Reverse line blotting hybridization 

RNA  Ribonucleic acids 

RT qPCR  Real time quantitative polymerase chain reaction  

SNP Single nucleotide polymorphism  

T Thymine  

TAE Buffer Triesthylenediaminetetraacetic acid  

TD-PCR  Touchdown Polymerase Chain reaction 

Tm Melting temperature  
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1 Introduction  
Infectious diseases are caused by microorganisms, such as bacteria, viruses, and fungi. Such 

pathogens are responsible for about 30% of all human disease cases (Taylor et al., 2001, 

Gomez-Diaz and Figuerola, 2010). The majority of human infectious diseases are of zoonotic 

origin (Taylor et al., 2001, Gortazar et al., 2014). Infectious diseases such as Human 

Immunodeficiency Virus (HIV), severe acute respiratory syndrome (SARS), and Zika virus 

disease are examples of diseases of zoonotic origin (WHO, 2014). Although several 

pathways serve as bridges for zoonotic diseases between humans and animals, one common 

pathway for the transmission is through arthropod vectors such as ticks and mosquitoes 

(Randolph et al., 1998). In fact, one fourth of all zoonotic diseases are transmitted by vectors 

(Alcaide et al., 2009), and vector-borne diseases cause an estimated 1 billion cases and 1 

million deaths in humans each year (WHO, 2014). Due to the large impact of vector-borne 

diseases on disease risk in both human and animal populations it is important to understand 

the epidemiology and ecology of disease transmission. 

 

The ecology of vector-borne diseases is largely determined by the vector, and ticks are one of 

the most common vectors for pathogens (Rizzoli et al., 2014, Sonenshine and Roe, 2014). 

One important family is Ixodidae, hard ticks, which are obligate blood-sucking 

hematophagous arthropods (Sonenshine and Roe, 2014, Parola and Raoult, 2001). Ixodes 

ricinus is the most abundant tick species and is the principle vector for tick borne pathogens 

in Europe (Handeland et al., 2013, Parola and Raoult, 2001, Kahl, 1991, Kahl et al., 2002, 

Gern, 2009). I. ricinus functions as a vector for a range of animal and human pathogens 

including Anaplasma phagocytophilum, Rickettsia helvetica, tick-borne encephalitis virus, 

and Borrelia burgdorferi sensu lato (s.l.) (Wormser et al., 2006, Sonenshine and Roe, 2014, 

Gern, 2009). Out of the different pathogens carried by I. ricinus, B. burgdorferi s.l. is the 

most commonly known pathogen and is the causative agent of Lyme disease (Sonenshine and 

Roe, 2014, Kahl, 1991, Kahl et al., 2002). One of the reasons that I. ricinus is a vector to a 

range of different pathogens is because the tick feeds on a wide range of vertebrates hosts 

(Gern, 2009). I. ricinus has been found feeding on over 300 vertebrate species including 

mammals, birds, and reptiles (Gern, 2009). Due to this, quantitative assessment of host use 

has been particularly difficult with field methods.  
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Determining host reservoirs in a geographic region are an important part of understanding the 

transmission dynamics of a pathogen. Not all of the species that a tick feeds on are pathogen 

reservoirs, and the ability to transmit a pathogen to a vector varies between infected hosts. 

Mice species Apodemus flavicollis, A. sylvaticus, and A. agrarius have been found to be 

important reservoirs for B. burgdorferi s.l. in Europe. Other species such as Microtus agrestis 

and the shrews Sorex minutus and S. araneus have also been found to be possible reservoirs, 

but more information is needed to determine their overall contribution to pathogen 

transmission (Gern, 2009). A common method to determine the vertebrate host blood meal is 

to trap animals and count feeding ticks found directly on the animal (Estrada-Peña et al., 

2013, Kirstein and Gray, 1996). A potential challenge with the capture method is that smaller 

mammals are more easily trapped providing more information on the significance of those 

species as hosts for ticks. Another reason is that for each species a specific trap has to be 

designed, making it difficult to compare across different trapping methods (Humair et al., 

2007, Kirstein and Gray, 1996). In addition, such methods often involve handling captured or 

even killing animals (Mysterud et al., 2015). Therefor, there is a need for noninvasive 

methods that can determine the species of the last host directly from questing ticks that are 

collected.  

 

The aim of this study was to lay groundwork for developing a more cost effective, high 

throughput, and accurate methodology that can ultimately help with understanding the 

complex transmission cycle of tick-borne pathogens. I aim to provide a review of the 

literature of various molecular methods. Based on this, I specifically aim to test Polymerase 

Chain Reaction (PCR) and Matrix Assisted Laser Desorption Ionization Time of flight 

(MALDI-TOF) mass spectrometry (MS) as tools to amplify and identify mammalian species. 

The DNA samples tested were isolated directly from host tissue to evaluate each step of the 

process. PCR was used to amplify mammalian DNA with one primer set. MALDI-TOF MS 

was then employed to analyze the mass of the fragmented PCR products in order to 

determine the species.  

 

PCR is an important foundation tool used in the identification of blood meals in arthropods 

(Innis and Gefland, 1990), and it has been used as the first step in a range of methods with the 

overall goal being to identify the vertebrate blood meals in ticks (Humair et al., 2007, Hebert 

et al., 2003, Leger et al., 2015). What makes PCR an important tool is the ability to amplify a 

small amount of starting material to billions of copies of a target sequence. PCR can be 
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adapted so it can amplify the same molecular marker over a range of species making it 

important for this study. By sequencing the product of a PCR it is possible to determine the 

species of the last blood meal. However, PCR with sequencing can be costly and labor 

intensive with larger samples sizes (Kent, 2009). For this study, PCR was used as a first step 

to amplify targets from potential mammalian hosts from ticks before the product is further 

analyzed.  

 

MALDI-TOF MS is a technique that can measure the mass of DNA fragments to create a 

unique fingerprint for each host species. PCR products are fragmented by restriction enzyme 

digestion into patterns that are unique to different species, which then can be differentiated 

based on molecular weight of each fragment by MALDI-TOF MS (Edwards et al., 2005). A 

reference library containing the profiles of species can then be built and used in the future to 

determine the last blood meal in ticks by comparing samples to the reference library.   
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2 Method development  
 

The methods presented in this thesis are divided into two main parts (Figure 1). In the first 

part, PCR was used to amplify mammalian sequences in order to characterize them so that 

they could be used to identify the last host. In the second part, MALDI-TOF MS was used on 

the amplified PCR products to attempt to identify the species of the DNA samples. In order to 

properly evaluate each step, DNA was isolated from tissue samples of mammalian hosts. 

Host tissue samples were from species collected in Norway. These consisted mainly of 

smaller rodent species, but also tissue samples from some larger mammals that were 

available at the University of Oslo (Table 1). PCR was then used to amplify sample DNA 

from known the host of I. ricinus. The products were then sequenced and used as references. 

 

First, PCR was used to specifically amplify mammalian DNA without amplifying any of the 

tick DNA present in the sample. For the PCR assay, primers were designed using 12S rRNA 

(nondegenerate primers) and mitochondrial COI (degenerate primer) as target regions. 

Different PCR protocol conditions were tested with the different primer sets to determine 

which combination of primers and PCR conditions were optimal for amplification of 

mammalian DNA. A dilution series was then performed to determine the detection threshold 

for the final setup. In order to evaluate whether the PCR assay amplified tick DNA, tick DNA 

was used as a negative control. The tick DNA samples were added to each PCR to make sure 

that the PCR assay did not amplify it. To make sure that the DNA samples isolated from 

tissue samples contained DNA previously evaluated samples of Mus musculus were added to 

each PCR. If the M. musculus amplified and the other DNA samples do not it would be an 

indication that the DNA isolation was unsuccessful and not the PCR. Specific primers for the 

tick and mouse samples were designed to confirm that there was sufficient DNA in each 

sample. In the second part, the product from the PCR was prepared for MALDI-TOF MS. 

Digestion with restriction enzymes was performed to fragment each sample to increase the 

resolution of the molecular weight on the MALDI-TOF MS. Samples for MALDI-TOF MS 

must not contain any salts or other solvents that can affect the measurements, therefore an 

additional DNA purification step was performed after the digestion.  

 

. 
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Figure 1 Schematic overview of the process to test and optimize different methodologies for 

determining the host species of the last blood meal in I. ricinus. Each box represents techniques that 

were tested in order to amplify mammalian DNA or identify the blood meal. The blue boxes are the 

design of the PCR assay. Red boxes are preparations of DNA samples for MALDI-TOF MS and the 

use of MALDI-TOF MS.  

 

2.1 Development of PCR assay  
PCR was selected as the technique for determining the last host in ticks for the following 

reasons. It has the possibility to be specific enough to only amplify the host DNA and not the 

tick (Innis and Gefland, 1990, Kirstein and Gray, 1996), and it can amplify a DNA target 

from the host that has a small starting concentration. This is important because host DNA 

will generally be found at low quantities in the tick. In Figure 1, the boxes marked blue show 

the development of the PCR assay. Many considerations had to be taken into account for this 

study regarding the use of PCR. The primers need to be able to amplify mammalian DNA 

while simultaneously not amplifying tick DNA. Another important consideration is 
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optimization of the PCR conditions in order to maximize the product without affecting the 

sensitivity or specificity of the assay.  

 

2.1.1 Primer design and target sequences  
Different molecular markers need to be considered for primers in order to have the PCR 

amplify multiple species. A good molecular marker for this study should be conserved, have 

interspecific differences, a high copy number, and high a evolutionary rate (Kent, 2009). This 

means that the marker should be conserved between different species to the extent that it is 

possible to amplify a region with one primer set, but different enough so that they can be 

differentiated based on the DNA sequence. A high copy number of the marker is essential for 

last host studies in ticks. A molecular marker with a high copy number increases the 

possibility of identifying the blood meal at later stages in its digestion. A high evolutionary 

rate is important to differentiate between similar species and to detect potential new species, 

but the evolutionary rate cannot be too high so that target DNA markers become difficult to 

amplify. In addition, the length of the amplicon should be short in length, as DNA degrades it 

is fragmented. A short target and high copy number thus maximizes the likelihood for 

detection. The last criterion is specific to this study because MALDI-TOF MS has the ability 

to resolve DNA fragments up to 100bp long in total that are divided into parts at 30bp length 

(Ross et al., 1998).  

 

Mitochondrial DNA (mtDNA) was targeted for this study due to its relatively high copy 

number and high evolutionary rate (Saccone et al., 1999, Kent, 2009). The mitochondria were 

one of the first eukaryotic genomes to be sequenced (Saccone et al., 1999), which is 

important for our study. Having genome sequences for a wide range of species makes it 

possible to both compare our results to a large database and to download a diverse and 

appropriate set of mtDNA sequences for primer design. The two markers considered in this 

study are both found in the mitochondria: Cytochrome oxidase I (COI) and 12S rRNA.   

 

COI is found in the mtDNA and is part of the oxidative phosphorylation machinery (Luo et 

al., 2011). The 685bp COI is a common molecular target in DNA barcoding techniques (Lv 

et al., 2014, Meusnier et al., 2008). Sequences have been uploaded to the “The Barcode of 

Life Data System” found at www.barcodinglife.org. Here, the COI sequences for a range of 

species are available. Multiple DNA barcoding studies have evaluated COI as a molecular 
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marker for a range of species, which shows high diversity between species (Ivanova et al., 

2007, Hebert et al., 2004, Luo et al., 2011). Based on the high copy number, sequence 

availability, and species diversity, COI was used as a molecular marker for the design of the 

degenerate primers (Figure 1 Degenerate primers).  

 

12S rRNA together with 16S rRNA are the two units of the mitochondrial ribosome. The 

ribosome synthesizes the thirteen proteins that are coded for in the mtDNA (Abhyankar et al., 

2009). The decision to use 12S rRNA was based on the successful detection of the last host 

of ticks in Humair et al. (2007). Humair et al. (2007) used nondegenerate primers combined 

with specific probes to determine last host. In their study Reverse Line Blotting 

Hybridization (RLBH) was used. Here we used the same nondegenerate primers, which have 

a target sequence length between 142-150 bp (Figure 1 Nondegenerate primers). For 

MALDI-TOF MS, these sequences are longer than what has been used in previous work 

(Edwards et al., 2005), and thus may not have been optimal the amplified DNA was therefore 

digested further before submission to the MALDI-TOF core facility for analysis.  

 

The initial challenge with designing degenerate primers using COI as a molecular marker is 

the diversity of the region. The area that was used is 100bp, because MALDI-TOF MS can 

only resolve fragments up to a 100bp. That is substantially shorter then the total length of 

COI at 685bp (Lv et al., 2014). We could therefore not take advantage of the conserved 

regions flanking COI when designing the primers. Target regions selected within the COI 

sequence are conserved enough at the flanking region to design primers and diverse enough 

to differentiate between species. The outer regions are somewhat conserved, but there are 

certain nucleotide positions that have high interspecific diversity. Two potential strategies 

were considered. The first was to design a cocktail of primers based on a phylogenetic tree 

generated with the Jalview program that aligned the sequences before the phylogenetic tree is 

generated through neighbor joining using sequence similarity. The drawback with this 

strategy is that it generates a great amount of clusters. In order to create specific primers 

without the use of degenerate bases a large amount of primers had to be designed. A problem 

with a high primer to template ratio is that the primers can hybridize to each other (forming 

primer dimers), or unspecific annealing between the template and primer can occur. This is 

particularly relevant because the amount of target template available in a tick is low, making 

it important that the primer anneals to the consensus and not other areas. A second strategy is 

to design one primer set that uses degenerate bases in positions with high interspecific 
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diversity. In order for COI primers to amplify across different mammalian species, 

degenerate bases are introduced in positions with high interspecific diversity. Degenerate 

bases can be introduced in positions where the sequences from different species have 

different nucleotides. The degenerate base covers all possible combinations of nucleotide 

bases found in the specific positions (Iserte et al., 2013).	  	  

 

2.1.2 PCR protocols considered  

The standard PCR protocol for Phusion® High-fidelity DNA polymerase can be optimized 

for different the target sequences. One possible challenge with the primers is that multiple 

fragments can be amplified due to unspecific binding of the primers. Some optimization was 

done by shortening the duration of each temperature step in the PCR program for the 100-

146bp target sequence. Shorting of the annealing and extension steps can also be done in 

order to hinder longer sequences from being synthesized, as it takes longer time to synthesize 

longer products. Another optimization step is to evaluate the ideal annealing temperature for 

the primers. This is an important factor to obtain more specific binding. Finding the ideal 

temperature for the primers is important, because if the temperature is too high it can prevent 

the annealing to the consensus and with too low temperature can increase unspecific binding. 

Finding the middle ground is therefore an important part of this study. Even with the 

adjustments to the PCR protocol there are other techniques that can increase the sensitivity of 

the setup for both the degenerate and nondegenerate primer sets.  

 

Nested PCR is a variant of PCR that is used to hinder unspecific amplification and is 

beneficial for amplification of small amounts of template DNA (Szöllősi et al., 2008). I 

wanted to try Nested PCR to see if I could optimize the setup. Nested PCR is potentially 

great for the project because it allows for specific amplification of small amounts of starting 

material, which would be the case when the setup is used on samples isolated from tick but it 

does have its drawbacks. Perhaps the biggest drawback with the technique is that because the 

product from the first round is used as template for the second the chance of contamination 

from the reagents and DNA sequence from the first round is high. Nested PCR functions by 

having two rounds of PCR, with product from the first round used as template for the second 

round. Thus, extra precautions should be taken for each setup.  The technique requires two 

sets of primers where the first set amplifies a larger region and the second amplifies a 

fragment with the first larger region. For the nondegenerate primers Humair et al. (2007) had 
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designed an additional primer set located on the flanking region of the 12S-6F and 12S-9R 

primers. Based on the flanking sequence around the novel degenerate primers designed, I 

decided to do a semi-Nested PCR. Semi-Nested PCR differs from Nested PCR by only 

designing one outer primer instead of a pair.  

 

Touchdown (TD) PCR is a variation of the PCR technique that helps optimizing the 

annealing temperature in a single round of PCR (Korbie and Mattick, 2008, Humair et al., 

2007). When the primers are designed for COI region and 12S primer evaluated the melting 

temperature (Tm) is calculated based of the base composition of the primer. The data from Tm 

calculation, the size of target sequence, and conditions for the polymerase is then used to 

determine the optimal settings for the PCR. Thus, if our calculations are not correct or other 

components added in the PCR master mix changed the conditions the result can be 

nonspecific-amplification. TD-PCR functions by starting the first cycle with an annealing 

temperature higher than the ideal temperature calculated for the primers. The annealing 

temperature is then decreased by one degree for each cycle before it reaches a permissive 

temperature where the temperature is kept for the next 10-15 cycles (Korbie and Mattick, 

2008). When the primers are exposed to temperature above the calculated Tm during the PCR 

the primers will anneal to the complementary sequences. The amount of target sequences will 

then increase for each cycle. When the temperature continues to decrease the amount of the 

molecular marker will be higher than other sequences, making the primers more likely to 

prime to the specific target.  

 

 

2.1.3 Development of setup to determine detection threshold with PCR  
One of the main challenges with using DNA as a molecular marker is that the DNA degrades 

over time within the tick (Kirstein and Gray, 1996). Determining the sensitivity of the PCR is 

therefore important. A dilution series with a dilution factor of ten can be used to determine 

the sensitivity of the PCR assay. Mammalian samples at different concentrations are 

combined with tick DNA at a constant DNA concentration; see Material and methods section 

3.9. The concentrations of double stranded DNA (dsDNA) in both mammalian samples and 

tick samples are measured to make sure that the starting concentration is equal for both. 

Combining the mammalian samples with tick DNA can help determine if the tick to mammal 

ratio can affect the amplification.  
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2.2 Experimental development  
The experimental setup is divided into two part: amplification of target DNA through PCR 

and determining the species of the host with MALDI-TOF MS. As presented, the protocols 

for the PCR setup and detection threshold are established. The next step is then to determine 

an effective and time saving setup to identify the last host. Each species will have 

interspecific difference within the base composition in the sequence, but certain regions will 

also be conserved. The interspecific differences and similarities make it possible to use 

MALDI-TOF MS for species identification. 

 

MALDI-TOF MS functions by first combining a solution with the DNA sample. The mix is 

then placed on an electrically isolated plate where it crystalizes (Land and Kinsel, 1998, 

Edwards et al., 2005). A laser hits the crystalized mix, which ionizes the sample (Edwards et 

al., 2005, Land and Kinsel, 1998). Following the ionization, the sample passes through an 

electrical field, which launches the sample through the flight tube and onto the detector (Land 

and Kinsel, 1998). With this technique, larger DNA fragments travel slower to the detector 

than smaller DNA fragments, thus fragments are separated based on mass difference. The 

time it takes for the fragments to pass through the flight tube is then measured and converted 

with a calibration factor into a mass-to-charge ratio (Edwards et al., 2005, Land and Kinsel, 

1998). Different sequences will therefore provide different mass-to-charge ratio specters. A 

reference library containing the profiles of species can then be built and used to determine the 

last blood meal in ticks by comparing DNA samples to the reference library. 

 

Amplified samples have to be prepared before MALDI-TOF MS is used (Figure 1 boxes 

marked in red). The main challenge here is that the length of each of the samples amplified 

with the nondegenerate 12S rRNA primers are longer than what a MALID-TOF MS assay 

has been found able to identify (Edward 2005).  MALDI-TOF MS assay has a limitation of 

100bp, which is considerably less than the 142-146bp lengths of our samples. In addition, the 

samples also needed to be fragmented to sequences shorter then 30bp (Ross et al., 

1998).Even though the resolution is lower for some of the fragments, unique patters could 

still be formed from the DNA sequence missing.  
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In order to create smaller fragments from the PCR product, restriction enzymes are used. 

Restriction enzymes are used because of their ability to cut sequences at specific sites, termed 

restriction sites. Based on the DNA sequences of the samples, seven restriction enzymes were 

chosen. The use of two different restriction enzymes, double digestion, is commonly used in 

cloning techniques. However, based on the interspecific variations for this project seven 

different restriction enzymes are needed. Due to the amount of different enzymes needed for 

the setup it is unclear how the reaction would function. Certain considerations are taken in 

order to make this work. One important factor is that the enzymes function in the same 

buffer. The restriction enzymes are therefore from the same company, New England Biolabs 

(NEB). Star activity is another potential problem. Star activity occurs when the amount of 

glycogen is too high or too high enzyme concentration to µg of DNA occurs. The restriction 

enzymes then cut sequences similar to the restriction site (Barany, 1988). To avoid star 

activity the total percentage of glycerol in the reaction should not exceed 5% (Barany, 1988). 

If star activity occurs it would be difficult to predict the molecular weight of each fragment. 

A problem with the digestion is that some of the fragments are only a few base pairs, which 

makes it difficult to evaluate the results on an agarose gel.   

 

MALDI-TOF MS requires pure DNA samples with low salt concentration. Digested DNA 

samples contain excess restriction enzymes and salts. PCR and Gel cleanup kits are used for 

“cleanup” of the DNA samples after PCR and gel visualization. The kits contain columns that 

are used to bind the DNA and remove any other component. The problem is that the sequence 

length post digestion is shorter than what the columns bind. The DNA will pass through the 

column together with the rest of the sample. Ethanol DNA precipitation is a common method 

that removes salts and concentrates the DNA samples. Instead, rather Glycogen® from 

Thermo-Fisher is used, because it has been found to increase the DNA recovery compared to 

traditional ethanol precipitation (Hengen, 1996).  

 

MALDI-TOF MS was performed to determine if it was possible to determine the species of 

the product from the PCR. The expectation is the different size fragment for each sample 

would yield individual patterns. Part of the challenge is to determine if the restriction enzyme 

digestion and DNA precipitation affects the MALDI-TOF MS reading. In order to evaluate 

that MALDI-TOF MS was performed correctly the nondegenerate primers (12S-6F and Bio-

12S-9R) were tested. The primers are ideal as a control because the primers are resuspended 
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in purified water when received from the manufacturer and do not contain any salts or other 

solvents that can affect the MALDI-TOF MS.  
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3 Methods and material  
 

3.1 Sample preparation  
Small mammals were collected in areas around Førde, Norway during spring and fall 2014 

(Mysterud et al., 2015), while the larger mammals were obtained from Vestby, Akershus, 

Norway (A. Mysterud, unpubl. data). Anders Herland, CEES (Center for Ecology and 

Evolution) at the University of Oslo, then prepared the tissue samples from the captured 

mammals. I. ricinus larva were collected in Førde, Norway, using the cloth lure method 

(Qviller et al., 2013) before they were killed using ethanol and dried on silica. Larva were 

used instead of the other developmental stages to limit the chance of exogenous DNA from 

potential target hosts. From the larva collected two groups of ten larva each were exposed to 

two different bleach treatments. The different treatments were tested due to concerns of 

whether or not the bleach treatment for the first group of ticks was sufficient to remove 

additional organisms and particles completely. One group of 10 ticks was washed in bleach 

(1%) for 1 minute and then rinsed off with sterile water for 1 minute. Next, the legs of ticks 

were removed using a sterile scalpel and placed in a 1.5 ml Eppendorf tube (labeled sample 

11). To ensure that only tick DNA was isolated, only the legs were used for the DNA 

isolation. Other parts of the tick, such as the midgut and the salivary glands, have been in 

contact with the blood from a host making this part of the tick unfit. The second group of 10 

ticks was washed in 2.5% bleach for thirty seconds and rinsed with sterile water for 5 min. 

This was followed by a second thirty seconds wash in 2.5% bleach followed by rinsing in 

sterile water for 5 min. The legs of the ticks were then removed with a scalpel and placed in a 

1.5 ml Eppendorf tube (sample 12). For both sample 11 and 12, the legs were crushed with a 

pipette tip.   

 

3.1.1 DNA isolation 
The DNA of the samples from section 3.1 was isolated using the DNeasy Blood & Tissue 

Kit® from Qiagen. The specific protocol followed was “Purification of total DNA Animal 

Tissue (Spin-Column Protocol)”. Step 7 in the protocol was repeated once to increase the 

DNA yield of sample.  
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DNA extracts from Mus musculus were prepared and donated by Shuo-Wang Qiao at the 

Department of Immunology at Rikshospitalet, Oslo, Norway.  

 

Table 1 Species names of the DNA samples used to test the PCR and MALDI-TOF MS techniques. 

The species are linked with the corresponding sample numbers. Small mammal samples and ticks 

were collected from areas around Førde, Sogn & Fjordane, while most large mammal samples dwere 

collected from Vestby, Akershus, Norway.   

Sample number  Species  Common name  Location 

1 Sorex araneus Common shrew  Førde 

2 Microtus agrestis Field vole  Førde 

3 Myodes glareolus Bank vole Førde 

4 Sorex minutus Pygmy shrew Førde 

5 Apodemus sylvaticus Wood mouse  Førde 

6 Vulpes vulpes Red fox  Vestby 

7 Capreolus capreolus European roe deer  Vestby 

8 Meles meles European badger  Vestby 

9 Mus musculus  House mouse   

10 Mus musculus House mouse   

11 Ixodes ricinus  Castor bean tick  Førde 

12 Ixodes ricinus  Castor bean tick Førde 

 

3.2 Primer design 
For this project, specific primers were designed for M. musculus and I. ricinus together with 

the design of novel primers with COI as the target loci for mammalian hosts. The additional 

vertebrate primers (Humair et al., 2007) used were evaluated by determining where the 

primers annealed to the different sequences. In order to do this, target sequences were 

downloaded from the National Center for Biotechnology Information (NCBI) in fasta format. 

The target sequences were chosen from species that are potential and/or known hosts of I. 

ricinus and reservoirs for tick-borne pathogens in Norway. Species names and accession 

numbers for the target sequences for the novel primers and the primers from Humair et al., 

(2007) can be found in Appendix II. The novel degenerate primers use mitochondrial COI as 

the target loci, while nondegenerate primers have the 12S rRNA gene as the target (Humair et 
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al., 2007). The program Jalview 2.9 was used for generating alignments and phylogenetic 

trees. This information was then used to determine possible primer combinations. Jalview 

was used to align sequences with the program Muscle. The Muscle alignment provided an 

alignment of the sequences that was then used to determine the ideal areas for the primer 

sequence.  

 
Figure 2 Muscle alignment of COI sequences. Figure shows the alignment of different species and 

the interspecific differences found. The areas marked in black is one of primer consensus in M. 

musculus  

 

3.2.1 Primer design for molecular marker mitochondrial COI    
Candidate primer regions were evaluated to determine the region most suitable for the assay. 

The COI region has high interspecific differences making discrimination possible between 

mammalian species. The region also contains enough mismatches with tick DNA to inhibit 

amplification.  The M. musculus COI sequence was also introduced into the Primer3 program 

to get an overview of potential areas for primers.  

 

Degenerate bases were introduced in positions with low similarity between sequences. A list 

of the degenerated bases can be found in Appendix II.  OligoAnalyzer 3.1 from Integrated 

DNA Technologies (IDT) was used to determine optimal conditions for the primer sequence. 

 

Table 2 Primer sequences and conditions based on OligoAnalyzer 3.1 

Primer 
name  

Sequence  Length 
(nucleotides) 

Tm 
(°C) 

GC% 

COI_F1 TRAARCCCCCHGCHMTRWCHCA 23 60.6  52.2  

COI_R1 GCDGCNARNACDGSDAGNGA 20 59.9  60 

NCOI_F2      CNGGNTGAACHGTHTAYCCNCCHYTAG 27 61 53.7 
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3.2.2 Primers design for the M. musculus and I. ricinus  
Primers for I. ricinus and M. musculus were designed with Primer3 and OligoAnalyzer 3.1. 

The primers were designed to evaluate the quality of the DNA in order use the DNA samples 

as controls for different aspects of the PCR. M. musculus functioned as a PCR positive 

control. In instances where M. musculus sample amplified and the others did not, the reason 

for the lack of amplification would likely point to a problem with the DNA isolation from the 

other DNA samples (Section 3.1.1). The I. ricinus sample functions as a control to make sure 

that the vertebrate primers did not amplify tick DNA.  

 

Table 3 Primer sequences and conditions based on OligoAnalyzer 3.1 for M. musculus and I. ricinus 

Primer  
name  

Sequence  Length (nucleotides) Tm (°C) 

Tick_f  GGAGCTTCCGTTGACATAGC 20 55.8 

Tick_r ATTGCTCCAGCAAGAACAGG 20 55.6 
Mouse_f  TGAAACCCCCAGCCATAACACA 23 59 

Mouse_r GCGGCTAGCACTGGTAGTGA 20 59.3 

 

3.2.3 Nondegenerate primers with 12S rRNA as the molecular marker   
The 12S rRNA primers were obtained from Humair et al. (2007). The primers have been used 

in a range of studies and have been shown to amplify vertebrates, and not tick species 

(Humair et al., 2007, Leger et al., 2015). 12S rRNA sequences from the same species as for 

the COI primers were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/). Sequences 

were aligned with alignment program Muscle. The primers where analyzed with 

OligoAnalyzer 3.1. 
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Table 4 Primer sequences and conditions for the target region 12S rDNA. The 5´biotin on the reverse 

primer were added for potential use in downstream protocol 

Primer 
name  

Sequence  Length 
(nucleotides) 

Tm 
(°C) 

GC% 

12S-6F CAAACTGGGATTAGATACC 19 47.2 42.1 

B-12S-9R 5´biotin-
AGAACAGGCTCCTCTAG 

17 49.8  59.9 

12S-12F TGCCAGCCACCGCGGTCA 18 65.9 72.2 

12S-13R AGGAGGGTGACGGGCGGT 18 65.5 72.2 

 

3.3 PCR protocols and optimization  
PCR was performed with Phusion® polymerase (ThermoFisher) and the lightcyclers Bio-Rad 

DNA Engine Tetrad 2 and MJ Research PTC-200 to amplify target sequences. Reaction 

volumes were 20 µl or 10 µl depending on if it was used for sequencing or not. The standard 

master mix of 20 µl contained 4 µl Phusion® HF Buffer (1X), 2 µl dNTPs (0,2mM), 1 µl 

MgCl2, 0.5 µl Forward primer, 0.5 µl Reverse primer, 10.8 µl milli-q H2O. 1µl of template 

DNA is added to each reaction. Table 4 is an overview of the different primers that were 

used. 
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Table 5 Overview of the PCR primes and their target genes used to amplify mammals, I. ricinus or 

 M. musculus 

Name  Reference  Target loci  Group  

COI_F1  This study COI Mammals  

COI_R1 This study  COI Mammals 

NCOI_F2 This study  COI Mammals 

12S-6F Humair et al. 2007 12S Mammals 

B-12S-9R Humair et al. 2007 12S Mammals 

12S-12F Humair et al. 2007 12S Mammals 

12S-13R Humair et al. 2007 12S Mammals  

Tick_f This study  Genome  Ixodes ricinus  

Tick_r This study  Genome  Ixodes ricinus 

Mouse_f This study  Genome  Mus musculus  

Mouse_r This study Genome  Mus musculus 

 

The PCR protocol for Phusion® High-Fidelity DNA polymerase (NEB) was used as a 

standard protocol. The temperature of the annealing and the duration of each step varied 

based on the length of the target sequence and the ideal temperature for the primers. The 

protocol was optimized for different target loci and associated primers. The protocol was also 

used for Nested PCR and was adapted for the use in TD-PCR. Nested PCR combines two 

PCRs. The first PCR has a set of primers that are located at the flanking regions of the 

primers used in the second reaction. The second PCR has primers that amplify a sequence 

within the product of the first PCR. The product from the first PCR is also used as template 

for the second PCR. The specific conditions used are found in Appendix I.  

 

The optimal setup was found to be a TD-PCR. The touchdown conditions were: initial 

denaturation at 98°C for 30s, followed by 20 cycles with the denaturation at 98°C for 5s, 

Annealing at 62°C for 10s where the temperature is decreased by 1°C for each cycle until 

51°C, 72°C for 5s and final extension step at 72°C for 1 min.   
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Table 6 Names given for the different PCR programs used in this project. Specifics of all the setups 

can be found in Appendix II. 

PCR 
program  

Details  Name   

PCR 
protocol I  

Annealing temperature and duration adapted to 
primer set and length of product. Protocol from NEB 
PCR protocol for Phusion® High-fidelity DNA 
polymerase 

PCR protocol for 
Phusion® High-fidelity 
DNA polymerase 

TD PCR  Adapt the PCR protocol I with the annealing 
temperature from TD-PCR from Humair et al. 
(2007) 

Touchdown protocol 

 

3.4 Determining detection threshold with 12S primers  
To determine the concentration of vertebrate host target sequences necessary for detection 

with 12S rRNA nondegenerate primers, a serial dilution was done with sample 9 (M. 

musculus) and sample 6 (V. vulpes). The quantification of dsDNA in DNA samples 6, 9, and 

I. ricinus was measured with Qubit® (see 3.9). Sample 6 and sample 9 were then diluted to a 

concentration of 0.814 ng/ml, which is the concentration of the tick sample. The DNA 

samples were then diluted by a dilution factor of ten (Appendix II). The standard master mix 

(see 3.3) was used for this step with the nondegenerate primers (12S-6F and Bio-12S-9R). 

The only exception from the standard setup is that 0.5µl of tick DNA (sample 12) was 

combined with 0.5µl of the diluted mouse and fox DNA samples.  The TD-PCR protocol was 

used.  

 

3.5 Gel electrophoresis 
Products amplified in section 3.3 and 3.4 were separated on a 1% agarose gel at 75 Volts for 

40 minutes in a TAE buffer. Both GeneRuler Middle Range DNA Ladder and GeneRuler 

Low Range DNA Ladder was used. The results where visualized on a UV transilluminator.   

 

3.6 Gel extraction and Sequencing  
QIAquick® Gel Extraction kit (Qiagen) was used to purify PCR products from the agarose 

gel 3.5. See the QlAquick PCR Purification Kit using a Microcentrifuge protocol. In Step 9, 

30 µl of Elution buffer was added before the DNA samples where left for 1 min prior to 

centrifuging. DNA samples prepared for MALDI-TOF diluted eluted in purified water and 

stored at -20°C. The DNA samples were then prepared according to sample requirements for 
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LIGHTRUN® sequencing from GATC Biotechnology before being sent to GATC 

Biotechnology for sequencing.  

  

3.7 Sequence analysis  
The sequenced sequences from GATC Biotechnology were compared using the Basic Local 

Alignment Tool (BLAST) with nucleotide sequences previously added to the NCBI database. 

When there were differences between the database and the sequenced sequence Sanger 

sequencing chromatogram was used to determine if it was a sequencing mistake or a genuine 

difference. If the different base had a strong peak in the chromatogram it is an indication that 

there was a difference between the sequences in BLAST and the DNA samples.   

 

Sequences were analyzed with A plasmid Editor (ApE) by M. Wayne Davis (v2.0.49, 

January 29 2016). The enzyme selector from ApE was used to determine possible restriction 

sites. Possible enzymes were marked and then separated based on the restriction sites with the 

function restriction window. The restriction enzymes found in section 3.8 were selected 

based on criteria that restriction sites were present across species, and preferably multiple 

times within a sample (http://biologylabs.utah.edu/jorgensen/wayned/ape/). Table 7 displays 

the restriction enzymes used for the digestion.   

 

3.8 Digestion with restriction enzymes  
The restriction enzyme digestion protocol from NEB was used for the digestion of the DNA 

samples. Each sample contained 0.5 µl of each restriction enzyme, 10 µl of DNA, 7 µl of  

NEBuffer®  (10X), and 49.5 µl of distilled water.  

 

The DNA samples were then incubated at 37°C for one hour before incubating at 55°C for 15 

min. The DNA samples were then incubated at 80°C for 20 min to heat inactivate the 

restriction enzymes  
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Table 7 Names of the restriction enzymes and the location of the restriction sites in the DNA 
sequence of the different species  
Species  Restriction Enzymes and cutting site  
 Alul Blpl BsiYI 

(BslI) 
MaeI 
(BfaI) 

MseI RsaI TspEI 
(MluCI) 

Total 
length 
(base 
pairs) 

A. sylvaticus 82 27 124 80,128 34,41,50,91 113 47 143 
C. capreolus 89 27 124 128 49 75 47,61 144 
M. meles NA 27 125 81,129 35 NA NA 145 
M. agrestis 88 27 123 127 42,91 NA 47 143 
M. musculus  90 27 126 82,131 55,49,93 115 47,52 146 
M. glareolus 88 27 124 80,128 91 113 NA 146 
S. araneus 87 NA 123 28,79,127 47,91 NA NA 142 

S. minutus 89 27 125 81,129 49,92 NA NA 145 
V. vulpes 88 27 124 80,128 91 NA 63 144 
 

 
3.9 DNA Quantification 
Qubit® dsDNA Assay Kit was used to determine the quantity of dsDNA before and after 

PCR, after digestion, and before DNA precipitation. The specific protocol followed was 

Qubit® dsDNA HS Assay Kit protocol and DNA samples were measured on a Qubit® 

Fluorometer. 2 µl of sample DNA was added to each reaction. The tubes were then spun 

down before being measured.  

 

3.10  MALDI-TOF MS 
Molecular grade Glycogen® from Thermo-Fisher was used to remove residues of Cutsmart® 

buffer and restriction enzymes. DNA was precipitated using 7 µl of 3M sodium acetate, 2 µl 

of glycogen, and 127 µl of ethanol was added to the sample before mixing and incubating the 

DNA samples at -80°C for 45 min. The DNA samples were centrifuged for 15 min at 10,000 

rpm. The supernatant was then removed before the pellet was rinsed with 1 mL of cold 70% 

ethanol. The pellet air-dried for 2 hours before resuspended in 20 µl of water. MALDI-TOF 

was performed by Bernd Thilede from the Section for Biochemistry and Molecular Biology 

at the University of Oslo. The nondegenerate primers (12S-6F and 12S-9R) were used as 

positive controls.  
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4 Results  
 

4.1 Design of novel degenerate primers for mammals  
The novel degenerate primers were tested to determine if it was possible to amplify DNA 

from multiple mammalian species with the primer set.  

 

 
Figure 3 Semi-nested PCR on M. musculus DNA samples 9 and 10. A) Degenerate primers COI_R1 

and outer primer NCOI_F1 were used. Lane 1 (Sample 9), Lane 2 (Sample 10), Lane 3 (Negative 

control). Multiple fragments are shown, likely due to non-specific priming. B) A second round of 

semi-nested PCR with primers COI_F1 and COI_R1 using the product from A. as DNA template. 

Lane 1 (Sample 9), Lane 2 (Sample 10), fragments are substantially larger than the expected 100bp 

sequence.  

 

Semi-nested PCR with degenerate primers was used to amplify M. musculus DNA samples 

(Figure 3). For both rounds of PCR, multiple sequences were amplified, which is determined 

by the presence of multiple bands in the agarose gel. The same pattern was found when 

protocol Phusion® High-Fidelity DNA Polymerase was used prior to the semi-nested PCR. 

From the first round of PCR (Figure 3A) to the second round (Figure 3B) the amount of 

bands visualized was decreased to two. The two bands (Figure 3B) can be observed around 

850bp and 400bp, but the primers for the PCR are designed to amplify a sequence that is a 

100bp long. The bands found are substantially longer then the expected length. When using 

semi-nested PCR, all the products from the first round are added, making it possible that 

contamination occurred. Additionally, if the primers are too general for both rounds of PCR it 

is possible that they both amplify similar sequences producing multiple bands.  
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4.2 Assessment of nondegenerate primers for mammalian 

amplification  
 

 
Figure 4 PCR with nondegenerate primers. A) Lane 1 (Mouse), Lane 2 (Mouse), Lane 3 (Tick), Lane 

4 (Water). The amplified sequence is found at around 150bp, which is the expected sequence length. 

Some of the I. ricinus (Sample11) is amplified and some larger fragments amplified in all of the DNA 

samples. B) Optimization of PCR protocol from A. Lane 1 (Mouse), Lane 2 (Mouse), Lane 3 (Tick), 

Lane 4 (Water). A single band is found in both Sample 2 and 9, and only a faint bad visualized in the 

tick sample. C) PCR for all DNA samples. Lane 1 (Common shrew), Lane 2 (Field vole), Lane 3 

(Bank vole), Lane 4 (Pygmy shrew), Lane 5 (Wood mouse), Lane 6 (Red fox), Lane 7 (European roe 

deer), Lane 8 (European badger), Lane 9 (Water), Lane 10 (Tick), Lane 11 (Mouse), Lane 12 

(Mouse), Lane 12 (Negative control).  

 

The DNA samples were successfully amplified with the nondegenerate primers. Figure 4A 

shows the first round PCR using the protocol supplied for Phusion® High-Fidelity DNA 

Polymerase. Some additional amplified sequences were observed between 1500bp and 850bp 

for both DNA samples. Figure 4B shows the same DNA samples as figure 4A, but the TD-

PCR protocol was used. TD-PCR allowed for more specific amplification of host DNA. 

Using the TD-PCR protocol it was possible to obtain a single product of about 142-146bp 

fragments in length. Figure 4C shows the setup from figure 4B used on the all the DNA 

samples. The bands appear weaker than in figure B, this is most likely because of the size of 

the wells that the DNA samples were loaded into were larger. Each of the samples (Figure 

4C) were then removed from the gel and purified before being sequenced.  
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Table 8 Sequenced samples from the PCR with nondegenerate primers (Figure 4C) compared to 

sequences submitted to the NCBI database.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5 Alignment of Sample 2 with the sample EF027261 from the NCBI database. The alignment 

is color-coded based on sequence similarity. Bases marked in dark blue are identical between both 

sequences, while bases in white are different. Position 41 contains a transition mutation, our sequence 

contains a Cytosine base, while the query has Thymine.  

 

Each sequenced sample (Figure 4C) had either a 100% or 99% identity match with one or 

more reference sequence from the NCBI database (Table 8). This is evidence confirming that 

the setup amplified the 12S rRNA region of the mitochondria for all species. Verifying that 

the PCR worked for each sample made it possible to prepare the DNA samples for MALDI-

TOF MS. When the sequenced sequences were first recorded and compared to the NCBI 

database additional differences could be observed. With the Sanger sequence chromatogram 

it was possible to determine if there were differences between the sequences or if the base 

Sample  Species  Reference sequence from NCBI  Percentage identity 

1 S. araneus KT210896.1 100% 

2 M. agrestis EF027261.1 99% 

3 M. glareolus KM892840.1 100% 

4 S. minutus EF027290.1 100% 

5 A. sylvaticus EF027290.1 100% 

6 V. vulpes KT448287.1 100% 

7 C. capreolus KJ681482.1 100% 

8 M. meles AM711900.1 100% 

9 M. musculus KR020499.1 100% 
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was incorrectly base-called from the algorithm. With the exception of Sample 2, table 8 

shows that the DNA samples had a 100% match with previously registered sequences. This 

means that the PCR assay managed to amplify the 12S rRNA region for the mammalian 

DNA samples (Table 1). For M. agrestis, a single nucleotide polymorphism (SNP) was 

detected (Figure 5). The presence of a SNP shows that there is genetic variation between our 

individual and previously sampled individuals of this species uploaded to the NCBI database. 

In order to be certain that the difference is not a sequencing mistake a PCR for this sample 

should be repeated. 

 

To evaluate the sensitivity of the setup (Figure 4C), a dilution curve was performed with 

nondegenerate primers with the TD-PCR protocol. Because DNA degrades over time in the 

tick it is important to know at what concentration it is possible to amplify DNA from the last 

host. By quantifying of dsDNA post PCR it is possible to get an indication of the 

concentration of the final product needed for detection (Table 9). In addition, by mixing 

different concentrations of host DNA with tick DNA, it is possible to determine if the setup is 

affected by a disproportional amount of tick DNA.  

 
 

Figure 6 A dilution series to test the detection threshold for the primers and PCR conditions. Each 

sample contains a concentration of 0.5 µl of I. ricinus (Sample 12) and the first lane in both A and B 

is Sample 12 only. Both V. vulpes and M. musculus DNA samples have a starting concentration at 

0.814ng/µl and are diluted by a dilution factor of 10. A) Dilution series for M. musculus. Lane 1 

(Tick), Lane 2 (Mouse 1:1), Lane 3 (Mouse 1:10), Lane 4 (Mouse 1:100), Lane 5 (Mouse 1:1000), 

Lane 6 (Mouse 1:10000). The DNA samples are diluted by a dilution factor of 10 and a clear band is 

visualized until lane 4. B) A dilution series for V. vulpes. Lane 1 (Tick), Lane 2 (Fox 1:1), Lane 3 
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(Fox 1:10), Lane 4 (Fox 1:100), Lane 5 (Fox 1:1000), Lane 6 (Fox 1:10000). The DNA samples are 

diluted by a dilution factor of 10 and a clear band is visualized until Lane 4.    

 

Table 9 Concentrations after PCR dilution series from figure 3.6. DNA samples 13,14 and 18,19 were 

sequenced.  

Sample  Qubit®  average  

concentration  (ng/ul) 

Species  Dilution  Successfully Sequenced  

12 1.037 Ixodes ricinus   

13 7.797 Mus musculus 1:1 Sequenced 

14 3.703 Mus musculus 1:10 Sequenced 

15 1.577 Mus musculus 1:100  

16 1.047 Mus musculus 1:1000  

17 1.050 Mus musculus 1:10000  

18 7.857 Vulpes vulpes 1:1 Sequenced 

19 3.477 Vulpes vulpes 1:10 Sequenced 

20 1.302 Vulpes vulpes 1:100  

21 0.977 Vulpes vulpes 1:1000  

22 0.989 Vulpes vulpes 1:10000  

 

Figure 6 shows the setup for host DNA amplification at starting concentrations as lows as 

0.0814ng/µl (Figure 6AB, Lane 3). DNA Samples 14 and 19 are the most diluted samples 

that were possible to sequence. Based on the starting concentration of 0.0814 ng/µl the copy 

number of the target was calculated to be approximately 13 genomes, which is 17701 copies 

of the target. The calculations are based on starting concentrations of DNA for Sample 14 

and the C-value of M. musculus for the total genome. The number of copies per cell of the 

mtDNA was found in the literature from research done on bovine tissue cultured cells 

(Michaels et al., 1982). Calculations are found in Appendix IV. Table 9 shows the 

concentrations post PCR and, which DNA samples that were successfully sequenced. DNA 

samples for both M. musculus and V. vulpes had the same start concentration and similar 

concentrations post PCR. The sensitivity of the PCR protocol is similar for the two different 

species.   
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5 Discussion  
Understanding the transmission cycle of a pathogen can provide important insights into the 

epidemiology of a disease and can be used to effectively mount efforts against the disease 

and predict possible outbreaks (WHO, 2014). Knowing the last host species can help 

determine the niche width of different vectors and how host presence and density can affect 

pathogen transmission in an area. The need for a technique with few biases to determine the 

origin of the blood meal in I. ricinus is therefore important. Due to the challenging and costly 

method of determining host in ticks by trapping of the hosts, there is a need to develop 

molecular methods that can determine the last host directly from questing ticks. Based on the 

positive and negative attributes of the different techniques found in the literature, I wanted to 

explore using PCR and MALDI-TOF MS techniques to determine species from tissue 

samples (Table 1).  

 

5.1 Samples selection  
The DNA samples used for the project are known hosts for I. ricinus and are potential or 

known reservoirs of tick-borne pathogens in Norway. I. ricinus feeds on a wide range of 

vertebrate species, but for this study, only tissue samples from mammals were used (Parola 

and Raoult, 2001). I. ricinus has been found to not only feed on mammals, but different bird 

species as well (Kjelland et al., 2010, Hasle et al., 2011). Birds are important reservoirs for 

some pathogens and have been found to be the main transmission hosts for Borrelia garinii in 

Europe (Gern, 2009). There are three main reasons why birds were not chosen as samples for 

this setup. One is that smaller mammals are reservoirs for Borrelia afzelii, the dominant 

genospecies of B. burgdorferi s.l. in Norway (Tveten, 2013). Secondly, smaller mammals, 

such as rodents compared to larger mammals, have been found to be reservoirs to a wider 

range of pathogens (Pichon et al., 2005, Gern, 2009). Thirdly, the samples available at the 

University of Oslo were primarily small mammals. The DNA was isolated directly from the 

tissue in order to evaluate the sensitivity of each setup tested without the challenges found 

when obtaining DNA samples directly from the tick. Evaluating the methods helps to 

understand the basic mechanisms of the setup and will provide an insight into potential 

pitfalls when testing the techniques on DNA samples from I. ricinus. 
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5.2 Method overview and selection  
An important part of the thesis has been to get an overview of molecular methods used for 

determining last host meals in ticks and to determine advantages and disadvantages of 

various approaches for the #EcoTick project at UiO. Different molecular techniques have 

been used to determine blood meal origins in arthropod vectors (Kent, 2009, Leger et al., 

2015, Gariepy et al., 2012). The techniques considered here are: DNA barcoding, multiplex 

PCR, Real-time PCR (RT-PCR), Reverse Line Blotting Hybridization (RLBH), Mass 

spectrometry (MS), and stable isotope analyses.  

 

DNA barcoding and multiplex PCR are two techniques that utilize PCR to determine the last 

host in ticks. DNA barcoding uses 658 bp COI as the target in order to determine the 

arthropod blood meal (Lv et al., 2014). PCR is performed together with degenerate primers or 

a cocktail of primers followed by sequencing (Alcaide et al., 2009, Luo et al., 2011). The 

sequences are then uploaded to databases such as the BOLD system, which contains the 

barcode sequences for different species. Gariepy et al. (2012) tested the use of DNA 

barcoding on the tick I. scapularis, and obtained a detection success at 77%. However, they 

collected the tick directly from the host, and the amount of detected host would most likely 

decrease when questing ticks are collected. The biggest drawback of using barcoding is that 

with larger datasets using sequencing can be both costly and time consuming, The size of the 

COI sequence is another concern, due to the size it will likely become fragmented, lowering 

the detection rates over time. Based on the drawbacks we decided not to use barcoding in this 

project. We did use the data on COI when deciding to use the region as a molecular marker 

for the setup. The challenge we found is that because we only used a 100bp region, the region 

was too diverse to amplify with a single primer set. Multiplex PCR is a variant of PCR that 

uses a combination of primers to amplify a range of species, which are then separated using 

gel electrophoresis (Markoulatos et al., 2002, Gomez-Diaz and Figuerola, 2010). Cytb has 

been used as target sequence to identify vertebrates, but can be challenging to use when 

differentiating between species of families that are important for this study (Irwin et al., 

1991). There are some potential pitfalls with the technique. Because a range of different 

primers are added there is a risk that too many primers are added compared to the target 

sequence. If the ratio of the primer to target sequence is too high the amount of unbound 

primer will potentially anneal to sequences similar to the target or primer dimers can occur. 
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In addition, there is a limit in the amount of primers used for Multiplex PCR, putting restrains 

on the amount of different hosts that it is possible to identify, making it unsuitable for last 

host detection if I. ricinus since the tick feeds on a wide range of hosts.   

 

RT-PCR (real-time) is another variant of PCR that has been used to determine the vertebrate 

source of an arthropod blood meal (Leger et al., 2015, Kent, 2009, Pichon et al., 2003). The 

advantages of using RT-PCR is that it is more sensitive then regular PCR, displays the 

amplification process, and allows for quantification of the starting template (Kent, 2009). A 

fluorescent dye, such as SYBR Green is added to the reaction, which binds to the minor 

grooves of the dsDNA. The fluorescent signal increases when the dye is bound to dsDNA 

compared to when it is found unbound in the solution. The more dsDNA that is synthesized 

the stronger the signal becomes (Denman and McSweeney, 2005). The change of the 

florescent signal provides visualization of the amplification process. The data can then be 

used for further analyses such as melt curve analysis to determine the specific species of a 

blood meal (Leger et al., 2015). A challenge with this method is that a cocktail or primers are 

used, which increases the chance of primer dimers. In addition, melt curve analysis will vary 

based on conditions as well as create a too similar signal if there are small sequence 

differences between species. Leger et al. (2015) used this technique to determine the last host 

in ticks and the detection rate found was low, we therefore wanted to see if we could increase 

the detection rate by using regular PCR.  

 

RLBH is perhaps the most common technique utilized in determining the host of the last 

blood meal in I. ricinus (Humair et al., 2007, Leger et al., 2015). RLBH utilizes specific 

probes in order to determine the origin of the last blood meal. PCR with biotinylated primers 

are first used to amplify target loci before RLBH is used. The specific probe has an amine 

group on the five-primed end that is actively hybridized to a carboxylated nylon membrane 

(Kent, 2009).  The PCR products with the biotinylated primers are then introduced to the 

hybridized probe before the product is incubated with a luminescent substrate (Humair et al., 

2007). To determine the origin of each sample, ranges of probes have to be designed which 

can be both time consuming and costly. New sets of probes also have to be designed, 

depending on the species that lives in the particular geographic region. Since RLBH has been 

used in multiple studies with a similar detection rate we wanted to see if a different approach 

could increase the amount of host DNA detected in the tick.  
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There are many aspects that make DNA a great marker for determining the blood meal source 

of arthropods, but there are some limitations as well. Part of the challenge is that I. ricinus 

feeds once per life stage, and a new blood meal is not ingested before the previous one is 

digested. This was found to be a limitation for our method as well. Questing ticks are 

collected when determining the species of the last blood meal, which indicated that the 

amount of host DNA present is limited. Knowing the detection threshold post-moult for the 

techniques is an important aspect of determining the success of the technique. Studies such as 

Leger et al. (2015) and Pichon et al. (2003) used different molecular techniques and target 

molecules when evaluating the maximum time post-moult where the last host is detectible. 

The papers found that the detection was possible up to eight months for the different DNA 

samples. After nine months, the detection was possible for most of the DNA samples and 

after 10 months it was not possible for any of the DNA samples. This was the same for both 

the RLBH and the RT qPCR (Leger et al., 2015) suggesting that the time post-moult is the 

limiting factor when using DNA as the molecular target. Another important part to take into 

consideration is the general detection rate. The detection rate was found to be from 46-50% 

in the different studies (Humair et al., 2007, Pichon et al., 2003, Pichon et al., 2005). The 

barcoding study (Gariepy et al., 2012) had a detection rate of 77%, but the ticks where then 

collected directly off the host and the blood meal was only digested for a short duration. The 

expected detection rate for techniques using DNA as the molecular marker is around 46-50%. 

The time since post-moult is an important factor that affects the detection rate. The season the 

ticks were collected can in addition have an affect on the detection rate. There is a trend in 

the data showing that if the tick is collected in the spring or fall the detection rate is higher 

then when collected in the summer (Pichon et al., 2005, Moran Cadenas et al., 2007). What 

the data shows is that when the ticks are collected has a huge impact on the success of 

techniques using DNA as a molecular marker. Nevertheless, the threshold for the PCR assay 

calculated in this study indicates that the detection level is perhaps at the current level 

because the techniques used are adapted to a broad spectrum of hosts. The detection threshold 

calculated perhaps (Appendix IV) shows that part of the challenge is not only the time since 

the last blood meal, but also that the methods were adapted to so many species making the 

setup too general.  

 

There are other biases that need to be considered in addition to the limitations linked to the 

duration since the last blood meal. The composition of the host blood itself and the 

breakdown of the host blood in the tick can affect the detection rate. During the digestion of 
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the sample in the tick, heme molecules are synthesized from hemoglobin when the blood of 

the host is digested (Soneshine D.E, 2014, Leger et al., 2015). The heme molecules have been 

found to act as an inhibitor for methods such as PCR (Leger et al., 2015). This is a potential 

problem for all of the studies that use DNA sequences as markers, because most of the 

studies use variations of PCR at one point. When using DNA samples directly isolated from 

host tissue the heme molecules are not synthesized, eliminating this as a problem for the PCR 

assay designed here, but could prove challenging when DNA samples are taken directly from 

ticks. Another bias that can potentially affect the detection is that certain species have 

nucleated red-blood cells (birds), while others do not (mammals) (Leger et al., 2015). In 

general what is important is to be aware of the biases that are linked to using different 

molecular techniques with different vectors. The use of artificial feeding systems with known 

hosts can potentially help identify and determine the impact that a bias has on a particular 

molecular technique. At the moment these artificial feeding systems have been found to 

produce a lower detection rate then when using the same technique in the field, indicating 

that future research should be done (Leger et al., 2015).  

 

In the last couple of years, new methods such as Mass spectrometry and stable isotope 

analysis have been used as an alternative to techniques that use DNA as markers. Mass 

spectrometry is a protein-based method that looks at multiple markers found in arthropod 

blood and compares the dataset with other individuals from the same species (Onder et al., 

2013, Wickramasekara et al., 2008). The technique has been tested in a handful of studies. 

The reason the technique was not selected for this project is that unlike MS, PCR uses 

common solutions and machines that are available in most labs. The use of MALDI-TOF MS 

is in addition less expensive then MS. The use of stable isotope analysis has been used for 

identifying blood meals in fleas (Hamer et al., 2015). The technique uses the difference in 

isotope composition to determine the last host. This technique has been determined to work 

best when used in combination with sequence-based methods (Stapp and Salkeld, 2005).  

 

After considering the methods found in the literature, DNA sequences were found to be the 

best fit to determine the last host in ticks even with the limitations. DNA sequences were 

chosen because when developing the method the results can be seen in relation to published 

work, which can help provide better insight into possibilities and limitations with the 

techniques. PCR is a basic tool and because the DNA product can be sequenced it is possible 

to evaluate the setup carefully, which then can be seen with findings from more elaborate 
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setups. Another reason is that the available material was DNA extracts. We considered that to 

be case for other labs as well based on price and simple access to techniques available for 

DNA isolation and sequence analysis. DNA isolation kits and PCR machines are common 

solutions and machines found in a majority of labs. MALDI-TOF MS was evaluated to 

potentially be a substitute for sequencing, where the species of DNA samples from the PCR 

would be determined. In addition it allowed to assess a potential technique different then 

what is found in the literature and to see if it would be an alternative.  

 

5.3 PCR assay  
The optimal PCR assay was determined from the options described in section 2. Both the 

degenerate and nondegenerate primers produced a product for the different DNA samples. 

The challenge with the degenerate primers was that unspecific priming occurred. The use of 

degenerate bases in the primers made the degenerate primers too general providing multiple 

products. Part of the reason is that the COI region contains highly interspecific variation, 

making it difficult to design a single primer set capturing the wide range of potential host 

species. The nondegenerate primers used 12S rRNA as a molecular marker, which is a more 

conserved region. The nondegenerate primer successfully amplified each of the DNA 

samples. The sequenced DNA samples (Table 8, Figure 4C) showed that the PCR assay 

amplified each of the species. Detection of a SNP in M. agrestis shows that even when there 

are intraspecific differences, it is possible to use the PCR assay, making the assay suitable for 

detection of different hosts.    

 

Determining the optimal PCR protocol had a large impact on the setup for the study. When 

optimizing the standard protocol for the nondegenerate 12S primers I did mange to amplify a 

single product in each sample (Figure 4C). However, it is expected that when adapting the 

setup to function on DNA samples taken directly from the tick that there will be some biases 

that can decrease the success rate of the PCR. Nested PCR or semi-nested PCR was used in 

an attempt to increase the specificity of the assay. The challenge with nested PCR is that 

because it involves two rounds of PCR, the chance of contamination is high. What was found 

for both degenerate and nondegenerate primers is that the second round is contaminated by 

the first, having unwanted products being transferred (Appendix III). The use of nested PCR 

would likely further be complicated when the DNA samples are directly from ticks. TD-PCR 

on the other hand optimized the setup and increased the amount product from the PCR 
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(Figure 4B). TD-PCR functioned well for this study because it allowed for optimization of 

the protocol in a single run of PCR. Perhaps, with trying different temperatures for TD-PCR 

protocols, it could be possible to lower the detection threshold further.  

 

The PCR assay was found to detect host DNA at concentrations as low as 13 genomes, which 

is about 17701 copies of the mtDNA target. The calculation is an estimation of the exact copy 

number. The copy numbers used in the calculation are based on somatic cells from Bovine, 

while the other data are for M. musculus (Michaels et al., 1982). Because the copy number of 

the mtDNA target is from Bovine and not mouse, the expectation might be that the calculated 

number of copies will be different from the exact number found in the M. musculus sample. 

Nevertheless, Table 9 shows that both the V. vulpes and M. musculus show similar 

concentrations post PCR, indicating that the sensitivity is similar for the two species and 

indicates that the copy number in the mitochondrial genome is similar across the mammalian 

species. The data show that when DNA samples from different species have similar starting 

concentrations the detection threshold will be similar across all species. This finding is 

supported by publications such as Humair et al. (2007) that show similar detection rates 

across species.  

 

 The threshold found with the dilution series is lower than expected.  When using a standard 

PCR assay with a specific target, we expected that the PCR could amplify target sequences at 

lower concentration than what has been found here. One reason for that is that the PCR assay 

designed here is for multiple targets. Part of the challenge when looking at the last host in 

ticks is that the setup should be able to amplify a large spectrum of hosts. One common 

approach to increase sensitivity is to increase the amount of cycles in the PCR protocol. The 

problem with increasing the amount of cycles from 35 to for example 42 is that the likelihood 

of tick DNA being amplified is increases. Table 9 shows the concentration of dsDNA post 

PCR and shows that the concentration post PCR for the tick sample is higher then before. By 

increasing the cycles the amount of tick DNA amplified would increase, interfering with the 

further analysis of the host DNA post PCR.   

 

The preparation and use of MALDI-TOF MS on the DNA samples to determine last host had 

some potential pitfalls. For the restriction enzyme digestion, the biggest challenge was if it 

was possible to use seven different restriction enzymes simultaneously in one sample. 

Because some of the sample fragments were only a couple bp in length, it would be difficult 



	  38	  

to evaluate the setup on an agarose gel. The results of the MALDI-TOF MS (Appendix IV) 

could potentially have been used to determine if the digestion was successful. Unfortunately, 

the MALDI-TOF MS did not function. In order to determine if the sample preparation was 

insufficient or if the problem was the setup for the MALDI-TOF MS, the nondegenerate 

primers were used as controls. MALDI-TOF MS is a sensitive technique and can be 

challenging to use. Both the controls and DNA samples did not provide any useful results as 

of yet. Perhaps one reason for the unsuccessful result is that the proteomics group at 

University of Oslo, which performed the MALDI-TOF MS experiment, has not used 

MALDI-TOF MS for DNA identification previously. The time remaining at this point in the 

experiment was not sufficient to determine the specifics of why it did not work.    

 

The techniques tested and the techniques found in the literature provide an insight into the 

challenges of using DNA as a molecular marker for the detection of a wide range of host 

species. The goal of this thesis was to increase the sensitivity and determine how the quantity 

of target DNA present can affect the detection rate. Understanding the different limitations of 

using DNA as target molecules and overcome the limitations can make it possible to identify 

a larger amount of host from I. ricinus. In general, the challenge for most of the I. ricinus 

studies is that the detection limit is determined by the time since the last blood meal. Similar 

challenges would occur if the PCR assay developed here were used on DNA samples directly 

from the tick. Further studies might therefore benefit from using other markers than what are 

found in DNA sequences. One possibility is perhaps to use a variation of MS with 

hemoglobin as a marker to determine the species directly from I. ricinus. The method could 

possibly take a sample directly from the tick and differentiate between the tick and a host.   
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6 Conclusion   
 

Determining the host of the blood meal from arthropod I. ricinus can help increase our 

understanding of the complex enzoonotic cycle. By knowing the different hosts involved in 

the transmission dynamics of tick-borne diseases, it is possible to predict and prevent 

spillover of diseases from wildlife to humans. The use of molecular techniques can help 

determine the host origin of the blood meal, by collecting questing ticks and determining the 

blood meal directly from the tick. We showed that it is possible to amplify a wide range of 

mammalian species with the PCR assay used in this study. The species amplified are 

potentially important hosts for B. burgdorferi s.l in Norway. The PCR assay was found to 

amplify the host DNA at concentrations as low as 13 genomes. This shows that PCR is an 

important tool for determining the last host in ticks. In addition, this study confirms previous 

findings that there are certain limitations when using DNA as a molecular marker that appear 

difficult to overcome. The general problem with using DNA sequences as a molecular marker 

regardless of the technique is that the duration since the tick had its last blood meal is a 

limiting factor. In order to increase the detection rate, other markers should be considered. 

One possibility to explore is variations of MS with hemoglobin as a potential marker. It is 

therefore premature to conclude that molecular markers will replace traditional methods, but 

such noninvasive molecular methods are likely to change our understanding of the 

relationship between the tick, pathogen, and host. With vector-borne diseases spreading to 

new geographical areas and infecting an increasing number of humans, further improvements 

in methodology to describe transmission cycles are urgently needed as a basis for efficient 

disease prevention.  

 

 

 

 

 

 

 

 

 

 



	  40	  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  
	  

41	  

7 References  
 

ABHYANKAR, A., PARK, H.-B., TONOLO, G. & LUTHMAN, H. 2009. Comparative 
Sequence Analysis of the Non-Protein-Coding Mitochondrial DNA of Inbred Rat 
Strains. PLoS ONE, 4, e8148. 

ALCAIDE, M., RICO, C., RUIZ, S., SORIGUER, R., MUÒOZ, J. & FIGUEROLA, J. 2009. 
Disentangling Vector-Borne Transmission Networks: A Universal DNA Barcoding 
Method to Identify Vertebrate Hosts from Arthropod Bloodmeals. PLoS ONE, 4, 
e7092. 

BARANY, F. 1988. The TaqI ‘star’ reaction: strand preferences reveal hydrogen-bond donor 
and acceptor sites in canonical sequence recognition. Gene, 65, 149-165. 

DENMAN, S. E. & MCSWEENEY, C. S. 2005. Quantitative (real-time) PCR. In: 
MAKKAR, H. P. S. & MCSWEENEY, C. S. (eds.) Methods in Gut Microbial 
Ecology for Ruminants. Dordrecht: Springer Netherlands. 

EDWARDS, J. R., RUPAREL, H. & JU, J. 2005. Mass-spectrometry DNA sequencing. 
Mutation Research 573, 3-12. 

ESTRADA-PEÑA, A., GRAY, J. S., KAHL, O., LANE, R. S. & NIJHOF, A. M. 2013. 
Research on the ecology of ticks and tick-borne pathogens—methodological 
principles and caveats. Frontiers in Cellular and Infection Microbiology, 3, 29. 

GARIEPY, T. D., LINDSAY, R., OGDEN, N. & GREGORY, T. R. 2012. Identifying the 
last supper: utility of the DNA barcode library for bloodmeal identification in ticks. 
Molecular Ecology Resources, 12, 646-652. 

GERN, L. 2009. Life cycle of Borrelia burgdorferi sensu lato and transmission to humans. 
Current problems in dermatology, 37, 18-30. 

GOMEZ-DIAZ, E. & FIGUEROLA, J. 2010. New perspectives in tracing vector-borne 
interaction networks. Trends Parasitol, 26, 470-6. 

GORTAZAR, C., REPERANT, L. A., KUIKEN, T., DE LA FUENTE, J., BOADELLA, M., 
MARTÍNEZ-LOPEZ, B., RUIZ-FONS, F., ESTRADA-PEÑA, A., DROSTEN, C., 
MEDLEY, G., OSTFELD, R., PETERSON, T., VERCAUTEREN, K. C., MENGE, 
C., ARTOIS, M., SCHULTSZ, C., DELAHAY, R., SERRA-COBO, J., POULIN, R., 
KECK, F., AGUIRRE, A. A., HENTTONEN, H., DOBSON, A. P., KUTZ, S., 
LUBROTH, J. & MYSTERUD, A. 2014. Crossing the Interspecies Barrier: Opening 
the Door to Zoonotic Pathogens. PLoS Pathogens, 10, e1004129. 

HAMER, S. A., WEGHORST, A. C., AUCKLAND, L. D., ROARK, E. B., STREY, O. F., 
TEEL, P. D. & HAMER, G. L. 2015. Comparison of DNA and Carbon and Nitrogen 
Stable Isotope-based Techniques for Identification of Prior Vertebrate Hosts of Ticks. 
Journal of Medical Entomology, 52, 1043-1049. 

HANDELAND, K., QVILLER, L., VIKOREN, T., VILJUGREIN, H., LILLEHAUG, A. & 
DAVIDSON, R. 2013. Ixodes ricinus infestation in free-ranging cervids in Norway - 
a study based upon ear examinations of hunted animals. Veterinary Parasitology, 195, 
142 - 149. 

HASLE, G., BJUNE, G. A., MIDTHJELL, L., RØED, K. H. & LEINAAS, H. P. 2011. 
Transport of Ixodes ricinus infected with Borrelia species to Norway by northward-
migrating passerine birds. Ticks and Tick-borne Diseases, 2, 37-43. 

HEBERT, P. D., CYWINSKA, A., BALL, S. L. & DEWAARD, J. R. 2003. Biological 
identifications through DNA barcodes. Proc Biol Sci, 270. 

HEBERT, P. D. N., STOECKLE, M. Y., ZEMLAK, T. S. & FRANCIS, C. M. 2004. 
Identification of Birds through DNA Barcodes. PLoS Biology, 2, e312. 



	  42	  

HENGEN, P. N. 1996. Carriers for precipitating nucleic acids. Trends in biochemical 
sciences, 21, 224-225. 

HUMAIR, P.-F., DOUET, V., CADENAS, F. M., SCHOULS, L. M., VAN DE POL, I. & 
GERN, L. 2007. Molecular Identification of Bloodmeal Source in Ixodes ricinus 
Ticks Using 12S rDNA As a Genetic Marker. Journal of Medical Entomology, 44, 
869-880. 

INNIS, A. M. & GEFLAND, D. H. 1990. Optimization of PCR In: INNES M.A., G. D. H., 
SNINSKY J.J., WHITE T.J. (ed.) PCR Protocols London Academic Press, Inc  

IRWIN, D. M., KOCHER, T. D. & WILSON, A. C. 1991. Evolution of the cytochromeb 
gene of mammals. Journal of Molecular Evolution, 32, 128-144. 

ISERTE, J. A., STEPHAN BI FAU - GONI, S. E., GONI SE FAU - BORIO, C. S., BORIO 
CS FAU - GHIRINGHELLI, P. D., GHIRINGHELLI PD FAU - LOZANO, M. E. & 
LOZANO, M. E. 2013. Family-specific degenerate primer design: a tool to design 
consensus degenerated oligonucleotides. Biotechnology Research International. 

IVANOVA, N. V., ZEMLAK, T. S., HANNER, R. H. & HEBERT, P. D. N. 2007. Universal 
primer cocktails for fish DNA barcoding. Molecular Ecology Notes, 7, 544-548. 

KAHL, O. 1991. Lyme borreliosis — an ecological perspective of a tick-borne human 
disease. Anzeiger für Schädlingskunde, Pflanzenschutz, Umweltschutz, 64, 45-55. 

KAHL, O., GERN, L., EISEN, L. & LANE, R. S. 2002. Ecological Research on Borrelia 
burgdoerferi sensu lato: Terminology and Some Methodological Pitfalls In: GRAY 
J.S., K. O., LANE R.S., STANEK G. (ed.) LYME BORRELIOSIS Biology, 
Epidemiology, and Control. New York CABI Publishing  

KENT, R. J. 2009. Molecular methods for arthropod bloodmeal identification and 
applications to ecological and vector-borne disease studies. Molecular Ecology 
Resources, 9, 4-18. 

KIRSTEIN, F. & GRAY, J. S. 1996. A molecular marker for the identification of the 
zoonotic reservoirs of Lyme borreliosis by analysis of the blood meal in its European 
vector Ixodes ricinus. Environmental Microbiology  

KJELLAND, V., STUEN, S., SKARPAAS, T. & SLETTAN, A. 2010. Borrelia burgdorferi 
sensu lato in Ixodes ricinus ticks collected from migratory birds in Southern Norway. 
Acta Veterinaria Scandinavica, 52, 1-6. 

KORBIE, D. J. & MATTICK, J. S. 2008. Touchdown PCR for increased specificity and 
sensitivity in PCR amplification. Nature Protocols, 3, 1452-1456. 

LAND, C. M. & KINSEL, G. R. 1998. Investigation of the mechanism of intracluster proton 
transfer from sinapinic acid to biomolecular analytes. Journal of the American Society 
for Mass Spectrometry, 9, 1060-1067. 

LEGER, E., LIU, X., MASSEGLIA, S., NOEL, V., VOURC'H, G., BONNET, S. & 
MCCOY, K. D. 2015. Reliability of molecular host-identification methods for ticks: 
an experimental in vitro study with Ixodes ricinus. Parasit Vectors, 8, 433. 

LUO, A., ZHANG, A., HO, S. Y. W., XU, W., ZHANG, Y., SHI, W., CAMERON, S. L. & 
ZHU, C. 2011. Potential efficacy of mitochondrial genes for animal DNA barcoding: 
a case study using eutherian mammals. BMC Genomics, 12, 1-13. 

LV, J., WU, S., ZHANG, Y., ZHANG, T., FENG, C., JIA, G. & LIN, X. 2014. Development 
of a DNA barcoding system for the Ixodida (Acari: Ixodida). Mitochondrial DNA, 25, 
142-149. 

MARKOULATOS, P., SIAFAKAS, N. & MONCANY, M. 2002. Multiplex polymerase 
chain reaction: A practical approach. Journal of Clinical Laboratory Analysis, 16, 47-
51. 



	  
	  

43	  

MEUSNIER, I., SINGER, G. A. C., LANDRY, J.-F., HICKEY, D. A., HEBERT, P. D. N. & 
HAJIBABAEI, M. 2008. A universal DNA mini-barcode for biodiversity analysis. 
BMC Genomics, 9, 1-4. 

MICHAELS, G. S., HAUSWIRTH, W. W. & LAIPIS, P. J. 1982. Mitochondrial DNA copy 
number in bovine oocytes and somatic cells. Developmental Biology, 94, 246-251. 

MORAN CADENAS, F., RAIS O FAU - HUMAIR, P.-F., HUMAIR PF FAU - DOUET, V., 
DOUET V FAU - MORET, J., MORET J FAU - GERN, L. & GERN, L. 2007. 
Identification of host bloodmeal source and Borrelia burgdorferi sensu lato in field-
collected Ixodes ricinus ticks in Chaumont (Switzerland). Entomological Society of 
America. 

MYSTERUD, A., BYRKJELAND, R., QVILLER, L. & VILJUGREIN, H. 2015. The 
generalist tick Ixodes ricinus and the specialist tick Ixodes trianguliceps on shrews 
and rodents in a northern forest ecosystem– a role of body size even among small 
hosts. Parasites & Vectors, 8, 1-10. 

ONDER, O., SHAO, W., KEMPS, B. D., LAM, H. & BRISSON, D. 2013. Identifying 
sources of tick blood meals using unidentified tandem mass spectral libraries. Nature 
Communication, 4, 1746. 

PAROLA, P. & RAOULT, D. 2001. Ticks and tickborne bacterial diseases in humans: an 
emerging infectious threat. Clinical Infectious Diseases. 

PICHON, B., EGAN D FAU - ROGERS, M., ROGERS M FAU - GRAY, J. & GRAY, J. 
2003. Detection and identification of pathogens and host DNA in unfed host-seeking 
Ixodes ricinus L. (Acari: Ixodidae). Journal of Medical Entomology. 

PICHON, B., ROGERS M FAU - EGAN, D., EGAN D FAU - GRAY, J. & GRAY, J. 2005. 
Blood-meal analysis for the identification of reservoir hosts of tick-borne pathogens 
in Ireland. Vector-Borne and Zoonotic Disease  

QVILLER, L., RISNES-OLSEN, N., BÆRUM, K. M., MEISINGSET, E. L., LOE, L. E., 
YTREHUS, B., VILJUGREIN, H. & MYSTERUD, A. 2013. Landscape level 
variation in tick abundance relative to seasonal migration in red deer. PloS one 
[Online], 8.  [Accessed 2013]. 

RIZZOLI, A., SILAGHI, C., OBIEGALA, A., RUDOLF, I., HUBÁLEK, Z., FÖLDVÁRI, 
G., PLANTARD, O., VAYSSIER-TAUSSAT, M., BONNET, S., ŠPITALSKÁ, E. & 
KAZIMÍROVÁ, M. 2014. Ixodes ricinus and Its Transmitted Pathogens in Urban and 
Peri-Urban Areas in Europe: New Hazards and Relevance for Public Health. 
Frontiers in Public Health, 2, 251. 

ROSS, P., HALL, L., SMIRNOV, I. & HAFF, L. 1998. High level multiplex genotyping by 
MALDI-TOF mass spectrometry. Nat Biotech, 16, 1347-1351. 

SACCONE, C., DE GIORGI C FAU - GISSI, C., GISSI C FAU - PESOLE, G., PESOLE G 
FAU - REYES, A. & REYES, A. 1999. Evolutionary genomics in Metazoa: the 
mitochondrial DNA as a model system. GENE. 

SONENSHINE, D. E. & ROE, R. M. 2014. Ticks, People, and Animals In: SONENSHINE, 
D. E. R., R.E (ed.) Biology of ticks New York Oxford University Press. 

SONESHINE D.E, R. R. M. 2014. Biology of ticks NY: Oxford University Press  
STAPP, P. & SALKELD, D. J. 2005. Inferring host-parasite relationships using stable 

isotopes: implications for disease transmission and host specificity. The American 
Journal of Tropical Medicine and Hygiene. 

SZÖLLŐSI, E., HELLGREN, O. & HASSELQUIST, D. 2008. A Cautionary Note on the 
Use of Nested PCR for Parasite Screening—An Example From Avian Blood 
Parasites. Journal of Parasitology, 94, 562-564. 



	  44	  

TAYLOR, L. H., LATHAM, S. M. & WOOLHOUSE, M. E. J. 2001. Risk factors for human 
disease emergence. Philosophical Transactions of the Royal Society of London B: 
Biological Sciences, 356, 983-989. 

TVETEN, A.-K. 2013. Prevalence of Borrelia burgdorferi sensu stricto, Borrelia afzelii, 
Borrelia garinii, and Borrelia valaisiana in Ixodes ricinus ticks from the northwest of 
Norway. Scandinavian Journal of Infectious Diseases, 45, 681-687. 

WHO. 2014. A global brief on vector-borne diseases [Online]. Switzerland: WHO Press. 
Available: 
http://apps.who.int/iris/bitstream/10665/111008/1/WHO_DCO_WHD_2014.1_
eng.pdf?ua=1 [Accessed 21.04.2016 2016]. 

WICKRAMASEKARA, S., BUNIKIS, J., WYSOCKI, V. & BARBOUR, A. G. 2008. 
Identification of Residual Blood Proteins in Ticks by Mass Spectrometry Proteomics. 

WORMSER, G. P., DATTWYLER, R. J., SHAPIRO, E. D., HALPERIN, J. J., STEERE, A. 
C., KLEMPNER, M. S., KRAUSE, P. J., BAKKEN, J. S., STRLE, F., STANEK, G., 
BOCKENSTEDT, L., FISH, D., DUMLER, J. S. & NADELMAN, R. B. 2006. The 
Clinical Assessment, Treatment, and Prevention of Lyme Disease, Human 
Granulocytic Anaplasmosis, and Babesiosis: Clinical Practice Guidelines by the 
Infectious Diseases Society of America. Clinical Infectious Diseases, 43, 1089-1134. 

 



	  
	  

45	  

Appendix   
 

Appendix I: Solutions 
  

Standard Master Mix for PCR  

Number reaction: 1 
Reaction volume: 20 µl  

Reagent  Initial 
concentration 

Final 
concentration 

Volume 
(µl) 

Phusion® HF Buffer 5X 1X 4.00 

12S-16F 20uM 0.5uM 0.50 

Bio-12S-9R 20uM 0.5uM 0.50 

dNTPs 2mM 0.2mM 2.00 

Phusion® High Fidelity 
Polymerase   

2U 0.02U 0.20 

MgCl2   1.00 

PCR water    10.80 

Total template DNA   1.00 

 

Serial dilution concentrations and sample name for M. musculus  

Sample 13 Sample 14 
(1:10) 

Sample 15 
(1:100) 

Sample 16 
(1:1000) 

Sample 17 
(1:10000) 

M. musculus 
(0.814ng/ml) 

1µl sample 13   + 
9ul H2O 

1µl sample 14 + 
9ul H2O 

1µl sample 15 + 
9ul H2O 

1µl sample 16 + 
9ul H2O 

 

 

Serial dilution concentrations and sample name for V. vulpes  

Sample 18 Sample 19 
(1:10) 

Sample 20 
(1:100) 

Sample 21 
(1:1000) 

Sample 22 
(1:10000) 

V. vulpes  
(0.814ng/ml) 

1µl sample 19 + 
9ul H2O 

1ul sample 20 + 
9ul H2O 

1µl sample 21 + 
9ul H2O 

1µl sample 22 + 
9ul H2O 
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Appendix II: Primers and Primer design  
 

IUPAC nucleotide code  Base  
R A, G 
Y C, T 
S G, C 
W A,T 
K G,T 
M A,C 
B C,G,T 
D A,G,T 
H A,C,T 
V A,C,G 
N ANY BASE  
	  

COI sequences from NCBI database 

Species  Accession number  
Alces alces EU835716.1 
Apodemus flavicollis   
Apodemus sylvaticus U18833.1, ASU18833 
Bos taurus HQ860420.1 
Canis familiaris KC985188.1 
Canis lupus JF443207.1 
Capra hircus JQ735457.1 
Capreolus capreolus GQ901978.1 
Cervus elaphus JF443224.1 

Myodes glareolus 
AY332679.1 

Eimeria sp. ex Apodemus sylvaticus JQ993707.1 
Equus caballus JQ735459.1 
Felis catus JQ735460.1 
Lepus timidus HM233192.1 
Meles meles DQ487091.1 
Microtus agrestis JF499313.1 
Mus musculus AB444046.1 
Myodes rufocanus JF693313.1 
Neomys fodiens JF499325.1 
Ovis aries JQ735465.1 
Sciurus vulgaris JF499341.1 
Sorex araneus JF499348.1 
Sorex minutus JF499373.1 
Vulpes vulpes JF443560.1 
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Ixodes ricinus KC809977.1 
 

12S rRNA sequences from NCBI database  

Species  Accession Number  
Alces alces AY184437.1 
Apodemus flavicollis AJ311127.1 
Apodemus sylvaticus AJ311126.1 
Bos taurus V00654.1 
Canis familiaris U96639.2, CFU96639 
Capra hircus KF317940.1 
Capreolus capreolus EF027243.1 
Cervus elaphus AF091707 

Myodes glareolus 
AJ250356.1 

Equus caballus X79547.1 
Erinaceus europaeus X88898.2 
Felis catus U20753.1 
Lepus timidus AB059258.1 
Meles meles  Y08513.1 
Mus musculus  X84382.1 
Myodes glareolus KM892841.1 
Neomys anomalus AF182177.1 
Ovis aries AF010406.1 
Sciurus vulgaris AJ238588.1 
Sorex araneus AY012102.1 
Sorex minutus EF027290.1 
Ixodes ricinus L43903.1 
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Appendix III: PCR programs  
 

Protocol for Touchdown PCR  

 Temperature  Time   
Initial 
denaturation  

98°C 30 
seconds  

 

Denaturation 98°C 10 
seconds  

Annealing temperature decreased by 1°C for 
each cycle until reached 51°C. Remaining cycles 
have annealing temperature at 51°C. Total cycles 
35.   

Annealing  62-51°C 30 
seconds 

Extension  72°C 30 
seconds  

Final 
extension 

72°C 10 
minutes  

 

 

PCR protocol for Phusion® High-Fidelity DNA polymerase 

 Temperature  Time   
Initial 
denaturation  

98°C 30 
seconds  

 

Denaturation 98°C 10 
seconds  

Repeat all three amplification steps 35 
times  

Annealing  55°C 30 
seconds 

Extension  72°C 30 
seconds  

Final extension 72°C 10 
minutes  
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Appendix IV: Results  

 

PCR protocol for Phusion® High-Fidelity DNA polymerase with degenerate primers on DNA 

samples 11,12,1,1,4,1,1,2 and negative control.  

 
A) Determining quality of I .ricinus DNA with specific primers for I.ricinus. Lane 1 (Sample 11), 

Lane 2 (Sample 12), Lane 3 (Sample 10). B) Determining quality of M. musculus DNA samples with 

specific primers. Lane 1 (Sample 9), Lane 2 (Sample 10), Lane 3 (Negative control)  
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Dilution series to determine if the use of nested-PCR could increase the detection threshold with M. 

musculus (sample 10). A) The image shows the first round of PCR with primers 12S-12F and 12S-

13R. From lane 2 to 6 the M. musculus is diluted by a factor of ten. Lane 5 and 6 contains the opposite 

DNA samples. Sample in lane 5 should have been in lane 6 and vise versa. B) Shows the second 

round of PCR with primers 12S-6F and Bio-12S-9R with template taken from A. Each sample shows 

multiple bands and only a week band around the expected size of 142-146bp.  

 

Calculation of threshold for the PCR assay 

 

C value 1.8x10^12 (Haploid) X2 = 3.6e12 Da  (Genomesize.com) 

3.6x10^12 Da = 5.977908e-12 g 

Copies of mtDNA per cell = 2600 (Michaels et al., 1982) 

Centration of mouse samples = 8.14e-11 g 

8.14e-11/5.977908e-12 = 13.61680374 

13.61680374 x 2600 = 35403.68972 genomes per µl 

35403.68972:2 = 17701.84486 copies present 
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