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Abstract 

 Every organism requires certain resources that they cannot endogenously 

produce; one such dietary component, iron, is essential for many basic cellular functions 

and the host-immune response. By studying patterns of genetic diversity within the 

genes involved in immune-related iron transport we can achieve a greater 

understanding of the evolutionary mechanisms which drive these processes, including 

those underlying host-pathogen interactions.  

 This thesis describes further evidence of patterns indicative of positive selection 

within apical regions of the transferrin receptor complex (Tfr1), sites known to be 

involved in an evolutionary arms race with pathogens, within two rodent species 

endemic to Europe and Asia, the bank vole, Myodes glareolus, and the field vole, 

Microtus agrestis. Other immune-related iron transport genes, including lipocalin-2 

(Lcn2), haptoglobin, (Hp), solute carrier family 11 member 1 (Slc11a1), lactotransferrin 

(Ltf), lipocalin-12 (Lcn12), and mitochondrial ferritin (Ftmt) were sequenced and 

analyzed in the hopes of identifying regions under positive selection.  

 This is the first study to date describing the genetic variation and site-specific 

non-neutral selection pressures for several immune-related iron transport proteins in 

natural populations of bank vole and field vole. We identified 7 SNPs in Lcn2 across 

both species and identified two sites displaying patterns indicative of positive selection 

within the functional loci of the lipocalin-2 siderophore binding calyx. This work 

contributes to the growing body of literature describing the diversity and the non-neutral 

selection pressures acting on immune-related iron transport proteins in natural 

populations.  
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Introduction 

Infectious Disease and Evolution 

 Forces of natural selection play a fundamental role in creating or maintaining the 

genetic differences between and within species. Such selection is fueled by co-

evolutionary dynamics, such as the relationship between hosts and infectious diseases 

first proposed by Haldane4. Since Haldane's initial description in 1949, we have come to 

understand in incredible detail how this relationship has shaped human evolution. The 

host-pathogen relationship's effect on driving genetic diversity has been established 

across many species. Some of the strongest evidence for this lies in the observation 

that immune genes and genes encoding proteins which lie at the host-pathogen 

interface undergo greater rates of adaptive evolution compared with the genome 

average5-7. 

 When individuals are best suited to thrive and reproduce within certain 

environments due to variation in their genetic makeup, the gene variants conferring 

those advantages will increase in prevalence within that population over time. Such 

genetic variants are under positive selection. The identification of genes or proteins that 

have been under positive selection throughout our evolutionary past can reveal 

functionally useful information about human biology, such as disease susceptibility or 

resistance.  

 By studying patterns of genetic variation we can achieve a greater understanding 

of the evolutionary mechanisms that drive such diversity, including underlying host-

pathogen interactions. Exploring the genetics of wild populations rather than laboratory-
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bred populations is sometimes best suited for drawing such inferences, as using wild 

populations allow for the inclusion of ecologically relevant selective forces such as 

natural pathogen exposures, the effects of seasonality, resource variability, and other 

variables involved in the development of a mature immune system.  

 There are many factors that contribute to whether a microbe can successfully 

invade a host, propagate, and become infectious. Not all microbes are pathogenic; 

many microbes have a mutually beneficial relationship with humans. Indeed, there are 

10 times as many bacteria living within and on the human gut as there are human cells8. 

This intimate relationship between humans and the microbial world can be disrupted by 

numerous factors, including diet, antibiotic use, and many other traits.  

 This commensal relationship is also not limited to humans. Each animal, plant, 

and bacteria requires certain resources that they cannot endogenously create. One 

such dietary component, iron, is vital for many basic cellular functions.  

The Importance of Iron 

 Incredibly abundant in nature, iron is by mass the commonest element in the 

earth's crust. It is therefore not coincidental that this nutrient is a requirement for most 

organisms. Iron utilization is especially important during oxygen transport, electron 

transport, and DNA synthesis in all types of biological systems9. Indeed, its role as an 

electron donor and acceptor, coupled with its redox properties, allow it to facilitate 

oxygen-based chemistry10.  

 Iron exists within living organisms in two forms; ferrous iron (Fe2+) which is 

soluble in anoxic and neutral pH environments, and ferric iron (Fe3+) which is more 
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soluble in acidic environments such as the stomach11. Various proteins have evolved to 

transport ferrous iron across cellular membranes, which are evolutionarily conserved 

across the six kingdoms. Bacterially produced siderophores and siderophore-transport 

proteins transport ferric iron. In mammals transferrin, endogenously produced 

siderophores, and various other iron transport proteins are involved with ferric iron 

transport. These proteins are essential, as unbound iron can be toxic when in 

circulation. This is due to the electron transfer properties of iron which can catalyze the 

conversion of hydrogen peroxide into free radicals that damage cellular architecture and 

can themselves act as pro-inflammatory signals. Therefore, iron levels are tightly 

regulated. There are many clinical pathologies associated with inappropriate levels of 

free iron which are avoided via the formation of iron-protein complexes. These 

complexes play integral parts to iron absorption, metabolism, and organismal iron 

homeostasis. 

 Briefly, in humans the process involves acquiring iron from the diet, whereby iron 

is transported across the duodenal lining into developing enterocytes. Membrane bound 

iron-import proteins such as the divalent metal transporter 1 protein (DMT1) deliver 

reduced Fe3+ and Fe2+ to the iron exporter protein ferroportin-1 (SLC40A1) which 

mediates the delivery of Fe2+ to circulating proteins such as transferrin (TF) once the 

Fe2+ is converted to Fe3+ by copper-containing oxidases. Circulating transferrin then 

delivers its Fe3+ cargo by forming complexes with membrane-bound transferrin-receptor 

proteins (TfR) which are then internalized forming low-pH endosomes containing a 

membrane-bound reductase and DMT1. The endosomal environment subsequently 

allows for Fe3+ reduction to Fe2+ and DMT1-mediated transport of ferrous iron into the 
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cellular cytosol11. Most transferrin-bound iron is destined for hemoglobin synthesis in 

erythroid cells, where roughly 60% of the available iron within the host is harbored9. The 

majority of the iron within the body is retained, recycled from the hemoglobin of aged 

red blood cells by the reticuloendothelial system12. However, some iron is lost via 

bleeding, sweating, shedding of skin epithelial cells, or excessive secretion of the 

mucous membranes and must be replenished via diet. When serum iron levels drop too 

low the iron responsive/regulatory element binding protein (IRE-BP) upregulates 

transferrin receptor production via another regulator protein, hepcidin (HAMP)13.  

 These processes are far more complex and the intricacies of iron absorption, 

distribution, metabolism, and excretion can be found elsewhere in the literature14,15. 

These processes are relevant, however, as they play a role within the hosts immune 

response.  

 Iron levels are vital for the development of a robust immune response as iron is 

essential for T-cell clonal expansion and the generation of antimicrobial oxygen 

radicals16. A recent large retrospective cohort study found that patients who were 

administered iron-supplementation during hemodialysis had far greater rates of bacterial 

infections17. Other studies have similarly identified an increased risk of infection and 

pathogen-mediated disease morbidity in the setting of iron supplementation18.  

 Testament to this notion is the phenomenon of iron-withholding, which many 

vertebrates undergo while fighting an infection. While most iron is reserved within 

hemoglobin or tightly bound inside ferritin, there remains a trace amount of bioavailable 

unbound iron within intra- and inter-cellular spaces. Both invading bacteria and viruses 
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require iron for DNA synthesis and other processes with which to thrive. Thus, 

pathogens sequester iron either from these intra- and inter-cellular spaces or directly 

from host proteins. In response, the host downregulates the expression of these iron-

transport proteins and decreases the uptake of dietary iron. Chronic infections can even 

lead to a state of prolonged iron-withholding, termed anemia of chronic disease19. 

Additionally, many iron transport proteins have been shown to have direct antimicrobial 

properties. Therefore, TfR1 and other iron-transport proteins involved in iron-withholding 

play an important role in the innate-immune response and should be characterized as 

immune-related iron transport proteins. 

 For these reasons viruses and bacteria have evolved complex methods to 

sequester iron from the host. Indeed, many viruses have exploited steps within iron 

metabolism pathways to mediate cellular entry. For example, many microbial pathogens 

target the membrane-bound Transferrin receptor binding protein 1 (TfR1) for cellular 

entry or iron sequestration. This is a particularly ideal target for invasive pathogens as 

TfR1 expression is directly related to host iron levels, it is nearly ubiquitously expressed, 

and it is involved in the endocytosis pathway for the cellular internalization of iron 

making it a prime target for viruses to invade host cells.    

Transferrin Receptor as a Viral Entry Mechanism 

 Indeed, of the five New World Arenaviruses known to cause hemorrhagic fevers 

in humans, four implement TfR1 as a means for cellular entry4,20,21. TfR1 has also been 

identified as the initial binding receptor for other important pathogens such as the 
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mouse mammary tumor virus22, panleukopenia feline parvoviruses, and canine 

parvoviruses23. 

 These zoonotic New World Arenaviruses are of particular concern to humans, as 

they cause severe disease in humans who are dead-end hosts (mortality rates average 

~20%”). Three of these viruses: Junin, Machupo, and Guanarito, along with mouse 

mammary tumor virus, have been shown to play a role in driving positive selection in 

apical regions of TfR1.  

 While TfR1 domains required for normal cellular function were conserved, apical 

TfR1 residues not involved in iron transport were identified as the targeted sites for 

binding and cellular entry. These same sites were found to be under positive selection 

(Figure 211). While the specific amino acid residues within TfR1 that mediate New World 

Arenavirus binding seem to vary experimentally2,24, the residues identified to be under 

positive selection by this study corroborate Demogines et al.'s findings.  

Figure 1: Human TFR1 is shown from two angles. Highlighted regions correspond to the indicated viral binding 

sites. Individual residues shown in red were determined to be under positive selection due to an evolutionary 
arms race, from Demogines, et al.

2 
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Lipocalin-2, Bacteria, and the Fight Over Iron 

 The targeting of iron transport proteins can occur throughout the course of an 

infection and not solely for cellular entry. Immune-related iron transport protein targeting 

is also not limited to viruses. Bacteria secrete proteins, termed siderophores, which 

enable bacterial pathogens to chelate the trace amounts of free ferric iron from within 

the intra-host environment and directly from host iron transport proteins similar to TfR1. 

A wide range of bacteria produces siderophores, which have an incredibly high affinity 

for ferric iron. Indeed, over 500 unique siderophores have been identified and 270 have 

been well-characterized chemically25.   

 As a response to the production of bacterial siderophores, many vertebrate 

hosts, including humans, secrete the protein Siderocalin, encoded by Lipocalin-2 

(LCN2), a siderophore-binding lipocalin. This siderocalin-siderophore binding inhibits 

the transport of iron-siderophore complexes into bacterial cells26. While only a few 

siderocalin homologs have been identified, they are able to bind hundreds of diverse 

siderophores. Furthermore, these siderocalins have important biological functions apart 

from their role in the innate immune defense against iron-sequestering pathogens, such 

as during embryonic development via the use of host-derived siderophores which have 

been identified in the literature27. 

 Siderocalin appears to have evolved to counter the sequestration of host iron 

reserves by bacteria27. However, the only evidence for this claim includes an in vitro 

study of human and mouse primary macrophages which were analyzed for the 

conservation and divergence of gene transcription, where LCN2 was one of the genes 
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with significant evolutionary divergence28. The authors postulated such a difference 

might be due to an evolutionary arms race between siderocalin and bacterial 

siderophores. However, a cross-species analysis for evidence of positive selection 

hinting at such an arms race similar to Demogines et al's TfR1 analysis of Lcn2 had yet 

to be conducted. 

The Aims of This Study 

 This study aimed to provide additional evidence of positive selection in the apical 

regions of TfR1 within two rodent species endemic to Europe and Asia whose genomes 

have recently been sequenced, the bank vole Myodes glareolus (Figure 2a) and the 

field vole Microtus agrestis (Figure 2b). Other immune-related iron transport genes, 

including siderocalin (Lcn2), were sequenced and analyzed in both field vole and bank 

vole specimens in the 

hopes of identifying 

regions undergoing 

positive selection 

(Table 1).  

Methods 

Gene Selection 

 The bank vole and field vole genes sequenced include haptoglobin (Hp), 

polymorphisms of which have been associated with various pathologies including 

atherosclerosis, tuberculosis infections, inflammatory and autoimmune disorders29, 

transplant rejection30, and reduced mortality in sepsis31; solute carrier family 11 member 

Figure 2a Wild bank vole
1
        Figure 2b: Wild field vole

3 
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1 (Slc11a1), also known as the natural resistance-associated macrophage protein 1, a 

key H+/metal transmembrane iron importer which is associated with resistance to 

various intracellular pathogens10,32; lactotransferrin (Ltf) which in addition to its 

anticancer and anti-inflammatory properties has been shown to modulate host immune 

activity against many microorganisms33,34; and sites immediately flanking the apical 

residues of interest identified to be under postitve selection by Demogines, et al.2 for 

transferrin receptor protein 1 (TfR1). Lipocalin-12 (Lcn12), a relatively unstudied 

lipocalin ~29% identical in DNA sequence with a predicted identical binding calyx to 

Lcn235, and mitochondrial ferritin (Ftmt), a nuclear-transcribed ferritin-like protein 

expressed in mitochondria associated with various inflammatory neurological disorders 

were sequenced for field vole only.  

Bank Vole and Field Vole DNA Extraction and Sequencing 

 Using the Qiagen genomic-tip 20/G kit genomic DNA was extracted from a single 

field vole (Kielder Forest, UK) and bank vole (Jyväskylä, Finland) individual. Integrity 

and size of DNA were checked on an agarose gel, purity assessed using a NanoDrop 

1000 spectrophotometer (Thermo Scientific) and concentration measured with a Qubit 

fluorometer  (Life Technologies). DNA was then submitted to the Centre for Genomic 

Research (CGR) at the University of Liverpool and sequenced on the Illumina 

HiSeq2000 platform. The MAKER pipeline36 was used to align all known Mus 

musculus protein sequences to the two draft genomes, in order to identify and annotate 

orthologous genes within the two vole species. Candidate field vole and bank vole 

genes for this study were identified by running a BLASTP search of known Mus 

musculus sequences against the set of MAKER-predicted vole proteins.  
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Primer Design and Amplification 

 Primer sequences were created from the immediate non-coding DNA regions 

flanking the exons of interest identified via BLASTP searches against the MAKER-

predicted vole protein sequences. Primer design was conducted using the online primer 

design tool Primer337 and ordered from Eurofins MWG Operon 

(http://www.eurofinsgenomics.eu/). Individual primer sequences, optimized annealing 

temperatures, and predicted product lengths can be found in Supplementary Table 1. 

 Purification of genomic DNA from 10 frozen bank vole and 10 frozen field vole (3 

additional field voles were used for LCN2 purification, isolation, amplification, etc.)  

whole-liver samples were done using Qiagen's DNeasy Blood & Tissue Kit. 

DNA integrity and size were checked on an agarose gel, purity was assessed using a 

NanoDrop 1000 spectrophotometer (Thermo Scientific) and the concentration measured 

with a Qubit fluorometer  (Life Technologies). PCR isolating and amplifying of the 

regions of interest were conducted using Bioline's BioMix™ Red PCR kit. PCR products 

were confirmed by running an agarose gel indicating both product size and specificity. 

Product was also confirmed through the eventual use of the DNA sequence homology 

tool BLAST.  

Sequencing and Single Nucleotide Polymorphism (SNP) Identification 

 PCR products were cleaned using the ExoSAP-IT enzymatic mixture (USB 

Corporation) and both forward and reverse stands of DNA were sequenced via 

BigDye® Terminator v3.1 Cycle Sequencing Kit. Products were subsequently purified 

with BigDye® XTerminator Purification Kit. DNA Sequencing was conducted using 

http://www.eurofinsgenomics.eu/
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capillary electrophoresis in the Applied Biosystems 3130x Genetic Analyzer (Life 

Technologies). Sequences were aligned using the bioinformatics software package 

Geneious38, and single nucleotide polymorphisms (SNPs) were manually identified from 

the front-end user interface of Geneious which can display forward and reverse 

sequence traces generated by the Applied Biosystems 3130x Genetic Analyzer. 

Heterozygous individuals were also identified manually via Geneious' front-end user 

interface, where heterozygous peaks can be readily seen in both forward and reverse 

sequences traces. 

 SNP designation as either synonymous or non-synonymous was determined by 

aligning the sequenced field vole and bank vole exons with known orthologous house 

mouse (Mus musculus) cDNA sequences obtained from GenBank. This method 

assumes no frame-shift mutations have occurred since the divergence of bank vole or 

field vole and Mus musculus.  

Evolutionary Analysis of Sequences 

 Statistical analyses were carried out using DnaSP version 5.10.0139 and the 

online HyPhy package available through datamonkey.org40. Estimates of nucleotide 

diversity were performed using the average number of pairwise nucleotide differences 

between paired sequences, π41, an estimate of the neutral population parameter θ 

based on the total number of segregating sites, Watterson's θW
42, and haplotype 

diversity (Hd), the probability that two haplotypes chosen at random are different within 

the sample where N is the number of gene copies, k is haplotype number, and  is the 

frequency of the ith haplotype41.  
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 Within and between species tests using DnaSP v. 5.10.01 identified several 

significant departures from neutrality under the infinite sites model whereby the number 

of nucleotide sites is assumed to be large enough so that a new mutation is assumed 

not to occur over a previously mutated site43. In a neutrally evolving diploid population, 

the expected nucleotide variation is equal to θ = 4Neµ, where µ is the mutation rate and 

Ne is the effective population size. Tajima's D estimates the difference between any two 

of θ, θW, and π which in a perfect neutrally evolving population is zero. Values of D 

significantly away from zero result either from selective or demographic effects. 

 For tests requiring an outgroup, orthologous house mouse (mus musculus) 

sequences were implemented for all analyses. One set of tests, Fu and Li's D and F 

tests44, similarly implement two estimators of θ. The D statistic is based on the 

differences between mutation count in external branches of the genealogy and the total 

mutation count. The F statistic is the normalized difference between the mutation count 

in external branches of the genealogy and π. Negative or positive selection is likely to 

cause excess recent mutations, rather than older mutations, either through the low 

frequency of deleterious alleles or the rapid fixation of advantageous ones 

respectively44. Another test, Fay and Wu's H-test45, identifies patterns indicative of 

positive selection based on differences between θh (homozygosity of derived variant 

weighted estimator) and π, and on the effect selective sweeps have on relative levels of 

high-frequency-derived alleles. An excess indicates genetic hitchhiking and positive 

selection45. The McDonald-Kreitman test46, or MK test, compares rates of synonymous 

and non-synonymous substitutions both within and between species.  
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  Sequence diversity estimates and tests for non-neutral selection can be found in 

Tables 4a, 4b and 5. These values were generated using DnaSP v5.10.01's neutral 

coalescent simulations assuming no recombination for 16,000 replicates based on the 

observed number of segregating sites. The reported significant p-values are an average 

of 10 simulations. As these tests were conducted with a one sided p-value, statistically 

significant values at p<0.05 for the observed test statistic included those either below 

the 2.5th percentile or those above the 97.5th percentile.  

 Other tests capable of identifying evidence of positive selection were carried out 

using the HyPhy package available via the online Datamonkey webserver 

(http://www.datamonkey.org, accessed April 2014). The single likelihood ancestry 

counting (SLAC) method implements counts of dS (synonymous mutations) and dN 

(non-synonymous mutations) for each codon position generated by reconstructing the 

ancestral sequences using a joint likelihood reconstruction method to detect evidence of 

positive selection47,48. The random-effects likelihood (REL) method was used to detect 

evidence of positive or negative selection at the codon level by modeling variation in dN 

and dS rates at individual sites using a Bayesian approach within a predefined 

distribution48. The Fast Unconstrained Bayesian AppRoximation (FUBAR) method 

identifies both positive and purifying selection with a Markov Chain Monte Carlo routine 

by taking averages over many predefined site classes resulting in an unconstrained 

distribution of selection parameters49. The mixed-effects model of evolution (MEME) 

method was implemented to identify sites undergoing positive selection which varies 

throughout the predicted tree (episodic selection)50. These analyses differ from tests 
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carried out with DnaSP in that they are not limited by homologous coverage, i.e. they 

are able to analyze sequences with missing sites.  

Results 

 Predicted exons from 7 field vole and 5 bank vole immune-related iron transport 

genes were successfully amplified and sequenced from between 9 and 13 individuals 

(18 - 26 haplotypes), of which at the least 10 haplotypes and at the most 24 haplotypes 

were of good enough quality for DnaSP analyses (adequate coverage across all 

individuals). In total, 6,627 basepairs (bp) (3,600 bp for field vole, 3,027 bp for bank 

vole) of good quality coding sequence was obtained. Fifty nine SNPs across both 

species were identified, with bank vole yielding an average of one SNP per 124 bp and 

field vole yielding an average of one SNP per 145 bp of coding sequence (Table 2a, 

Table 2b).  

 Across both vole species the immune-related iron transport gene sequences 

covered between 59.3% - 95.6% of the total length of the orthologous mouse coding 

sequence; this coverage estimate is not including the Tfr1 sequences as only the 

genetic sequences immediately flanking specific Tfr1 apical sites of interest were 

amplified for sequencing. The average coverage, again excluding Tfr1 sequences, 

across both species was 71%. Sequence length across all within-species genes, the 

total coverage length of each gene and its respected coverage compared to orthologous 

mouse coding sequence, as well as individual species coverage averages can be seen 

in Table 2a and Table 2b.  
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 Single nucleotide polymorphisms were discovered in every immune-related iron 

transport gene sequenced. Frequency of SNPs ranged from 1 - 13 per gene and from 

one SNP per 55 - 318 bp of sequence (refers to sequence length in loci excluding 

sites/sequences with gaps when aligned) (Table 2a, 2b). All discovered SNPs found 

within the sequenced iron transport genes can be found in Table 3, with indicated SNP 

positions relative to the orthologous mouse reference sequence. Twenty four of the 59 

total SNPs were nonsynonymous mutations resulting in an amino acid change of the 

translated protein.   
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 Significantly high levels of diversity, either through significantly high haplotype 

diversity (Hd) or number of haplotypes (Nh), was found within field vole transferrin 

receptor (Nh =4 p<0.05), field vole haptoglobin (Nh=7 p<0.05), field vole mitochondrial 

ferritin  (Nh=10 p<0.05, Hd=0.879 p<0.1), Field vole lactotransferrin (Nh=10 p<0.05, 

Hd=1.0 p<0.05), bank vole lactotransferrin (Nh =11 p<0.05) and borderline non-

significance in bank vole lipocalin-2 (Nh =6 p<0.1). π and Watterson's estimator, θw (see 

methods) can be seen along with the significant estimates of diversity in Table 4a, 4b 

for field vole and bank vole respectively.  

 

 

Table 4a: Sequence diversity and tests of neutrality for sequenced field vole immune-related iron transport proteins. 
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Table 4b: Sequence diversity and tests of neutrality for sequenced bank vole immune-related iron transport proteins. 

 Various tests for non-neutral evolution yielded significant results for every 

immune-related iron transport protein in either species explored in this study. Fu and 

Li's D and F were significant and borderline significant, respectively, for Ltf within bank 

vole (D = 1.564, p<0.05, F=1.756 p<0.1). Slc11a1 was determined in bank vole to 

depart from neutrality by the McDonald-Kreitman test (one-tailed p=0.03497), and 

patterns of diversity consistent with the action of positive selection were detected in field 

voles for both Hp and Lcn12 by Fay and Wu's H-test (H = -3.268, p<0.05, H = -1.516, 

p<0.05 respectively). No departures from neutrality were detected with the HKA test.  

 Individual codons predicted to be under positive or negative selection were 

detected for every immune-related iron transport protein. Across all genes analyzed, 20 

codons were detected to be under positive or negative selection using the single 

likelihood ancestry counting (SLAC) method, 56 codons under positive or negative 

selection using the random-effects likelihood (REL) method, 31 codons under positive 

selection using mixed-effects model of evolution (MEME) method, and 118 codons 

predicted to be under positive or purifying selection using the fast unconstrained  
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 Table 5: Individual codons predicted to be under positive or negative selection using SLAC, REL, MEME, and FUBAR methods 
See Materials and Methods)  

bayesian approximation (FUBAR) method (Table 5).  

 Across all analyzed genes, 2.29% of codons were under either positive or 

negative selection according to REL or SLAC analyses. Detailed information regarding 

SLAC, REL, MEME, and FUBAR results can be found in Table 5 and the raw 

datamonkey output in Supplementary Table 2. 

 While there were many sites identified to be under positive or negative selection, 

these analyses identified several previously described functionally relevant apical sites 

of the transferrin receptor complex as under positive selection (Figure 42). Not included 

within the figure is another amino acid previously found to be under positive selection 

(apical residue 1092), which the REL analysis performed in this study corroborates 

(Table 6).  

 Two non-synonymous mutations, 

corresponding to areas near predicted binding 

sites 128 and 147, were identified to be under 

positive selection by both REL and MEME 

methods (Table 6) for lipocalin-2.   

Figure 4: The circled residues were identified in this 
study to be under positive selection. All listed 
residues were previously found to be under positive 
selection by Demogines, et al.

2 
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Table 6: A) Tfr1 sites previously found to be under selection
2
 aligned with bank vole and field vole protein sequences. If the 

residue of interest was predicted to be under selection the test method is listed below the aligned sequences. B) Aligned 
lipocalin-2 protein sequences for human, mouse, bank vole, and field vole with binding residues and residues predicted to be 
under selection highlighted.   

DISCUSSION 

 This is the first study to date describing the genetic variation and site-specific 

non-neutral selection pressures for several immune-related iron transport proteins in 

natural populations of bank vole and field vole. Fifty-nine SNPs, 24 of which are non-

synonymous, have been described between the two species included in this study. 

Several of these SNPs support previous evidence for an ongoing evolutionary arms 

race between TfR1 and mammalian viruses, some of which have serious potential for 

emerging into human populations. 

 The identification of codons detected to display patterns indicative of positive 

selection within this study which have previously been identified as sites of positive 

selection should lend confidence to our statistical methods and internal validity as they 

relate to other previously unstudied genes. Furthermore, the identification of sites 

undergoing positive selection which corroborate previous findings further support the 

theory of an evolutionary arms race between TfR1 and mammalian viruses.  



- 22 - 
 

 This study also describes putative evidence of positive selection in Lcn2. While 

Lcn2 has previously been found to be under negative selection51, and indeed many 

residues within Lcn2 were identified to be under negative selection within this study 

(Supplementary Table 2), this work is the first to provide evidence of patterns indicative 

of positive selection within sites adjacent to functional loci of the lipocalin-2 siderophore 

binding calyx. Seen in Figure 5 is human LCN2 bound to the siderophore Fluvibactin52 

obtained from the RCSB Protein Data Bank (DOI:10.2210/pdb4k19/pdb) with residues 

of interest shown. It should be noted that the non-synonymous mutations in bank vole 

were within a five-residue range of the predicted human binding site when aligned with 

the orthologous mouse sequence. Shown 

here are those predicted sites aligned to 

match the human protein sequence (Figure 5).   

 It is important to mention that these 

proteins are all members of different yet 

overlapping pathways. Thus, functional 

changes in one protein undoubtedly impact 

the activity of the others. For example, 

Slc11a1 has been shown to mediate 

macrophage activity and the successful killing 

of salmonella enterica serovar typhimurium via the upregulation of lipocalin-253. 

Whether or not the Slc11a1 variation described in this study impacts its interaction with 

Lcn2, or vice versa, is unknown and should be addressed in future research. 

Figure 5: Human LCN2 bound to the siderophore 
Fluvibactin. In red, the siderophore can be seen within the 
calyx, the three residues predicted to form the binding calyx 
are in yellow, and the blue residues are the bank vole 
residues where SNPs were identified (2 non-synonymous, 1 
synonymous). 

http://dx.doi.org/10.2210/pdb4k19/pdb
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 This study adds to the body of literature indicating immune-related biological 

pathways undergo extensive non-neutral selection pressures. This work also 

contributes to our growing understanding of the diversity within iron-transport proteins in 

natural populations. There are, however, several limitations to this study.  

 The lack of certain genetic regions and entire genes confounds the conclusions 

we have drawn. Certain TfR1 sites as well as the entire Lcn12 protein were not 

predicted by the bioinformatics software to be present within bank vole or could not be 

optimized during the primer-design stage and are thus not included. Similarly, certain 

coding segments for Slc11a1, Ltf, Hp, and Lcn12 were unsuccessfully sequenced and 

thus affect coverage and the power of our statistical analyses. This flaw could be 

attributable to initial high-throughput sequencing errors, errors within the bioinformatics 

software used to predict exons of the sequenced genes or proteins, primer non-

specificity, or are not errors and merely reflect the biological differences between bank 

vole and field vole.  

 Finally, whether or not the genetic variation described here confer advantages in 

iron binding or transport, in disease resistance or susceptibility, or whether they play a 

role in an evolutionary arms race similar to TfR1 cannot be drawn from host-genetics 

alone. Future research should therefore be conducted to determine the relationship 

between these proteins and the pathogens encountered by natural populations of field 

vole and bank vole. Iron-binding and iron-transport assays should also be conducted to 

determine if the mutations described in this paper affect the purported primary function 

of these proteins.  
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Conclusion  

 This study aimed to broaden research on immune-related genetics within natural 

populations by focusing on a suite of iron-transport proteins shown to be directly or 

indirectly involved in the host immune response. Describing both the genetic diversity 

and providing evidence of patterns indicative of non-neutral selection pressures acting 

upon these iron transport proteins was accomplished. Importantly, this study describes 

such genetic variation for several immune-related iron transport proteins within 

functionally important loci. Such descriptions allow for the formulation of novel 

hypotheses as to why such variations at important loci have occurred. Whether or not 

such diversity effects iron transport or immune function in vivo, or whether this variation 

is due to evolutionary arms races over iron with pathogens have yet to be elucidated 

and should be the focus of future research. 
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Supplementary Table 2: Summary of SNPs    

Organism Gene SNP
a 

cDNA 

site
b
 

AA 

site
c
 

Codon (amino acid) change Syn/Nonsyn
d 

Field Vole Ftmt Ftmt 309 G/A 309 103 GTG (Val)→GTA(Val) Syn 

  Ftmt 316 T/C 316 106 TAC (Tyr)→CAC(His) Nonsyn 

  Ftmt 354 G/A 354 118 GAG (Glu)→GAA(Glu) Syn 

  Ftmt 369 G/A 369 123 GCG(Ala)→GCA(Ala) Syn 

  Ftmt 375 G/A 375 125 AAG(Lys)→AAA(Lys) Syn 

  Ftmt 475 T/A 475 159 TGT (Cys)→AGT(Ser) Nonsyn 

  Ftmt 663 C/T 663 221 GGC (Gly)→GGT(Gly) Syn 

 Hp Hp 456 T/C 456 152 GAT (Asp) → GAC (Asp) Syn 

  Hp 474 T/C 474 158 ATT(Ile)→ATC (Ile) Syn 

   Hp 639 C/T 639 213 TAC(Tyr)→TAT(Tyr) Syn 

   Hp 717 T/C 717 239 TAT(Tyr)→TAC(Tyr) Syn 

   Hp 834 T/C 834 278 CAT(His)→CAC(His) Syn 

  Lcn12 Lcn12 208 

A/C 

208 70 ATG (Met)→CTG (Leu) Nonsyn 

 Lcn2 Lcn2 180 C/G 180 60 GCC (Ala)→GCG(Ala) Syn 

  Lcn2 228 C/G 228 76 TAC(Tyr)→TAT(Tyr) Syn 

   Lcn2 540 T/C 540 180 TCT(Ser)→TCC(Ser) Syn 

  Ltf Ltf 197 C/A 197 66 GCC(Ala)→GAC(Asp) Nonsyn 

   Ltf 198 C/T 198 66 GCC(Ala)→GCT(Ala) Syn 

   Ltf 200 T/C 200 67 ATT(Ile)→ACT(Thr) Nonsyn 

   Ltf 850 G/A 850 284 GCC(Ala)→ACC(Thr) Nonsyn 

   Ltf 1072 G/T 1072 358 GCC(Ala)→TCC(Ser) Nonsyn 

   Ltf 1122 C/T 1122 374 CGC(Arg) →CGT(Arg)  Syn 

   Ltf 1287 G/T 1287 429 CTG(Leu)→CTT(Leu) Syn 

   Ltf 1293 G/A 1293 431 GAG(Glu)→GAA(Glu) Syn 

   Ltf 1337 G/A 1337 446 AGA(Arg)→AAA(Lys) Nonsyn 

   Ltf 1344 G/A 1344 448 GCG(Ala)→GCA(Ala) Syn 

   Ltf 1351 T/G 

& 1353 C/A 

1351 & 

1353 

451 TAC (Tyr)→GAA(Glu) Nonsyn 

   Ltf 1354 T/A 1354 452 TTT (Phe)→ATT(Ile) Nonsyn 

   Ltf 1355 T/A 1355 452 TTT (Phe)→AAT(Asn) Nonsyn 

   Ltf 1542 C/T 1542 514 GAC(Asp)→GAT(Asp) Syn 

   Ltf 1551 C/T 1551 517 TCC(Ser)→TCT (Ser) Syn 

 Slc11a1 Slc11a1 581 

C/G 

581 194 GCT(Ala)→GGT(Gly) Nonsyn 

  Slc11a1 1128 

C/T 

1128 376 GGC(Gly)→GGT(Gly) Syn 

 Tfr1 TfR1 636 C/A 636 212 GGC (Gly)→GGA (Gly) Syn 

  TfR1 1717 

C/T 

1717 573 CCT (Pro)→TCT(Ser) Nonsyn 
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Bank Vole Hp Hp 474 C/T 474 158 ATC(Ile)→ATT(Ile) Syn 

   Hp 708 C/T 708 236 CGC(Arg)→CGT(Arg)  Syn 

   Hp 724 C/T 724 242 CTG(Leu)→TTG(Leu) Syn 

   Hp 768 C/A 768 256 GGC(Gly)→GGA(Gly) Syn 

   Hp 846 T/C 846 282 GCT(Ala)→GCC(Ala) Syn 

 Lcn2 Lcn2 124 T/A 124 42 TTC(Phe)→ATC(Ile) Nonsyn 

  Lcn2 370 C/T 370 124 CGG(Arg)→TGG(Trp) Nonsyn 

  Lcn2 431 T/A 431 144 TTT(Phe)→TAT(Tyr) Nonsyn 

   Lcn2 480 T/C 480 160 TAT(Tyr)→TAC(Tyr) Syn 

  Ltf Ltf 375 C/T 375 125 AAC(Asn)→AAT(Asn) Syn 

   Ltf 483 G/A 483 161 GCG(Ala)→GCA(Ala) Syn 

   Ltf 660 T/C 660 220 AAT(Asn)→AAC(Asn) Syn 

   Ltf 721 G/C 721 241 GAA(Glu)→CAA(Gln) Nonsyn 

   Ltf 823 G/A 823 275 GCC(Ala)→ACC(Thr) Nonsyn 

   Ltf 1753-4 

GA/CG 

1753-4 585 GAG(Glu)→CGG(Arg)  Nonsyn 

   Ltf 1764 G/A 1764 588 GAG(Glu)→GAA(Glu) Syn 

   Ltf 1768 T/C 1768 590 TTG(Leu)→CTG(Leu) Syn 

   Ltf 1782 1782 594 GAC(Asp)→GAT(Asp) Syn 

   Ltf 1881 G/T 1881 627 CAG(Gln)→CAT(His) Nonsyn 

   Ltf 1933 G/A 1933 645 GGG(Gly)→AGG(Arg)  Nonsyn 

 Slc11a1 Slc11a1 308 

G/T 

308 103 TGC(Cys)→TTC(Phe) Nonsyn 

  Slc11a1 964 

A/C & 965 

G/A 

964-5 321 AGC(Ser)→CAC(His) Nonsyn 

  Slc11a1 1185 

C/T 

1185 395 TTC(Phe)→TTT(Phe) Syn 

 Tfr1 TfR1 658 

G/A 

658 220 GAG(Glu)→AAG(Lys) Nonsyn 
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Table 1  

Gene  Gene Symbol Summary 

Haptoglobin Hp/ 
Bp/ 
Hpa1s 

A plasma protein which binds free hemoglobin. There are three major subtypes. Case control 
studies have associated Haptoglobin type with various cancers, infectious diseases, liver disease, 
diabetes, cardiovascular disease, neurological disorders, anemia, and haemochromatosis54. 

Lipocalin 12 Lcn12 Member of the Lipocalin family, roughly 28-29% identical to Lcn2. Very little is known regarding 
the function of this lipocalin, however it has been shown to be a component of seminal fluid51 
and has a positively charged triad of side-chains identical to the binding site of LCN235. 

Mitochondrial 
Ferritin 

Ftmt/ 
Mtf 

A protein expressed in the brain and testis and is localized to mitochondria. FtMt has been 
suggested to play a neuroprotective role in neurodegenerative diseases, preventing cell death in 
the context of oxidative stress and neurotoxic proteins55 . 

Transferrin 
Receptor 
Protein 1 

Tfrc/ TfR1/ 
CD71/ p90 

A ubiquitously expressed transmembrane protein that regulates the  delivery of iron from 
transferrin into cells. TfR1 has also been shown to be the target of cellular entry for multiple 
mammalian viruses2. 

Solute carrier 
family 11, 
member 1 

Slc11a1/ 
Lsh/ 
NRAMP1 

A membrane protein belonging to the proton-coupled divalent metal ion transporter family. 
Plays important roles in macrophage activation, the regulation of chemokine KC, interleukin-1β, 
inducible nitric oxide synthase and nitric oxide release, major histocompatibility complex class II 
molecules, and tumor necrosis α. Also associated with viral, bacterial, and protozoal 
pathogens56. 

Lactoferrin / 
Lactotransferrin 

Ltf/ 
Lf/ 
Gig12/ 
Hlf2 

A major iron-binding protein secreted in neutrophil granules and various bodily  fluids. Shown to 
induce iron-deficiency as a form of host defense have direct antiviral, antifungal, and 
antibacterial activity; Ltf can promote wound healing, bone growth, and modulate various 
aspects of the host immune response. Can bind lipopolysaccharides such as endotoxin which 
can modulate the immune system57. 

Lipocalin-2/ 
Neutrophil 
Gelatinase-
Associated 
Lipocalin 

Lcn2/ 
Ngal/ 
24p3/ 
Msfi 

A member of the lipocalin family which binds to iron-sequestering siderophores produced by 
bacteria. Found in humans, mice, chickens, quail, and various mammals. Siderocalin has also 
been proposed to play roles in embryogenesis, differentiation, inflammation, and cancer27. 
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