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Abstract 

The Major Histocompatibility Complex (MHC) is a group of closely linked loci that play an important role in 

the immune system within all jawed vertebrates, and it has been shown to yield a higher fitness with an 

intermediate diversity. Several studies present how females choose their mates based on the MHC 

variability, hereby providing their offspring with the optimal variability. MHC class I (MHCI) mediates 

immunity against intracellular pathogens such as Haemoproteus, Plasmodium and Leucocytozoon. Here I 

investigate the MHCI composition in a population of blue tits (Cyanistes caeruleus) sampled in 2001 and 

2021, and test whether social pairing departs from what is expected from random pairings. I also investigate 

the connection between the MHCI morphology, age and reproductive success. Additionally, I investigate 

the correlation between the MHCI and prevalence of the blood parasites Haemoproteus, Plasmodium and 

Leucocytozoon, and the correlation between these blood parasites, morphology, age and reproductive 

success. The younger females tended to be in social pairs with fewer positively selected site (PSS) alleles 

than expected from random pairings, whereas the older females tended to be in social pairs with more PSS 

alleles than expected. A higher number of MHCI alleles was linked to longer wings. Interestingly, there was 

an association between the number of MHCI alleles and Haemoproteus infection within the 2001 blue tits, 

with individuals with a higher number of alleles being more likely to be infected. Finally, a close to significant 

positive association was also found between the MHCI PSS allele IWYWYVGR and Haemoproteus infection. 

My results are most consistent with selection for a higher or lower number of alleles rather than an 

intermediate optimum, but additional studies are needed to further investigate these results. 
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1.0 Introduction 

The Major histocompatibility complex (MHC) is a large genetic region of closely linked loci that play an 

important role in the immune system of all jawed vertebrates (Kaufman, 2018; Klein & Figueroa, 1986). The 

purpose of the MHC is to present peptide fragments from pathogens to the appropriate T-cells in order to 

eliminate or neutralize them (Janeway et al., 2001). 

There are two classes of antigen presenting MHC genes; MHC class I (hereafter referred to as MHCI) and 

MHC class II (hereafter referred to as MHCII). MHCI mediates immunity against intracellular pathogens and 

is expressed on all nucleated cells. It presents antigens derived from pathogens in the cytoplasm to 

cytotoxic CD8+ T-cells (Janeway et al., 2001; Klein & Figueroa, 1986; Neefjes et al., 2011; Schubert et al., 

2021). MHCII mediates immunity against extracellular pathogens such as bacteria or parasites, and it is 

expressed by the professional antigen-presenting cells (B-cells, macrophages, dendritic cells, etc.) to CD4+ 

T-cells (Janeway et al., 2001; Klein & Figueroa, 1986; Neefjes et al., 2011; Schubert et al., 2021).  

The MHC is polygenic and highly polymorphic. This means that each organism has several loci encoding for 

proteins with a similar function, as well as having numerous alleles at each locus (Aeschlimann et al., 2003; 

Janeway et al., 2001), thus making it challenging for pathogens to escape immune responses. Multiple 

copies of the MHC genes can increase the organisms’ resistance to pathogens, though having too many 

copies will increase the risk of autoimmune diseases (Lenz et al., 2015). In situations where too many MHC 

alleles are present, there will be too few circulating T-cells due to negative selection in the thymus (Milinski, 

2006; Nowak et al., 1992). This means that the T-cells that bind to self-antigens bound to the MHC-

molecules too well, will be removed, avoiding an immune response to one’s own tissue. An intermediate 

number of MHC alleles is thus thought to be the better evolutionary approach (Aeschlimann et al., 2003).  

Female mate choice can occur before, during and after copulation (Ziegler et al., 2005), where for example 

cryptic female choice plays an important role. The female can base her choice upon several traits of her 

potential mate to optimize the genetic constitution of her future offspring. MHC-based mate choice has 

been observed in a wide range of species (Chaix et al., 2008; Kamiya et al., 2014; Leclaire et al., 2017; 

Tregenza & Wedell, 2000; Winternitz et al., 2017), although less frequently in birds. For MHCI-based mate 

choice in birds, Rekdal et al. (2019), Strandh et al. (2011) and Strandh et al. (2012) provide good examples. 

This type of mate choice can be based on direct benefits, compatible genes or good genes. Direct benefits 

could be in the form of parental investment from a mate with a good immune system, however there is 

little evidence to support this hypothesis (Kamiya et al., 2014). According to the compatible genes 
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hypothesis, in pursuance of a mate to provide the optimal MHC variability for her offspring, the female 

must be aware of her own genetic composition as well as the genetic composition of her potential mate 

(Milinski, 2006). 

Hamilton and Zuk (1982) suggested that the female is able to evaluate her potential mates’ genetic 

composition based on the expression of secondary sexual traits. More specifically, they suggested that 

there is a positive correlation between the expression of male secondary sexual characters and immunity 

against parasites, such that only males with a good immune system were able to produce high-quality 

ornaments (Hamilton & Zuk, 1982). Since such characters are often costly, they signal that the male is a 

strong individual with good genes. In other words, the good genes hypothesis states that the males’ 

phenotypical traits are honest indicators of his health and fitness (Mays & Hill, 2004). Thus, there might be 

a correlation between morphological traits and resistance to parasites. A study performed by Eizaguirre et 

al. (2009) supports the good genes hypothesis, as they found that there was a correlation between MHC, 

size, and ability to fight a common parasite (Gyrodactylus sp.) in male three-spined sticklebacks 

(Gasterosteus aculeatus). This supports the stated hypothesis that there is a correlation between 

phenotypic traits and MHC variability. A study performed by Dunn et al. (2012) also supports this theory. 

They found that female common yellowthroats (Geothlypis trichas) preferred extra-pair paternity (EPP) 

with a larger black facial mask, as this is linked to a greater MHC variation. Additionally, the study by 

Richardson et al. (2005) found that females were more likely to obtain EPP with a higher MHC diversity, if 

their social partner had a low variability, which is consistent with the good genes hypothesis. Genetic 

dissimilarity can also offer a favorable genetic composition, and a fitness benefit, to the offspring in the 

form of genetic compatibility (Mays & Hill, 2004), thus giving the female indicators as to which male she 

should choose. The bluethroat (Luscinia svecica) in Rekdal et al. (2019) provides a good example of genetic 

compatibility as their study found how mate choice could reduce the population variance in individual MHC 

diversity and imply a stabilizing effect on the trait. 

MHCI mediates immunity against intracellular pathogens, such as Plasmodium (avian malaria parasite), 

Leucocytozoon and Haemoproteus (malaria-like parasites) (Valkiūnas & Iezhova, 2017). These parasites are 

among the most common avian blood parasite genera (Hellgren et al., 2004), and they are recognized as 

important evolutionary factors in birds (Atkinson et al., 2009). These parasites have been linked to various 

types of diseases, including Marek’s disease in chickens and necrosis in passerine birds (Donovan et al., 

2008; Zekarias et al., 2002). Anemia, anorexia, diarrhea, weight loss, depression, respiratory and neurologic 

signs in turkeys, ducks and chickens, but especially in non-domestic birds, have also been reported 
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(Wettere, 2022). Additionally, Haemoproteus infection has been documented to cause a decrease in host 

fitness, nestling mortalities, fledging success and a delayed recovery in infected birds (Wettere, 2022).  

The blue tit (Cyanistes caeruleus) is a small passerine bird that lives in woodlands, parks and gardens. It is a 

socially monogamous species, with a relatively low frequency of extra-pair paternity (Johannessen et al., 

2005; Lifjeld & Krokene, 2000). The MHCI has previously been described in a number of passerine birds, 

although within the blue tit it has been described as less diverse compared to other passerines. Wutzler et 

al. (2012) studied the MHCI variation in a natural blue tit population and found 19 MHCI sequences and 10 

amplified MHCI loci. Additionally, they identified 50 unique functional sequences. 

In the blue tit, blood parasites are known to negatively affect reproductive success and other 

measurements of fitness (Knowles et al., 2010; Tomás et al., 2007). Puente et al. (2010) found that infection 

by Haemoproteus in wild birds reduced their survival rate, and thus reducing their fitness. However, the 

study by Podmokła et al. (2014) showed that infected birds increased their reproductive investment 

resulting in no visible differences in clutch size. Aguilar et al. (2016) tested the relationship between MHCI 

in the blue tit and the two blood parasites Haemoproteus and Leucocytozoon. They found that three MHCI 

alleles (UA104, UA108 and UA117) were associated with the infection rate of Leucocytozoon. However, 

they found no correlation between MHCI and Haemoproteus. These results further raise questions 

concerning the correlation between specific MHCI alleles and blood parasites. 

This study aims to address questions concerning MHCI variation, mate choice and the correlation between 

MHCI and fitness-related characters. I will genotype blue tit MHCI comprehensively using high-throughput 

sequencing. I will then describe the MHCI variation in a Norwegian blue tit population through the following 

4 main questions; (1) is the MHCI composition of social pairs different from what would be expected from 

random pairings? (2) Are there any associations between MHCI variation, morphological traits, age and 

reproductive success? (3) Are there any associations between individual MHCI variation and blood parasite 

prevalence? And finally (4) are there any associations between the blood parasite prevalence and 

morphological traits, age and reproductive success? There are three distinct ways in which I will analyze 

the MHCI variation; as the number of alleles, as presence of single alleles and as a distance to the optimum, 

in an attempt to separate the effect of good genes and compatible genes.  
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2.0 Materials and methods 

2.1 Study area and study species 

The blue tits were studied during 2001 and 2021 in mixed deciduous and coniferous woodlands around 

Dæli near Oslo, Norway (59°56’N, 10°32’E) (Appendix 6 Supplementary Figure 3 and 4). The species is an 

excellent model organism because it is common, uses nest boxes for breeding so that breeding success can 

easily be observed, and tolerates catching and handling. The study area is about 1.6 km2 provided with 

about 500 wooden nest boxes attached to trees about 1.5 m above the ground and 40-50 meters apart 

(Slagsvold et al., 2013). Blue tits are small (about 10-12 g), secondary cavity nesting birds and defend 

territories. Only the female builds the nest, incubate the eggs and brood the young. In our study area, most 

blue tits are resident with egg laying from around 20th of April to 20th of May. The peak for the start of egg 

laying is at the end of April in most years. The population of blue tits has been studied since 1995, with 

annual numbers of nests between 80 and 140 (T. Slagsvold, pers.com.).  

2.2 Fieldwork and data collection 

The fieldwork of 2001 was conducted for the purpose of another project (Johannessen et al., 2005). The 

collected samples were conserved in the DNA-bank at the Natural History Museum in Oslo. The fieldwork 

of 2021 began in middle of March to identify nest box owners and the presence of nest building materials. 

From about 20th of April, the nest boxes were inspected every 2-3 days to record date of egg laying, final 

clutch size, hatching date, and the number of nestlings that hatched and fledged. 

Mist nets were placed in close proximity to the nest boxes first and foremost in order to capture the male 

blue tits, though some female blue tits were also captured using this method. We brought a previously 

caught male in a cage from a different study area to further capture the focal male birds, and played the 

song of the blue tit on a loud speaker. The birds captured were placed in a small bag in order to calm them 

down and reduce stress, while preparing for sampling. Firstly, the sex of the bird was determined by the 

color of its plumage, and by checking for presence of a brood patch which only the female has. The age of 

the bird was determined according to Svensson (1992) to be either two years old (in its second calendar 

year), hereafter referred to as SY, or 3+ years old (in its third or more calendar year), hereafter referred to 

as ASY, by the color of its wing. If the bird had rings from previous capturing, their identification number 

was written down. If they did not already have rings, they received an aluminum ring with an identification 

number, and bands with a color combination indicating their sex, age and year of marking. Thereafter they 

were placed in a small plastic bag and weighed to the nearest 0.5g using a 50g Pesola spring balance. Wing 
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length (with flattened chord) was measured to the nearest 0.5 mm with a stopped metal ruler at the wing 

bend (Svensson, 1992). The tarsus was measured with a sliding Vernier caliper to the nearest 0.1 mm. 

Finally, a blood sample was taken from the branchial vein located on the elbow joint on the wing. A small 

needle was used to prick the vein so a blood droplet could form. The droplet was collected with a capillary 

glass tube and deposited in a 2mL tube containing 96% ethanol. 

Two days after presumed hatching time (based on date of last egg laid and a length of 13 days for the 

incubation period), the nestlings were counted. The largest nestling of the brood, which was considered to 

be the first hatchling, was weighed with a Pesola 10g spring balance in order to calculate the hatching date 

of the first nestling from a growth curve for nestling blue tits (Gibb, 1950). When the nestlings were 

approximately 15 days old, they were weighed again with a Pesola 50g spring balance and banded with an 

aluminum band. In addition, a blood sample was taken from the brachial vein as described above for the 

parents. For nest boxes where neither of the chicks survived, dead chicks and eggs were samples for tissue 

to be used in further analysis. The remaining females were caught in their nest boxes by covering their exits 

and grabbing them by hand. They were also ringed, weighed, measured and blood sampled. A total of 95 

birds were sampled from 2001, and the additional 162 birds from 2021. These samples also included 74 

nestlings from 2001 and 106 nestlings from 2021 which were not included in this study. 

2.3 Laboratory work  

2.3.1 DNA extraction 

The DNA from the 2001 samples was extracted by Lars Erik Johannessen following the method of 

Johannessen et al. (2005). DNA from the 2021 samples was extracted from blood samples using the 

E.Z.N.A® Blood and Tissue DNA kit (OMEGA bio-tek), with the following changes: a) Approximately 50µL of 

blood tissue preserved in ethanol were transferred to a 1,5mL tube. The remaining ethanol was removed 

using a vacuum centrifuge. b) To increase DNA yield, incubation of heated elution buffer was increased to 

10-15 minutes in the final elution step. Complete list of samples provided in Appendix 7 (Supplementary 

Table 9, 10 and 11). 

2.3.2 MHC – polymerase chain reaction (PCR) 

MHC class 1 exon 3, hereafter referred to as MHCI, was amplified using the gene target primer pair 

HNalla/HN46 (O'Connor et al., 2016). The 2001 samples were amplified using primers consisting of the gene 

target motif and a 12 base pair (bp) index given in Fadrosh et al. (2014). The 2021 samples were amplified 

with the full primer design (Illumina adapters, index, heterogenic spacers and gene target motif) as 
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described in Fadrosh et al. (2014). All samples were amplified in duplicates in independent PCR reactions 

(See Appendix 1 Supplementary Table 1 for PCR setup and thermal profile). A complete list of the primers 

used in this project is provided in Appendix 2 (Supplementary Table 3). The following conditions were met 

in the PCR reactions; 1X Q5® high fidelity master mix (New England Biolabs (NEB)), 0.5µM forward and 

reverse primer, 1.5µL DNA template and Nuclease-free water to a total volume of 25µL.  

Cleanup and library preparation of the 2001 samples were utilized following the NEBNext Library Prep kit 

for Ion Torrent (New England Biolabs) and size selected using the BluePippin (Sage Science). The final 

libraries were sequenced on two Ion530 Chips Thermofisher) using an Ion S5TM System (Thermofisher). 

Amplicons were visualized on agarose gels and quantified using the ImageLab software v6.0 (Bio-Rab 

laboratory). Based on the quantification, uniform amounts of each amplicon were merged using the 

Biomeck 4000 liquid handling robot (Beckman coulter). These pools of amplicons are hereafter referred to 

as libraries. The library from the 2021 samples were cleaned using Illustra ExoStar (Merck) and 

concentrated using the DNA clean & Concentrator kit (Zymo research). As a final step to remove leftover 

primers, the library was cleaned using 1.2X AMpure beads. The final library was sequenced on an Illumina 

MiSeq instrument at the Norwegian Sequencing Centre. 

2.3.3 Blood parasites – polymerase chain reaction (PCR) 

Blood parasites from the protist genera Haemoproteus, Plasmodium and Leucocytozoon, were detected in 

adult birds following the methods in Ciloglu et al. (2019). PCR amplicons yielding inadequate genotyping 

scores were reran in additional PCRs with slight changes to the protocol (See Appendix 1 Supplementary 

Table 2 for PCR setup and thermal profile). Blood parasite amplicons were then run on 1.5% agarose gels 

to determine which parasites were present in the given individuals. The final gel was run on 90V for one 

hour. FastRuler Low Range (Thermo Fischer) was utilized as DNA ladder, which gives bands on 50, 200, 40, 

850 and 1500 bp. Based on Ciloglu et al (2019) I expected Haemoproteus at 533 bp, Plasmodium at 378 bp 

and Leucocytozoon at 200 bp (Figure 1). 

2.4 Analyzing the data – Bioinformatics 

A pipeline script for the bioinformatics was prepared and provided by Silje Larsen Rekdal, who carried out 

most of the bioinformatics programming. The final dataset consisted exclusively of those individuals who 

had two amplicons with > 1500 reads. 
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The steps for the bioinformatics of the IonTorrent data and the MiSeq data were mainly similar, but they 

differed in one aspect. First, using FLASH (Magoč & Salzberg, 2011), the paired MiSeq reads were merged. 

This first step was not necessary for the IonTorrent dataset due to them not having paired reads. Thereafter 

they were quality filtered, where we removed the reads where > 5% of the bases had a phred score of < 

20, using fastx toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). For the MiSeq dataset only 3% (454 597 

reads) were discarded for the first library and 2% (313 006 reads) were discarded for the second library, 

whereas for the IonTorrent dataset 58% (6 151 572 reads) were discarded for the first library, and 55% 

(5 456 749 reads) were discarded for the second library. This difference could be due to homopolymer 

errors that is a known issue with Ion Torrent data (Loman et al., 2012; Quail et al., 2012), or due to the 

phred scores not being directly comparable between technologies from different platforms. After this first 

filtration, the average number of reads per amplicon for the IonTorrent data were very similar (Lib1: 37 482 

reads per amplicon and Lib2: 37 494 reads per amplicon) whereas the MiSeq data differed a bit more (Lib1: 

6 543 reads per amplicon and Lib2: 4 426 reads per amplicon). The heterogenetic spacer was removed in 

the MiSeq data, with standard unix-codes. jMHC (Stuglik et al., 2011) took care of the clustering of identical 

reads and assigning them to individuals. Variants with < 3 reads in any amplicon, and those with < 0.20% 

per-amplicon frequency were filtered out as these are more likely to be artefacts (Rekdal et al., 2018). The 

variants were thereafter trimmed to 261 +/-3 basepairs and aligned to previously published MHCI-

sequences from the willow warbler (GenBank accessions KU169602-KU169603, KU169705-KU169706, 

KU169709-KU169713, KU169715-KU169719 (O'Connor et al., 2016)). Next, variants with a shift in the 

reading frame, that had stop codons or that lacked crucial cysteine residues (Cys7 and Cys70, Connor et al 

2016) were filtered out. Due to the trimming, some variants were now identical and therefore clustered. 

Further, all remaining variants that had a frequency of more than 0.20% in an amplicon, were considered 

putative alleles for that amplicon. Using the uchime3 denovo algorithm (Edgar, 2016), chimera detection 

was conducted in every amplicon. The variants were scored as alleles if listed as a putative allele for both 

amplicons for one individual, and not listed as a chimera in both. In addition, the > 1 bp variants (variants 

that are more than one basepair different from their most similar, more frequent variant in the same 

amplicon) were scored as allele if present in another individual across the whole dataset. Lastly, the 

positively selected sites (PSS) alleles were established, in order to solely base the analysis on the 

functionally important sites (sites 1, 3, 5, 19, 21, 57, 60, 61; (Balakrishnan et al., 2010; Rekdal, 2020)). In  

and Rekdal (2020), these sites were positively selected for other passerines and the bluethroat respectively 

(See Appendix 3). The number of individuals with identified genotypes were 95 for the IonTorrent data, and 

151 for the MiSeq data. However, the nestlings were not used for further analysis, leaving 22 adult 

http://hannonlab.cshl.edu/fastx_toolkit/
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individuals from the IonTorrent data and 47 adult individuals from the MiSeq data. In the end there was 

generated a data frame with the number of unique alleles within each social pair, in addition to a data 

frame with the number of unique alleles within each possible pair (meaning all possible female-male 

combinations). 

One important note: Although I could not detect amplification of negative controls in the agarose gels, I 

obtain a substantial amount of sequence reads from these controls in the IonTorrent data. Sequence reads 

from the negative controls have most likely been introduced by leftover primers in the library amplification. 

The data from this dataset was still included in the study. The allele scoring pipeline requires replicates and 

Mendelian inheritance patterns. It is unlikely that the lab introduced PCR errors have appeared 

independently in distinct amplicons. Hence, the noise introduced by these respective sequence reads is 

expected to be eliminated in the bioinformatics pipeline, and the chance they could introduce any 

qualitative bias to the data set is negligible. 

2.5 Ethical note 

The study complies with the current laws of Norway, and permission to ring the birds with metal 

identification rings was approved by the Norwegian Environment agency (2014/2620). Permission to ring 

with color rings, take blood samples and keep a bird in a cage was given by the Norwegian Food Safety 

Authority (2001: S-1456/01; 2021:2020/23426). 

2.6 Statistical analyses 

All statistical analyses were done in R, using RStudio (version 4.1.1). I tested for normal distribution with 

Shapiro-Wilk tests, and adjusted for multiple testing by calculating the false discovery rate with the 

Benjamini-Hochberg method (Benjamini & Hochberg, 1995). The MHCI variables for 2001 and 2021 were 

centered to justify pooling of the variables due to the difference in number of alleles between the 

sequencing platforms. Tarsus and wing length of both sexes were also centered due to the significant 

difference in length (See Appendix 4 for sex-separated tests). Tests performed on clutch size and egg laying 

date was centered across both years, and they were performed exclusively on females, as the male has no 

or little influence on these parameters. All tests on the number of fledged brood were performed 

exclusively on the 2021 material, due to missing information from the 2001 material (See Appendix 5 

Supplementary Table 8a for full table of measurements and individuals). Plasmodium had no infected 

individuals from 2001, and Leucocytozoon had only infected individuals from 2001. All tests for these two 

blood parasites were therefore exclusively run on the 2021 material. It is also important to mention that 
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there was some missing age information from the adults of the 2001 material (n = 7), these were not 

included in age-based analyses (Appendix 5 Supplementary Table 8a). 

I use three levels of MHCI variation in this study: 1) Number of PSS alleles, 2) distance from the optimal 

number of PSS alleles, square rooted in order to make the distribution normally distributed. The optimum 

was set to the population mean for number of alleles across all adults for both datasets (Aeschlimann et 

al., 2003; Rekdal et al., 2019). 3) The presence / absence of specific alleles. 

Analyses were run in order to test whether there was an intermediate optimum in the number of alleles 

within the observed pairs, compared to the random pairs (Rekdal et al., 2019). I also tested for the absolute 

number of unique alleles in a pair, in order to test whether there can be any selection for mates that 

produce offspring with many, or few, MHCI alleles (i.e., if the optimal number of alleles are at a 

maximum/minimum rather than at an intermediate level). A file was generated for all possible pairs for 

each dataset (2001 and 2021). For each analysis a female from the given dataset was picked and paired 

with a random male. The male was thereafter put back into the pool. This process was repeated for all 

females in the sample. A mean was thereafter calculated. This process was repeated 10 000 times for each 

year (2001 and 2021) in each analysis. Separate analyses for the MiSeq dataset (2021) were ran where pairs 

were separated according to the females’ age (SY and ASY), due to only having 3 SY males and 29 ASY males. 

This was due to the IonTorrent dataset (2001) missing some age information. 

Tests were performed to investigate whether there were any associations between MHCI, morphological 

traits and reproductive success. Due to only the wing and tarsus measurements being normally distributed, 

non-parametric tests were performed for most variables. To test for correlations, Spearman correlation 

tests were performed for MHCI against morphological measurements, and reproductive success, while the 

number of fledged offspring within female individuals were tested with a Pearson correlation test. 

In order to test for a relationship between the MHCI and blood parasite prevalence, Wilcoxon rank sum 

tests were performed. This test was supported by a statistically more correct logistic regression due to the 

blood parasite prevalence being the dependent variable, and the MHCI measures being the independent 

variable. Additionally, to test whether specific MHCI alleles were associated with the blood parasites, 

Fisher’s exact tests were performed on the presence / absence of the MHCI alleles and each of the three 

parasite genera. A control for multiple testing was performed as described by Benjamini and Hochberg 

(1995). The tests are significant after correction if the p-value is lower than a threshold value, which is 

based on the rank of the test, number of tests in each group (which is 31 due to having 31 PSS alleles) and 
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the number of false positive tests allowed. I also tested whether blood parasite prevalence was associated 

with morphology, reproductive success and age, using unpaired t-tests (blood parasite versus wing and 

tarsus length, and number of fledged offspring from females), Wilcoxon rank sum tests (blood parasite 

versus mass, and egg laying date and clutch size) and Fisher’s exact test (blood parasite prevalence and age 

correlation). 

3.0 Results 

3.1.1 MHC1 variation 

Out of 46 MHCI nucleotide alleles from 2001 and 78 MHCI nucleotide alleles from 2021, they grouped into 

14 PSS alleles for the 2001 material, and 33 PSS alleles for the 2021 material in the minimum of one 

individual. The average number of nucleotide alleles per individual was 12.36 from the IonTorrent (range 4 

– 21), and 6.37 from the MiSeq data (range 2 – 13). The estimated number of loci was 11 and 7 for the 

2001 and 2021 data, respectively. On average there was 4.59 PSS alleles per individual in the IonTorrent 

data from 2001 and 3.48 PSS alleles per individual in the MiSeq data from 2021.  

3.1.2 Blood parasite prevalence 

Blood parasite scoring in a selection of adult blue tits from 2001 and 2021 (is shown in Figure 1). There are 

no occurrences of Plasmodium in the 2001 data (Table 1). Haemoproteus and Leucocytozoon is distributed 

across both years, however all individuals from 2001 were infected by Leucocytozoon (Appendix 5 

Supplementary Table 8b).  

Table 1: Table of blood parasite infected individuals. 

Year n Haemoproteus Plasmodium Leucocytozoon Multiple infection 

2001 Male SY 8 5 (62.5%) 0 8(100%) 5 (62.5%) 

2001 Male ASY 3 1 (33.33%) 0 3 (100%) 1 (33.33%) 

2001 Female SY 10 3 (30%) 0 10 (100%) 3 (30%) 

2001 Female ASY  1 0 0 1 (100%) 0 

2021 Male SY 3 0 0  3 (100%) 0 

2021 Male ASY 29 10 (34.48%) 5 (17.24%) 24 (82.76%) 12 (41.38%) 

2021 Female SY 8 0  1 (12.5%) 6 (75%) 0 

2021 Female ASY 18 5 (27.78%) 8 (44.44%) 16 (88.89%) 11 (61.11%) 

Total 80 24 (30%) 14 (17.5%) 71 (88.75) 32 (40%) 
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3.2 The MHCI composition of observed and random pairs 

Overall, there was no significant departure from random social mating in the two study years, neither with 

respect to the combined number of alleles in pairs (exact test; p = 0.51; Figure 2) nor the distance to the 

optimum number of alleles in pairs (exact test; p = 0.50; Figure 3). 

 

Figure 1: Blood parasite test on gel on a selection of adult individuals of blue tits from 2001 (1891, 
1897, 1994 and 1821) and 2021 (107048, 107067, 107074, 107078 and 107093), testing for the 
presence of blood parasites Haemoproteus (533 base pairs (bp)), Plasmodium (378 bp) and 
Leucocytozoon (218 bp). The ladder has the following bands (bp): 1500, 850, 400, 200 and 50). All 
individuals from 2001 have Haemoproteus and Leucocytozoon. All individuals from 2021 have 
Haemoproteus, four individuals have Leucocytozoon (107047, 107074, 107078 and 107093) and 
one individual has Plasmodium (107078).  
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Figure 2: Histograms of 10 000 means of number of PSS alleles for random blue tit pairs for 
2001 (left panel) and 2021 (right panel). The dashed line represents the mean of the observed 
pairs (2001; n pairs = 11. 2021; n pairs  = 15). 

Figure 3: Histograms of 10 000 mean distances to the optimum for random blue tit pairs for 
2001 (left panel) and 2021 (right panel). The dashed line represents the mean of the observed 
pairs (2001; n pairs = 11. 2021; n pairs = 15). 
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I also tested the differences between younger (SY) and older (ASY) females in a pairing pattern within the 

2021 material. The observed SY females (Figure 4) were in pairs that had fewer PSS alleles than the random 

pairs (exact test: compared to all simulated pairs: p = 0.015), whereas the observed ASY females proved to 

be in pairs that had more PSS alleles than the random pairs (exact test: compared to all simulated pairs: p 

= 0.038). Testing for associations between females age and their partners number of MHCI alleles in the 

2021 material gave a close to significant result. SY females tended to choose males with fewer alleles, and 

ASY females tended to choose males with more alleles (Wilcoxon rank sum test: W = 13.5, p = 0.07). There 

was no significant departure from random mating with respect to the distance to the mean number of 

unique PSS alleles in a pair (Figure 5), neither for SY females (exact test: compared to all simulated pairs: p 

= 0.29) nor for ASY females (exact test: compared to all simulated pairs: p = 0.087).  

 

 

 

 

 

 

  

Figure 4: Histogram of 10 000 means of PSS allele counts of all possible blue tit pairs from 2021. Grey 
dashed line represents the mean of the observed pairs. Purple dashed line; SY = second year, a social 
pair where the female is in her second calendar year. Orange dashed line; ASY = after second year, a 
social pair where the female is in her third or more calendar year (n SY female = 8, n ASY female = 18). 
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Figure 5: Histogram of 10 000 mean distance to the optimum of all possible blue tit pairs 
from 2021. Grey dashed line represents the mean of the observed pairs. Purple dashed line; 
SY = second year, a social pair where the female is in her second calendar year. Orange 
dashed line; ASY = after second year, a social pair where the female is in her third or more 
calendar year (n SY female = 8, n ASY female = 18). 



15 
 

3.3 Associations between MHCI variation, morphological traits, age and reproductive success  

There was a significant positive association between the number of MHCI alleles and wing length (rs = 0.31, 

p = 0.025), however when correcting for multiple testing it was no longer significant. This trend was not 

seen for separate sexes (Appendix 4 Supplementary Table 4). Neither of the remaining tests between MHCI 

variables and morphological measurements provided significant associations (Table 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Tests of association between MCHI variation and morphological variables.  

MHCI variable Morphological variable Test type n rs p-value 

Number of MHCI alleles Tarsus length Spearman correlation 54 0 1.00 

Number of MHCI alleles Wing length Spearman correlation 54 0.31 0.025 

Number of MHCI alleles Mass Spearman correlation 159 -0.04 0.60 

Distance to mean Tarsus length Spearman correlation 54 0.04 0.76 

Distance to mean Wing length Spearman correlation 54 -0.07 0.62 

Distance to mean Mass Spearman correlation 57 0.05 0.74 

 

 

Figure 6: Scatterplot of centered number of MHCI alleles and centered 
wing length in the blue tit (n = 54). Red line = linear regression line (y = 
0.3x - 0.14) added for visual purposes. 
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Furthermore, there were no significant differences between the age-classes in MHCI variation (Table 3). 

However, there was a significant association between the age and distance to mean in males after 

separating for sexes, showing that older males were furthest from the mean (W = 58, p = 0.046), (Appendix 

4 Supplementary Table 5). There were no significant associations between MHCI variability and 

measurements of reproductive success (Table 4). 

Table 3: Tests of association between MHCI variation and age. 

Grouping variable Dependent variable Test type n SY n ASY W p-value 

Age Number of MHCI alleles Wilcoxon rank sum test 22 39 380 0.45 

Age Distance to mean Wilcoxon rank sum test 22 39 432 0.97 

 

Table 4: Tests of association between MHCI variation and fitness variables.  

MHCI variable Fitness variable Sex Test type n rs p-value 

Number of MHCI alleles Egg laying date Female Spearman correlation 34 0.01 0.97 

Number of MHCI alleles Clutch size Female Spearman correlation 34 -0.09 0.59 

Number of MHCI alleles Number fledged Female Pearson Correlation 23 0.18 0.42 

Number of MHCI alleles Number fledged Male Spearman correlation 21 0.27 0.23 

Distance to mean Egg laying date Female Spearman correlation 34 -0.24 0.18 

Distance to mean Clutch size Female Spearman correlation 34 0.29 0.10 

Distance to mean Number fledged Female Pearson correlation 23 -0.04 0.85 

Distance to mean Number fledged Male Spearman correlation 21 0.15 0.52 

 

3.4 Associations between MHCI variation and blood parasite prevalence  

There was a significant positive association between the number of MHCI alleles and the prevalence of 

Haemoproteus for both years combined (W = 302, p = 0.037) (Figure 7), though when correcting for 

multiple testing, it was no longer significant. However, when separating by year, only the 2001 material 

provided a significant positive association (Wilcoxon rank sum test; 2001: W = 23, p = 0.015. 2021: W = 132, 

p = 0.32) (Figure 8 and Figure 9). The logistic regression confirmed these results (centered values: Estimate 

= 0.49, p = 0.028; 2001: Estimate = 1.16, p = 0.032; 2021: Estimate = 0.31, p = 0.27). Neither of the remaining 

tests provided significant results (Table 5). 



17 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Boxplot of number of MHCI alleles for uninfected (blue box, n = 50) and infected (red box, n = 18) blue 
tits from 2001 and 2021 combined. 
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Figure 9: Boxplot of number of MHCI alleles for uninfected (blue box, n = 37) and infected 
(red box, n = 9) blue tits from 2021. 

Figure 8: Boxplot of number of MHCI alleles for uninfected (blue box, n = 13) and infected 
(red box, n = 9) blue tits from 2001. 
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The association between Haemoproteus and the PSS sequence IWYWYVGR across both years showed that 

individuals carrying the allele were more likely to be infected (Fisher’s exact test; p = 0.0054, the threshold 

p-value after correcting for multiple testing was 0.0032). This test was not quite significant after correcting 

for multiple testing. Since only one individual from 2021 had the allele present (ID: 107138, see Appendix 

5 Supplementary Table 8b), I performed a separate test only on the 2001 data. This test showed a positive 

association between the presence of the allele and the presence of Haemoproteus (Fisher’s exact test; p = 

0.027), however when correcting for multiple testing this value is not significant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Mosaic plot of relationship between the presence of allele IWYWYVGR and Haemoproteus 
infection for uninfected and infected blue tits from 2001 (n Infected with allele present = 7, n infected 
with allele not present = 2, n not infected with allele present = 3, n not infected with allele not present 
= 10). 
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Table 5: Tests of association between the MHCI variables and blood parasite prevalence.  

Grouping variable Dependent variable Test type n infection n not infected W p-value 

Haemoproteus Number of MHCI alleles Wilcox rank sum test 18 50 302 0.037 

Haemoproteus Distance to mean Wilcox rank sum test 18 50 468 0.80 

Plasmodium Number of MHCI alleles Wilcox rank sum test 14 32 238 0.73 

Plasmodium Distance to mean Wilcox rank sum test 14 32 242 0.66 

Leucocytozoon Number of MHCI alleles Wilcox rank sum test 40 6 131 0.72 

Leucocytozoon Distance to mean Wilcox rank sum test 40 6 96 0.42 

 

3.5 Associations between blood parasite prevalence, morphological traits, age and reproductive success 

There were no significant associations between Haemoproteus (both years combined) and morphological 

measurements, nor between Plasmodium and Leucocytozoon (2021 exclusively) and morphological 

measurements (Table 6). It is, however, worth mentioning that Haemoproteus and wing length had a close 

to significant association (p = 0.060), as the infected individuals tended to have longer wings. 

Table 6: Tests of association between morphology variables and blood parasite prevalence.  

Grouping variable Dependent variable Test type n infection n not infected Test statistic p-value 

Haemoproteus Tarsus length t-test 21 45 t = -0.83 0.41 

Haemoproteus Wing length t-test 21 45 t = -1.9 0.060 

Haemoproteus Mass Wilcox rank sum test 20 48 W = 396 0.26 

Plasmodium Tarsus length t-test 11 43 t = 0.55 0.59 

Plasmodium Wing length t-test 11 43 t = 0.43 0.67 

Plasmodium Mass Wilcox rank sum test 14 42 W = 320.5 0.62 

Leucocytozoon Tarsus length t-test 46 8 t = 1.44 0.18 

Leucocytozoon Wing length t-test 46 8 t = -1 0.34 

Leucocytozoon Mass Wilcox rank sum test 48 8 W = 159 0.45 
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Furthermore, there were no significant difference between the age groups in blood parasite prevalence 

(Table 7), nor in the sex-separated tests (Appendix 4 Supplementary Table 7). Additionally, there were no 

significant difference in fitness-related variables with respect to the blood parasites (Table 8). 

Table 7: Table showing the relationship between age and blood parasite infection rate. 

Parasite genus Test type n infected SY n not infected SY n infected ASY n not infected ASY p-value 

Haemoproteus Fisher’s exact test 6 16 16 35 0.79 

Plasmodium Fisher’s exact test 1 10 13 34 0.26 

Leucocytozoon Fisher’s exact test 9 2 40 7 1.00 

 

Table 8: Tests of association between blood parasite prevalence and fitness variables.  

Grouping variable Dependent variable Sex Test type Test statistic n infected n not infected p-value 

Haemoproteus Clutch size Female Wilcoxon rank sum test 111.5 8 27 0.90 

Haemoproteus Number fledged Female t-test 1.05 5 19 0.34 

Haemoproteus Number fledged Male Wilcoxon rank sum test 115 10 22 0.85 

Haemoproteus Egg laying date Female Wilcoxon rank sum test 107.5 8 27 1.00 

Plasmodium Clutch size Female Wilcoxon rank sum test 69 9 17 0.95 

Plasmodium Number fledged Female t-test -1.02 9 15 0.32 

Plasmodium Number fledged Male Wilcoxon rank sum test 44.5 5 27 0.23 

Plasmodium Egg laying date Female Wilcoxon rank sum test 79 9 15 0.51 

Leucocytozoon Clutch size Female Wilcoxon rank sum test 32 21 3 1.00 

Leucocytozoon Number fledged Female t-test 0.70 21 3 0.54 

Leucocytozoon Number fledged Male Wilcoxon rank sum test 79 27 5 0.56 

Leucocytozoon Egg laying date Female Wilcoxon rank sum test 48.5 21 3 0.15 
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4.0 Discussion 

Overall, there was no evidence of deviation from random mating, but I found a distinction between the 

younger and older blue tit females with respect to non-random mating preferences and MHCI diversity. 

Younger females were found in pairs that had fewer PSS alleles than the average of the random pairs, 

whereas the older females were found with partners resulting in a higher number of PSS alleles compared 

to the average of the random pairs. A positive association between the number of MHCI alleles and wing 

length was found. There was a positive correlation between the number of MHCI alleles and the occurrence 

of Haemoproteus in the 2001 material. The MHCI allele testing also gave an almost significant result, linking 

a specific allele (IWYWYVGR) to the blood parasite Haemoproteus. Lastly, an almost significant result was 

also found for Haemoproteus infection and wing length, with longer-winged birds being more likely to be 

infected. No significant results were found for MHCI, measures of reproductive success, nor between blood 

parasites and morphological traits. 

4.1.1 MHCI variation 

There was a larger variety of nucleotide alleles at the individual level within 2001 (4 – 21 alleles) compared 

to 2021 (2 – 13 alleles). Based on the maximum number of nucleotide alleles the estimated number of loci 

is 11 and 7 for the IonTorrent data and MiSeq data, respectively. These were minimum estimates assuming 

heterozygosity for all but one allele. There was less than half the number of PSS alleles for 2001 (14) than 

for 2021 (33), however the average number of PSS alleles per adult individual was higher for 2001 (4.59) 

than for 2021 (3.48). Schut et al. (2011), Wutzler et al. (2012), Aguilar et al. (2016) and O'Connor et al. 

(2016) found 4, 10, 4 and 5 MHCI loci, respectively. Compared to these results, the estimated number of 

loci in the present study is thus generally somewhat higher than previous estimates, which could be due to 

differences in methodology. It is important to mention that the 2021 sample was much larger than the 

2001 sample, explaining the higher total number of alleles found in 2021 compared to 2001. 

The 2001 subset was sequenced using IonTorrent and the 2021 subset was sequenced using illumina. There 

was a huge difference in the number of reads per amplicon in the IonTorrent data (lib 1 = 37 482, lib 2 = 

37 494) and the MiSeq data (lib 1 = 6 543, lib 2 = 4 426). The distinct MHCI diversity observed between the 

two subsets may hence be a result of different read depth, and/or could be related to the separate 

sequenced platform used for data generation. 

From lab-work and sequencing, some individuals were lost, or filtered out due to failing in the PCR or 

sequencing, having amplicons with < 1500 reads and/or being partners with lost individuals. If the cut-off 
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limit of 1500 reads per amplicon had been lowered to 1000, I would have had six additional adults and five 

additional pairs in the analyses. However, the limit of 1500 reads per amplicon was set as the cut-off value 

due to the following: all possible alleles had > 0.2% per amplicon frequency (PAF) (Rekdal et al., 2018), and 

that all alleles should be present in at least three PCR-reads (Zagalska-Neubauer et al., 2010). After the 

filtration, I was still left with 68 adult individuals and 26 pairs. I believe this to be a sufficient amount of data 

for the present analyses, as well as more trustworthy due to the filtration steps (see Appendix 5 

Supplementary Table 8a). 

4.2 The MHCI composition of observed and random pairs 

I found that younger females were with a partner resulting in a social pair that had fewer PSS alleles 

compared to expectations from random pairing (Figure 4), whereas it was the other way around for the 

older females. From testing the females age in relation to their partners number of MHCI alleles, a close to 

significant difference was found, indicating that younger females chose males with fewer alleles, and older 

females chose males with more alleles. There might be several reasons for this age specific pattern. One 

possibility is that older females are more experienced and dominant, thus making them better at judging 

male MHCI variability. In turn this will ensure them a mate with a better MHCI compatibility. As a result, 

younger females must settle for less optimal males. Another possibility could be that younger and older 

females start their egg laying at different dates. If the older female lay their eggs earlier, they might also be 

able to find a mate earlier ensuring a partner with an optimal MHCI variability for their offspring. In the 

present study, the difference between the age-groups in egg-laying dates for both years was not significant 

(data not shown). Due to the correlative nature of the collected data, I cannot distinguish between these 

explanations. Both options are based on the older females’ choice (more PSS alleles than the random pairs) 

being the better option. 

From the study by Richardson et al. (2005) it becomes clear that females with a social mate that had a low 

MHCI diversity were more likely to obtain EPP with a higher MHCI diversity. Similarly, Eizaguirre et al. (2009) 

found a deviation from random mating in the three-spined sticklebacks due to an interaction between the 

MHCI diversity and mate choice. Rekdal et al. (In review) found a similar pattern with mate preference and 

age within the bluethroat; within-pair young (WPY) from broods with no extra-pair young had a more 

optimal MHCII variability compared to WPY from mixed broods, but only in broods of younger males. 

However, unlike Rekdal et al. (2019) and the ongoing study by Rekdal et al. (In review), the present study 

found relationships with the number of MHCI alleles instead of the distance to optimum. There might be 

several reasons for this, one being differences between the species involved in the studies. Another reason 
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could be that in Rekdal et al. (2019) and Rekdal et al. (In review), the focus is on MHCII, whereas in the 

present study the focus is on MHCI. 

4.3 Associations between MHCI variation, morphological traits, age and reproductive success 

I found a significant positive association between the number of MHCI alleles across both study years and 

the length of the birds’ wing across both sexes. This test was no longer significant after correcting for 

multiple testing, nor when separating for the sexes.  

For most birds, vision is the dominant sense (Rajchard, 2009), partly due to food detection, predator 

detection and air navigation (Jones et al., 2007; Moore et al., 2015; Tedore & Nilsson, 2021), but also in 

relation to finding a potential mate (Jones et al., 2007). It is therefore reasonable to think that visual cues 

such as morphological traits, wing length in this case, can play an important role in mate choice. Looking 

back at the good genes hypothesis, wing length could in this case be considered a favorable trait indicating 

that they can provide favorable genes for future offspring, assuming that a higher number of alleles is 

favorable. However, there are relatively few studies that find significant associations between MHC 

variation and morphological traits. A study of yellowthroats (Geothylpis trichas) found an association 

between the black mask and a greater MHCII variation in a Wisconsin population, and between the yellow 

bib and MHCII variation in a New York population (Whittingham et al., 2015). Møller et al. (1998) suggested 

that fixed traits (morphological such as wing length, etc.) were more reliable than flexible traits (song, 

courtship indicators, etc.), and Candolin (2003) suggested that such traits could influence the mating 

decision. Møller et al. (1998) also suggested that a fixed trait could aid attention to flexible ones. Slade et 

al. (2017) tested for the relationship between song and MHCII diversity in song sparrows (Melospiza 

melodia) as they assumed that the song advertised the singers’ genetic diversity to potential mates. 

However, they found no relationship but didn’t exclude the possibility of an association between MHCI and 

song. It is also reasonable to think that there is a covariance between the MHCI variability and phenotypical 

factors that the birds can sense. For example, there are reports of ultraviolet sexual dimorphism and 

assortative mating in blue tits (Andersson et al., 1998; Hunt et al., 1999), as well as odor based-mate choice 

in songbirds and blue petrels (Halobaena caerulea), among others (Grieves et al., 2019; Leclaire et al., 2019; 

Strandh et al., 2012). It is plausible that female blue tits perceive the wing length as a direct indicator of the 

males’ MHCI diversity. Another plausible scenario is that wing length is correlated with another variable 

the females use as a cue for mate choice.  
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Interestingly, there was also a significant association between age and distance to optimum for males in 

the sex separated tests (Appendix 4 Supplementary Table 5) where the older males were further away from 

the mean than younger males. There were no significant associations between age and the number of 

MHCI alleles, implying that older males tended to have either a low or a high number of alleles. However, 

this test was no longer significant after correcting for multiple testing. Still, the result is puzzling and should 

be subject to further study. 

In this study there were no associations between MHCI variability and reproductive success, however 

several studies provide evidence for a significant relationship between the two variables (Bernatchez & 

Landry, 2003; Forsberg et al., 2007; Olsson et al., 2005; Sauermann et al., 2001; Sepil et al., 2013; Thoss et 

al., 2011). Sauermann et al. (2001) found that male macaques (Macaca mulatta) that were heterozygous 

for MHCII sired significantly more offspring compared to homozygotes. Olsson et al. (2005) found that male 

sand lizards (Lacerta agilis) which carried a particular restriction fragment length polymorphism MHCI 

genotype had greater reproductive success, compared to the males that did not carry this genotype. A link 

between the MHCI and reproductive fitness has been found within the great tit (Parus major) (Sepil et al., 

2013), and between MHCII and reproductive fitness in the brown trout (Salmo trutta) (Forsberg et al., 

2007). Thus, it is plausible that such a relationship can be found in a larger dataset of the blue tits as well. 

4.4 Associations between MHC variation and blood parasite prevalence 

The blood parasite composition varied greatly between the two study years, which were separated by 20 

years. Both years had individuals that were infected by Haemoproteus, whereas Plasmodium and 

Leucocytozoon showed opposite patterns in 2001, with no individuals infected with Plasmodium, and all 

individuals from this year carrying Leucocytozoon. This difference could be due to coincidences due to small 

datasets, or to a real change in the parasite fauna the blue tits were exposed to. The results from this study 

did not support the prediction that an intermediate number of MHCI alleles corresponded with a lower 

blood parasite infection rate. Instead, individuals with a higher number of MHCI alleles had a greater 

Haemoproteus infection rate, both for the two years combined (Figure 7) and for the 2001 material (Figure 

8), compared to the individuals with a lower number of MHCI alleles. This result might suggest a selection 

towards fewer MHCI alleles in this population of blue tits, though whether a low number of MHCI alleles is 

better than an intermediate number of MHCI alleles is not certain. 

The MHCI allele IWYWYVGR had an almost significant positive association with infection by Haemoproteus 

(Figure 10, Table 5). In other words, individuals that carried this allele were more likely to be infected. From 



26 
 

the alleles found significant in the study by Aguilar et al. (2016), only one was found in the current study 

(UA104). UA104 was scored as an allele within three individuals, however they were all nestlings and thus 

there were no blood parasite data for these individuals. 

4.5 Associations between blood parasite prevalence, morphological traits, age and reproductive success 

I found a close to significant positive association between the infection of Haemoproteus and the length of 

the birds’ wing across both sexes. When separating for sexes, these tests were no longer close to significant 

(Appendix 4 Supplementary Table 6). Morphological traits can act as honest indicators of an organisms’ 

health and fitness as they reflect the individuals’ genetic composition and possible illnesses (Hamilton & 

Zuk, 1982; Mays & Hill, 2004). It is therefore reasonable to think that morphological traits, such as wing 

length in this case, could reflect the health, and thus parasite infection, of the bird. Unlike previously, longer 

wings would not be considered a favorable trait, in relation to the good genes hypothesis, if the assumption 

is that infected individuals have worse health compared to non-infected individuals. There are relatively 

few studies that find significant associations between blood parasite infection and morphological traits. 

Associations between Haemoproteus infection and body condition has been found in ducks, where the 

body condition of infected individuals was reduced (Meixell et al., 2016). Associations between infection 

by Leucocytozoon and wing length, body mass and body condition in a variety of duck species has also been 

reported (Fleskes et al., 2017; Meixell et al., 2016). Infected individuals had a decreased wing length, body 

mass and body condition. 

There is growing evidence that parasites influence host fitness components (Knowles et al., 2010; Rätti et 

al., 1993). These fitness-related components could be morphological traits, like wing length, or cues such 

as song, odor, etc., indicating the organisms ability to cope with physical demands necessary for survival or 

reproductive success (Puente et al., 2010). The measured difference in wing length could in this case be 

considered a factor reflecting the individuals fitness. However, there were no significant associations 

between blood parasites and reproductive success. Rätti et al. (1993) found that males infected with 

Trypanosoma had shorter tails and wings compared to the non-infected males. Interestingly, these results 

are the opposite of those presented in the present study. Podmokła et al. (2014), as mentioned earlier, 

found that infected individuals increased their reproductive investment, thus there were no difference in 

reproductive success of infected versus non-infected individuals. The same principles could apply to the 

present study. The present study also found a significant association between the age and wing length, 

where older individuals had longer wings (data not shown). It is thus plausible that blue tits infected with 
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Haemoproteus increase their terminal investment, especially as they age, resulting in no significant 

differences. 

5.0 Conclusion 

The results indicate a relatively high MHCI variability in the studied blue tit population. They show that mate 

choice within the blue tit is MHCI dependent, as both younger and older females have chosen mates that 

resulted in a different MHCI variation than expected from random pairing. However, it is difficult to say 

anything about causation, due to non-consistent results for the two age groups, and due to the data being 

correlative. Positive associations were also found between the number of MHCI alleles, on the one hand, 

and wing length, and Haemoproteus infection, on the other. Even though the correlation between 

Haemoproteus infection and wing length was not significant, the results may be connected, possibly 

through age as older individuals have longer wings. In addition, a link was discovered between the allele 

IWYWYVGR and Haemoproteus infection. 

To summarize, the most interesting results in this study were the age-specific patterns of MHCI mate 

choice, and the associations between number of MHCI alleles, Haemoproteus infection and wing length. 

My results indicate that older females mate with males that have more alleles, and thus also longer wings 

and a greater Haemoproteus infection rate, whereas younger females choose males with fewer alleles, 

shorter wings and thus a lower infection rate. However, a greater sample across several years and locations 

could provide a stronger foundation for the results. 
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7.0 Appendix 

Appendix 1 

Supplementary Table 1: PCR setup and thermal profile for MHCIe3. 

Temperature Duration Cycles 

98 30 s 1 

98 

65 

72 

10 s 

20 s 

15 s 

 

25 

72 2 min 1 

 

Supplementary Table 2: PCR setup and thermal profile for blood parasites Haemoproteus, Plasmodium and Leucocytozoon. 

Temperature Duration Cycles 

95 15 min 1 

94 

59 

72 

30 s 

90 s 

30 s 

 

35 

72 10 min 1 
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Appendix 2 

Supplementary Table 3: A complete list of all primers used in this work. The F and R after the hyphen refers to forward or reverse, respectively. The number behind F/R reflects the id 
of the 12 bp barcode index motif. 

Description Name  Sequence Reference 

MHC primer 2001  Hnalla-F1 CCTAAACTACGGTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F2 TGCAGATCCAACTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F3 CCATCACATAGGTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F4 GTGGTATGGGAGTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F5 ACTTTAAGGGTGTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F6 GAGCAACATCCTTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F7 TGTTGCGTTTCTTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F8 ATGTCCGACCAATCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F9 AGGTACGCAATTTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F10 ACAGCCACCCATTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F11 TGTCTCGCAAGCTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F12 GAGGAGTAAAGCTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F13 GTTACGTGGTTGTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F14 TACCGCCTCGGATCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F15 CGTAAGATGCCTTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F16 TACCGGCTTGCATCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F17 ATCTAGTGGCAATCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F18 CCAGGGACTTCTTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F19 CACCTTACCTTATCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F20 ATAGTTAGGGCTTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F21 GCACTTCATTTCTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F22 TTAACTGGAAGCTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  Hnalla-F23 CGCGGTTACTAATCCCCACAGGTCTCCACAC This study 
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MHC primer 2001  Hnalla-F24 GAGACTATATGCTCCCCACAGGTCTCCACAC This study 

MHC primer 2001  HN46-R1 CCTAAACTACGGATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R2 TGCAGATCCAACATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R3 CCATCACATAGGATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R4 GTGGTATGGGAGATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R5 ACTTTAAGGGTGATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R6 GAGCAACATCCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R7 TGTTGCGTTTCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R8 ATGTCCGACCAAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R9 AGGTACGCAATTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R10 ACAGCCACCCATATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R11 TGTCTCGCAAGCATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R12 GAGGAGTAAAGCATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R13 GTTACGTGGTTGATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R14 TACCGCCTCGGAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R15 CGTAAGATGCCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R16 TACCGGCTTGCAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R17 ATCTAGTGGCAAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R18 CCAGGGACTTCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R19 CACCTTACCTTAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R20 ATAGTTAGGGCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R21 GCACTTCATTTCATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R22 TTAACTGGAAGCATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R23 CGCGGTTACTAAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2001  HN46-R24 GAGACTATATGCATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F1 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTAAACTACGGTCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCCTAAACTACGGATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F2 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGCAGATCCAACTCCCCACAGGTCTCCACAC This study 
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MHC primer 2021  HN46-R2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTGCAGATCCAACATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F3 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCATCACATAGGTCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCCATCACATAGGATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F4 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTGGTATGGGAGTTCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTGGTATGGGAGAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F5 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACTTTAAGGGTGTTCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTACTTTAAGGGTGAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F6 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGAGCAACATCCTTTCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGCAACATCCTAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F7 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGTTGCGTTTCTGTTCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTGTTGCGTTTCTTCATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F8 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATGTCCGACCAAGTTCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATGTCCGACCAATCATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F9 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAGGTACGCAATTGTTCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R9 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTAGGTACGCAATTTCATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  HN46-R10 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTACAGCCACCCATCTAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F10 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACAGCCACCCATCGATCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R11 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTGTCTCGCAAGCCTAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F11 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGTCTCGCAAGCCGATCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R12 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGGAGTAAAGCCTAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F12 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGAGGAGTAAAGCCGATCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R13 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGTTACGTGGTTGGATAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F13 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGTTACGTGGTTGATGATCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R14 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCGCCTCGGAGATAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F14 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTACCGCCTCGGAATGATCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R15 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTAAGATGCCTGATAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  Hnalla-F15 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGTAAGATGCCTATGATCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R16 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTACCGGCTTGCAACTCAATCCCAAATTCCCACCCACCTT This study 
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MHC primer 2021  Hnalla-F16 CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTACCGGCTTGCATGCGATCCCCACAGGTCTCCACAC This study 

MHC primer 2021  HN46-R17 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCTAGTGGCAAACTCAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  HN46-R18 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCCAGGGACTTCTACTCAATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  HN46-R19 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCACCTTACCTTATTCTCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  HN46-R20 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATAGTTAGGGCTTTCTCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  HN46-R21 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGCACTTCATTTCTTCTCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  HN46-R22 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTTAACTGGAAGCCACTTCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  HN46-R23 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGCGGTTACTAACACTTCTATCCCAAATTCCCACCCACCTT This study 

MHC primer 2021  HN46-R24 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGACTATATGCCACTTCTATCCCAAATTCCCACCCACCTT This study 

Blood parasite  HMF ATTGGATGTCAATTACCACAATC Ciloglu et al. 2019.  

Blood parasite  LMF TGGAACAATAATTGSATTATTTACAYT Ciloglu et al. 2019.  

Blood parasite  PMF CCTCACGAGTCGATCAGG Ciloglu et al. 2019.  

Blood parasite  HMR GGGAAGTTTATCCAGGAAGTT Ciloglu et al. 2019.  

Blood parasite  LMR AACATATCATATTCCATCCATTTAGATTA Ciloglu et al. 2019.  

Blood parasite  PMR GGAAACCGGCGCTAC Ciloglu et al. 2019.  
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Appendix 3 

 

 

 

Supplementary Figure 2: A sequence logo where we can see on which amino acid seats the biggest diversity lies. The PSS alleles were solely based on the 
functionally important sites 1, 3, 5, 19, 21, 57, 60, 61 (Balakrishnan et al., 2010; Rekdal, 2020). 

Supplementary Figure 1: Interactive tree of life created with the online tool ITOL (Letunic & Bork, 2021) showing the overview of 
nucleotide alleles and how they are grouped in PSS alleles. 
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Appendix 4 

Supplementary Table 4: Tests of association between MCHI variation and morphological variables, separated by sex. 

MHCI variable Morphological variable Sex Test type n rs p-value 

Number of MHCI alleles Tarsus length male Spearman correlation 28 0.04 0.83 

Number of MHCI alleles Wing length male Spearman correlation 28 0.26 0.19 

Number of MHCI alleles Mass male Spearman correlation 29 0.06 0.76 

Number of MHCI alleles Tarsus length female Spearman correlation 26 -0.05 0.82 

Number of MHCI alleles Wing length female Spearman correlation 26 0.34 0.09 

Number of MHCI alleles Mass female Spearman correlation 28 0.23 0.23 

Distance to mean Tarsus length male Spearman correlation 28 0.15 0.44 

Distance to mean Wing length male Spearman correlation 28 0.13 0.52 

Distance to mean Mass male Spearman correlation 29 0.32 0.09 

Distance to mean Tarsus length female Spearman correlation 26 -0.15 0.48 

Distance to mean Wing length female Spearman correlation 26 -0.23 0.27 

Distance to mean Mass female Spearman correlation 28 -0.23 0.25 

 

Supplementary Table 5: Tests of association between MHCI variation and age, separated by sex. 

Grouping variable Dependent variable Sex Test type n SY n ASY W p-value 

Age Number of MHCI alleles Male Wilcoxon rank sum test 10 21 112 0.78 

Age Number of MHCI alleles Female Wilcoxon rank sum test 12 18 117.5 0.69 

Age Distance to mean Male Wilcoxon rank sum test 10 21 58 0.046 

Age Distance to mean Female Wilcoxon rank sum test 12 18 123.5 0.51 
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Supplementary Table 6: Tests of association between morphology variables and blood parasite prevalence, separated by sex. 

Grouping variable Dependent variable Sex Test type n infected n not infected Test statistic p-value 

Haemoproteus Tarsus length Male t-test 15 24 t = -1.03 0.31 

Haemoproteus Wing length Male t-test 15 24 t = -1.59 0.12 

Haemoproteus Mass Male Wilcox rank sum test 14 25 W = 15 0.39 

Haemoproteus Tarsus length Female t-test 6 21 t = -0.03 0.98 

Haemoproteus Wing length Female t-test 6 21 t = -1.13 0.28 

Haemoproteus Mass Female Wilcox rank sum test 6 19 W = 55 0.47 

Plasmodium Tarsus length Male t-test 4 26 t = 0.44 0.68 

Plasmodium Wing length Male t-test 4 26 t = 2.53 0.04 

Plasmodium Mass Male Wilcox rank sum test 5 25 W = 74 0.54 

Plasmodium Tarsus length Female t-test 7 17 t = 0.34 0.74 

Plasmodium Wing length Female t-test 7 17 t = -1.01 0.33 

Plasmodium Mass Female Wilcox rank sum test 9 17 W = 77.5 0.98 

Leucocytozoon Tarsus length Male t-test 25 5 t = 0.72 0.50 

Leucocytozoon Wing length Male t-test 25 5 t = -0.82 0.43 

Leucocytozoon Mass Male Wilcox rank sum test 26 4 W = 37 0.37 

Leucocytozoon Tarsus length Female t-test 21 3 t = 1.74 0.18 

Leucocytozoon Wing length Female t-test 21 3 t = -0.49 0.66 

Leucocytozoon Mass Female Wilcox rank sum test 22 4 W = 41 0.86 

 

Supplementary Table 7: Table showing the relationship between age and blood parasite infection rate, separated by sex. 

Parasite genus Sex Test type n infected SY n not infected SY n infected ASY n not infected ASY p-value 

Haemoproteus Male Fisher’s exact test 5 5 11 21 0.46 

Haemoproteus Female Fisher’s exact test 1 11 5 14 0.36 

Plasmodium Male Fisher’s exact test 0 3 5 24 1.00 

Plasmodium Female Fisher’s exact test 1 7 8 10 0.19 

Leucocytozoon Male Fisher’s exact test 3 0 24 5 1 

Leucocytozoon Female Fisher’s exact test 6 2 16 2 0.56 
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Appendix 5 

Supplementary Table 8a: Complete list of all adult individuals from the 2001 and 2021 samples, and their variables. 

ID Sex Age Year  Clutch size Number fledged Egg laying date Tarsus Wing Mass Number MHC alleles Distance to mean 

1809 Male 2 2001 9 NA 21 18.9 66 10.1 4 0.77 

1810 Female 2 2001 9 Na 21 NA NA NA 6 1.19 

1821 Male 2 2001 9 NA 20 20 68.5 11.3 7 1.55 

1822 Female NA 2001 9 NA 20 NA NA NA 6 1.19 

1870 Male 3 2001 8 NA 21 20 71 11.4 8 1.85 

1871 Female NA 2001 8 NA 21 NA NA NA 4 0.77 

1890 Male 2 2001 8 NA 22 20 66.5 11.1 4 0.77 

1891 Female NA 2001 8 NA 22 NA NA NA 5 0.64 

1897 Male 2 2001 9 NA 21 20 66.5 12.4 4 0.77 

1898 Female 2 2001 9 NA 21 19.1 64 10.9 5 0.64 

1994 Male 2 2001 9 NA 19 20 68 11.1 6 1.19 

1997 Female NA 2001 9 NA 19 NA NA NA 4 0.77 

2033 Male 3 2001 8 NA 19 19.2 68 11.6 3 1.26 

2034 Female NA 2001 8 NA 19 NA NA NA 5 0.64 

2057 Male 2 2001 9 NA 21 NA NA NA 4 0.77 

2058 Female 3 2001 9 NA 21 19 64 10.2 3 1.26 

2071 Male 2 2001 7 NA 18 20 66 11.4 4 0.77 

2073 Female NA 2001 7 NA 18 NA NA NA 4 0.77 

2080 Male NA 2001 9 NA 11 NA NA NA 3 1.26 

2081 Female 2 2001 9 NA 22 19.5 64 10.6 3 1.26 

2102 Male 3 2001 8 NA 21 19 69.5 10.7 4 0.77 

2103 Female 2 2001 8 NA 21 NA NA NA 5 0.64 

107040 Male 3 2021 7 0 10 19 67 12 2 1.22 
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107041 Male 3 2021 6 4 9 18.6 69 12.5 4 0.72 

107042 Male 3 2021 8 7 11 20.1 70.5 11 4 0.72 

107043 Male 3 2021 5 4 12 18.5 68 11.5 4 0.72 

107044 Male 3 2021 6 5 9 20 67 12 2 1.22 

107045 Male 2 2021 7 0 8 18.4 62 10.5 3 0.69 

107046 Male 3 2021 0 0 NA 20.2 70 11.5 NA NA 

107047 Male 3 2021 8 0 10 20.4 69 NA NA NA 

107048 Male 3 2021 8 0 9 19 70 11.5 NA NA 

107049 Male 3 2021 8 4 8 19 67.8 11 NA NA 

107050 Male 3 2021 6 0 9 19.8 67 13 4 0.72 

107051 Male 3 2021 7 6 9 18.6 68.5 11.7 NA NA 

107052 Male 3 2021 0 0 NA 18.4 68 11.9 NA NA 

107053 Male 3 2021 5 5 23 18.7 68 11.2 NA NA 

107054 Male 3 2021 7 6 9 18.8 70 12.5 5 1.23 

107055 Male 3 2021 8 3 19 18.6 67.5 11 NA NA 

107056 Male 3 2021 8 5 13 18.9 66 10.4 3 0.69 

107057 Male 3 2021 4 4 13 19.2 71 12 6 1.59 

107058 Male 3 2021 5 0 13 19.1 69 11.6 NA NA 

107059 Male 3 2021 8 7 1 19.3 67 11.8 7 1.88 

107060 Male 3 2021 1 0 6 18.6 69 11 NA NA 

107061 Male 2 2021 1 0 19 19.1 66 10.9 6 1.59 

107062 Male 3 2021 8 4 8 19.5 67 11 NA NA 

107063 Male 3 2021 9 3 8 19.8 70 NA 3 0.69 

107064 Male 3 2021 0 0 NA 19.7 67.5 10.4 3 0.69 

107065 Male 3 2021 7 6 13 18.9 68 10.7 4 0.72 

107066 Male 3 2021 8 0 4 19.9 72 12 3 0.69 

107067 Male 3 2021 9 7 15 19.2 68 11.3 3 0.69 
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107068 Female 3 2021 5 4 12 18.6 61 12.5 2 1.22 

107069 Female 3 2021 5 0 13 18 68 13 3 0.69 

107070 Female 2 2021 9 7 15 18.9 65 12.5 2 1.22 

107071 Female 3 2021 8 0 4 18.8 66 12.6 NA NA 

107072 Female 3 2021 NA NA NA 19.2 66 13.9 5 1.23 

107073 Female 3 2021 8 5 13 18.4 65 12.6 3 0.69 

107074 Female 3 2021 8 0 10 17.2 64 11.4 3 0.69 

107075 Female 2 2021 6 0 9 18.7 63 10.6 4 0.72 

107076 Female 2 2021 8 4 8 18 63 9.9 2 1.22 

107077 Female 3 2021 7 6 9 19.3 64 10.9 3 0.69 

107078 Female 3 2021 4 4 13 19.1 65 11.5 3 0.69 

107079 Female 2 2021 9 3 8 18.4 62 10.2 2 1.22 

107080 Female 3 2021 8 7 1 19.2 65 11.4 3 0.69 

107088 Female 2 2021 7 6 13 19.3 64 12 3 0.69 

107089 Female 3 2021 8 4 8 18.6 64 11.5 3 0.69 

107090 Female 3 2021 8 7 11 19 64.5 10.9 3 0.69 

107091 Female 2 2021 6 5 9 18.5 64 11 4 0.72 

107092 Female 2 2021 8 3 19 18.6 62 12.5 3 0.69 

107093 Female 3 2021 7 6 9 19.2 66 12.4 4 0.72 

107094 Female 3 2021 5 5 23 18.8 66 12.8 3 0.69 

107131 Female 3 2021 8 5 8 NA NA 10.2 1 1.57 

107132 Male 3 2021 11 10 8 NA NA 11 4 0.72 

107137 Female 3 2021 11 10 8 17.6 64 10 4 0.72 

107138 Female 3 2021 8 7 11 18.3 66 10.8 4 0.72 

107139 Male 3 2021 8 5 8 19.6 67 12.1 3 0.69 

107145 Male 3 2021 8 7 11 20 66 11.1 7 1.88 

107185 Female 2 2021 8 8 20 NA NA 11.5 4 0.72 
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107186 Male 2 2021 8 8 20 NA NA 10.4 3 0.69 

107195 Female 3 2021 10 7 15 19 65 10.2 3 0.69 

107203 Female 3 2021 NA NA NA 19.3 66 10.6 3 0.69 
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Supplementary Table 8b: Complete list of all adult individuals from the 2001 and 2021 samples, and their variables. 

ID Haemoproteus Plasmodium Leucocytozoon Number parasites IWYWYVGR 

1809 0 0 1 1 0 

1810 0 0 1 1 0 

1821 1 0 1 2 1 

1822 1 0 1 2 1 

1870 1 0 1 2 1 

1871 0 0 1 1 1 

1890 1 0 1 2 0 

1891 1 0 1 2 1 

1897 1 0 1 2 1 

1898 1 0 1 2 1 

1994 1 0 1 2 1 

1997 0 0 1 1 0 

2033 0 0 1 1 0 

2034 0 0 1 1 0 

2057 1 0 1 2 0 

2058 0 0 1 1 0 

2071 0 0 1 1 1 

2073 0 0 1 1 1 

2080 0 0 1 1 0 

2081 0 0 1 1 0 

2102 0 0 1 1 0 

2103 0 0 1 1 0 

107040 0 1 1 2 0 

107041 0 0 1 1 0 

107042 0 0 1 1 0 

107043 1 1 1 3 0 

107044 0 0 1 1 0 

107045 0 0 1 1 0 

107046 1 0 1 2 0 

107047 0 0 0 0 0 

107048 1 0 1 2 0 

107049 0 0 0 0 0 

107050 0 0 1 1 0 

107051 0 0 1 1 0 

107052 0 0 1 1 0 
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107053 1 0 1 2 0 

107054 1 0 1 2 0 

107055 0 0 0 0 0 

107056 0 1 1 2 0 

107057 0 0 1 1 0 

107058 1 0 1 2 0 

107059 0 0 1 1 0 

107060 1 0 1 2 0 

107061 0 0 1 1 0 

107062 0 0 1 1 0 

107063 1 0 1 2 0 

107064 0 0 1 1 0 

107065 0 0 1 1 0 

107066 0 0 1 1 0 

107067 1 0 0 1 0 

107068 0 0 1 1 0 

107069 0 1 1 2 0 

107070 0 0 1 1 0 

107071 1 0 1 2 0 

107072 0 0 1 1 0 

107073 0 1 1 2 0 

107074 1 0 1 2 0 

107075 0 0 1 2 0 

107076 0 0 1 1 0 

107077 0 1 0 1 0 

107078 1 1 1 3 0 

107079 0 0 1 1 0 

107080 0 1 1 2 0 

107088 0 0 1 1 0 

107089 0 1 1 2 0 

107090 1 0 1 2 0 

107091 0 0 1 1 0 

107092 0 0 0 0 0 

107093 1 0 1 2 0 

107094 0 0 1 1 0 

107131 0 1 1 2 0 

107132 0 1 1 2 0 

107137 0 1 1 2 0 
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107138 0 0 1 1 1 

107139 0 0 1 1 0 

107145 1 1 0 2 0 

107185 0 1 0 1 0 

107186 0 0 1 1 0 

107195 0 0 1 1 0 

107203 0 0 0 0 0 
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Appendix 6

Supplementary Figure 3: Map over 
field area near Oslo, Norway (59°56’N, 
10°32’E). Red Squares indicate nest 
boxes where parents and offspring 
have been sampled from 2021. 
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Supplementary Figure 4: Map over field area near Oslo, Norway 
(59°56’N, 10°32’E). Red Squares indicate nest boxes where parents 
and offspring have been sampled from 2021. 
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Appendix 7 

Supplementary Table 9: Complete list of samples, 2021, plate 1. 

107040 107048 107056 107064 107072 107080 107088 107096 107104 107112 107120 107128 

107041 107049 107057 107065 107073 107081 107089 107097 107105 107112 107121 107129 

107042 107050 107058 107066 107074 107082 107090 107098 107106 107114 107122 107130 

107043 107051 107059 107067 107075 107083 107091 107099 107107 107115 107123 107131 

107044 107052 107060 107068 107076 107084 107092 107100 107108 107116 107124 107132 

107045 107053 107061 107069 107077 107085 107093 107101 107109 107117 107125 107133 

107046 107054 107062 107070 107078 107086 107094 107102 107110 107118 107126 107134 

107047 107055 107063 107071 107079 107087 107085 107103 107111 107119 107127 NTC1 

 

Supplementary Table 10: Complete list of samples, 2021, plate 2. 107145 & 107146, and 107161 & 107162 was mixed up. They 
were therefore added again to the end of the plate. 

107136 107144 107152 107160 107168 107176 107185 107193 107201 NTC2 

107137 107145 107153 107161 107169 107177 107186 107194 107203 107145 

107138 107146 107154 107162 107170 107178 107187 107195 107179 107161 

107139 107147 107155 107163 107171 107180 107188 107196 107202 107146 

107140 107148 107156 107164 107172 107181 107189 107197 107204 107162 

107141 107149 107157 107165 107173 107182 107190 107198 107205  

107142 107150 107158 107166 107174 107183 107191 107199 107206  

107143 107151 107159 107167 107175 107184 107192 107200 107135  

 

Supplementary Table 11: Complete list of samples, 2001, plate 1. 

1870 1890 1871 1891 1897 1898 1994 1997 2033 2034 2071 2073 

2102 2103 1809 1810 1821 1822 2081 2058 2080 2057   

 


