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Evidence of pathogen-induced immunogenetic selection across the 3 large geographic range of a wild seabird 4
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and MN566362 -MN566421 (mitochondrial control region, HVR1).

38

All organisms are challenged by pathogens in their surrounding environments, but it is clear that the 56 pathogen pressure can vary by location. Similarly to free-living metazoans, a latitudinal species 57 richness gradient has been identified in several parasitic and pathogenic taxa, which may be driven by 58 temperature and other abiotic and biotic factors [START_REF] Rohde | Latitudinal differences in species and community richness and in 1019 community structure of metazoan endo-and ectoparasites of marine teleost fish[END_REF][START_REF] Guernier | Ecology drives the worldwide distribution of human 920 diseases[END_REF]Dionne, 59 et al. 2007). Given this gradient in pathogen pressure, it follows that natural selection on the host will 60 favour distinct immune phenotypes in different environments, as suggested by MHC II genetic 61 diversity patterns in Humboldt penguins associated with higher pathogen diversity in lower latitudes 62 [START_REF] Sallaberry-Pincheira | Molecular Epidemiology of Avian Malaria in 1026 Wild Breeding Colonies of Humboldt and Magellanic Penguins in South America[END_REF][START_REF] Sallaberry-Pincheira | Contrasting patterns of selection between MHC I and II across 1030 populations of Humboldt and Magellanic penguins[END_REF]. In our study, we sought to test 63 the hypothesis that pathogen-driven selection can drive distinct patterns of host immune system 64 genotype and phenotype, using the Gentoo penguin (Pygoscelis papua ssp.) as a model species 65 complex.

66

The Gentoo penguin complex [START_REF] Vianna | Marked phylogeographic structure of Gentoo penguin reveals an ongoing 1065 diversification process along the Southern Ocean[END_REF][START_REF] Clucas | Comparative population genomics reveals key barriers to dispersal 832 in Southern Ocean penguins[END_REF]) is ideally suited for 67 investigating pathogen-driven selection on the immune system. Firstly, it has a circumpolar range, 68 spanning the largest latitudinal range of any penguin species, between 46-66° S, with breeding 

91

To investigate genetic diversity across the immune system, many immunogenetic studies on penguins 92 have focused on the major histocompatibility complex (MHC; [START_REF] Tsuda | Phylogenetic analysis of penguin (Spheniscidae) species based on sequence variation 1054 in MHC class II genes[END_REF]Bollmer, et al. 93 2007;[START_REF] Knafler | MHC Diversity and Mate Choice in the 943 Magellanic Penguin, Spheniscus magellanicus[END_REF][START_REF] Sallaberry-Pincheira | Contrasting patterns of selection between MHC I and II across 1030 populations of Humboldt and Magellanic penguins[END_REF]. Increasingly, however, the Toll-like 94 receptors (TLRs) are recognised as important monogenic determinants of disease resistance 95 phenotypes, and are therefore important operands for natural selection [START_REF] Grueber | Episodic Positive Selection in the Evolution of Avian 910 Toll-Like Receptor Innate Immunity Genes[END_REF]. Toll-like 96 receptors are the best-studied family of pattern-recognition receptors in the vertebrate innate immune 97 system, representing the front line of detection of pathogen challenge [START_REF] Kawai | TLR signaling[END_REF]. TLRs 98 respond to highly conserved microbe-associated molecular patterns (MAMPs) that are structurally 99 conserved in large groups of pathogens. Upon binding of a MAMP, TLRs undergo dimerization and 100 initiate an intracellular signalling cascade that culminates in the production of anti-pathogen effector 101 molecules [START_REF] Akira | Toll-like receptors: critical proteins linking innate and acquired 774 immunity[END_REF][START_REF] Botos | The Structural Biology of Toll-like Receptors[END_REF].

102

Vertebrates have six major families of TLRs which are typically conserved across evolutionary time 103 to retain specificity for a particular MAMP or family of MAMPs. In most avian species, there are ten 104 recognized Toll-like receptors [START_REF] Roach | The 1015 evolution of vertebrate Toll-like receptors[END_REF][START_REF] Boyd | Conserved and distinct aspects of the avian Toll-like receptor 807 (TLR) system: implications for transmission and control of bird-borne zoonoses[END_REF][START_REF] Brownlie | Avian toll-like receptors[END_REF]. Of 105 these, TLR4 and TLR5 respond to the bacterial agonists lipopolysaccharide and flagellin, 106 respectively, while TLR7 responds to single-stranded RNA of viruses in the endosomal compartment 107 [START_REF] Chow | Toll-like receptor-4 mediates 821 lipopolysaccharide-induced signal transduction[END_REF][START_REF] Gewirtz | Cutting edge: Bacterial flagellin 887 activates basolaterally expressed TLR5 to induce epithelial proinflammatory gene expression[END_REF][START_REF] Lund | 965 Recognition of single-stranded RNA viruses by Toll-like receptor 7[END_REF]).

108

To investigate TLR diversity across the range of the Gentoo penguin complex, we sequenced the full 109 coding sequences of TLR4, TLR5 and TLR7, as opposed to targeted portions of certain exons as in 110 previous studies (Dalton, et al. 2016a). These three genes represent bacterial-and viral-sensing Toll-111 like receptors that are present in almost all vertebrates. Samples (n = 155) were obtained from a broad 112 geographic range across the range of the species (Figure 1), representing the largest geospatial scale 113 of any immunogenetics study outside of humans. We describe patterns of diversity in TLRs that have 114 a clear spatial component, and provide evidence that some of the diversity in TLR4 and TLR5 is 115 driven by positive selection between different locations. We also demonstrate that two of the 116 positively selected residues in TLR5 yield a phenotypic difference in the response of the receptor to 117 flagellin, providing further evidence that Gentoo penguins have experienced differential pathogen-118 driven selection pressures in different environments.

119 Results 120 Amplification of TLR genes in the Gentoo penguin 121 Through successful amplification by PCR or whole-genome sequencing, we were able to confirm that 122 Gentoo penguins have clear homologs of TLR4, TLR5, and TLR7, finding no evidence of gene loss or 123 pseudogenization, as has been reported in other avian lineages for TLR5 [START_REF] Velová | Toll-Like Receptor Evolution in Birds: 1061 Gene Duplication, Pseudogenization, and Diversifying Selection[END_REF] or in 124 African penguins for TLR7 (Dalton, et al. 2016a 2 and Supplementary Table S1)
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137 as obtained in DnaSP 6.12.10 [START_REF] Rozas | DnaSP 6: DNA Sequence Polymorphism Analysis of Large Data Sets[END_REF]. Differentiation between colonies at this locus was 138 significant and in line with previous data for this species (see Supplementary S7 for amino acid distance metrics). One site in TLR4 (12) has previously 262 been found to be under positive selection in birds [START_REF] Velová | Toll-Like Receptor Evolution in Birds: 1061 Gene Duplication, Pseudogenization, and Diversifying Selection[END_REF], while the remaining two (236 263 and 659) are novel selected sites in penguins (Supplementary Table S8).

264

For TLR5, there were 13 amino acid variants, of which nine were predicted to have undergone 265 positive selection at posterior probability of >0.90 in both M2a and M8 (Supplementary Table S6D-266 F). Of these, four were located in the extracellular domain (10, 285, 442 and 535), one was in the 267 transmembrane domain (667), and four were located in the TIR (intracellular) domain (698, 747, 788 268 and 845; Figure 6). Two sites (442 and 698) have previously been reported as being positively 269 selected in other birds [START_REF] Grueber | Episodic Positive Selection in the Evolution of Avian 910 Toll-Like Receptor Innate Immunity Genes[END_REF][START_REF] Velová | Toll-Like Receptor Evolution in Birds: 1061 Gene Duplication, Pseudogenization, and Diversifying Selection[END_REF], while the remaining seven sites are 270 novel selected sites in penguins. Interestingly, one site in the TLR5 extracellular domain (285) is 271 adjacent to two residues known to be important for flagellin binding in Interface B [START_REF] Yoon | Structural 1095 basis of TLR5-flagellin recognition and signaling[END_REF]272 Song, et al. 2017), and so could be important for ligand preference (Supplementary Table S8;

273 Supplementary Figure S2). Four positively selected sites in TLR5 were non-conservative changes

P D F P r o o f : M o l . B i o l . E v o l .
274 (10C/Y, 442A/V, 667S/F and 788S/C). It is interesting to note that the non-conservative TLR5 667F/S 275 polymorphism is located in the transmembrane domain, a region that is typically constrained by the 276 physiochemical requirement to embed in the cell membrane. Furthermore, the homology-based 277 methods of amino acid substitution consequence prediction SIFT [START_REF] Ng | SIFT: Predicting amino acid changes that affect protein function[END_REF] and 278

PolyPhen-2 [START_REF] Adzhubei | Predicting functional effect of human missense mutations 771 using PolyPhen-2[END_REF] both predict the S667F change to be of high functional 279 consequence (SIFT score = 0.01; PolyPhen-2 score = 0.998; Supplementary Table S9).

280

Transmembrane integrity is predicted to remain intact, despite the non-conservative polymorphism, 281 and the Phobius tool [START_REF] Käll | A Combined Transmembrane Topology and Signal 932 Peptide Prediction Method[END_REF] 

291

Since extracellular domain polymorphisms in TLRs are likely to give rise to preferences in ligand 292 type [START_REF] Faber | Functional expression of TLR5 of 871 different vertebrate species and diversification in intestinal pathogen recognition[END_REF], we focused on TMD/TIR domain polymorphisms that are likely to give rise 293 to differential signalling in response to the same agonist. Given that five TLR5 polymorphisms were 294 located in the TMD/TIR domain, we tested the two polymorphisms with the highest posterior 295 probability of selection from the PAML analysis -residues 667 (TMD) and 845 (TIR).

296

Polymorphisms at these positions segregate well with geographical location: birds from Crozet and 297 Marion were all homozygous for the 667S/845I haplotype, while 87.3% (n = 71) of birds from 298 colonies South of the Polar Front were homozygous for the derived haplotype, 667F/845V (Figure 7).

299

In the Kerguelen Islands, the ancestral 667S/845I haplotype predominated, but variants at both 300 positions were present at lower frequencies. South American/Falklands/Malvinas colonies were the 301 most diverse at the positions of interest, where 46.7% (n = 14) of birds were heterozygous at one or 302 both of the sites. Overall, however, polymorphisms at these loci tended to co-segregate: 72.4% (n = 303 110) of birds were homozygote for either the ancestral (667S/845I) or derived (667F/845V) 304 haplotypes.

305

Given the strong tendency for the alleles at these positions to co-segregate at the extremes of the range 306 of P. papua, and the fact that these were the TIR/TMD polymorphisms with the highest likelihood of 307 positive selection, the functional consequences of altering both residues together were investigated.

308

FLAG-tagged constructs of both of the TLR5 TIR/TMD variants with the same LRR domain were 

335

Most studies of TLR genetic diversity in wild populations have investigated small, bottlenecked, 336 and/or endangered avian populations [START_REF] Grueber | Variation at Innate Immunity Toll-Like 915 Receptor Genes in a Bottlenecked Population of a New Zealand Robin[END_REF][START_REF] Grueber | Genetic drift outweighs natural selection at toll-like 912 receptor (TLR) immunity loci in a re-introduced population of a threatened species[END_REF]Hartmann, et al. 337 2014;[START_REF] González-Quevedo | Drift, not selection, shapes 901 toll-like receptor variation among oceanic island populations[END_REF]Dalton, et al. 2016a;Dalton, et al. 2016b S10).

348

To provide an internal reference for TLR diversity, we sequenced the mitochondrial hypervariable 349 region (HVR1) as a neutral marker in the same individuals. In line with previous studies, we found 350 evidence of at least four deeply divergent clades in P. papua based on HVR1 sequence (Vianna, et [START_REF] Świderská | 1041 Avian Toll-like receptor allelic diversity far exceeds human polymorphism: an insight from domestic 1042 chicken breeds[END_REF][START_REF] Velová | Toll-Like Receptor Evolution in Birds: 1061 Gene Duplication, Pseudogenization, and Diversifying Selection[END_REF]. In contrast, TIR domains interact with adapter 388 proteins such as MyD88 (myeloid differentiation primary-response protein 88) which are shared 389 between several TLRs, although a MyD88-independent pathway also facilitates TLR3 and TLR4 390 signalling [START_REF] Akira | Toll-like receptor signalling[END_REF]. Unsurprisingly, TIR domains were found to be much more 391 highly conserved than their corresponding extracellular domains in a study of 366 vertebrate TLRs 392 from 96 species with the exception of TLR10 [START_REF] Mikami | Molecular evolution of 977 vertebrate Toll-like receptors: Evolutionary rate difference between their leucine-rich repeats and their 978 TIR domains[END_REF]. Within species, the same trend is different bacterial species [START_REF] Nahori | Differential TLR recognition of leptospiral lipid A and lipopolysaccharide in muine 990 and human cells[END_REF][START_REF] Faber | Functional expression of TLR5 of 871 different vertebrate species and diversification in intestinal pathogen recognition[END_REF]. However, very limited data are 422 available regarding which pathogens are present in the environments of each of the Gentoo clades, 423 and therefore elucidation of any differences in ligand preference will require further study. We did, 424 identify one positively selected site in TLR5 ( 285) that is adjacent to two important resides for 425 flagellin binding in Interface B [START_REF] Yoon | Structural 1095 basis of TLR5-flagellin recognition and signaling[END_REF][START_REF] Song | A conserved TLR5 binding and activation 1034 hot spot on flagellin[END_REF]. This site would be a good 426 candidate for functional investigation of changes in flagellin ligand preferences, but this would be 427 difficult in the absence of known flagellin variants in candidate P. papua pathogens. Instead, we 428 chose to investigate TIR and transmembrane domain polymorphisms for functional consequences 429 because these can yield signalling intensity differences in response to the same agonist (Faber, et al. 430 2018). Given that the TIR domain of TLR4 did not show any non-synonymous polymorphisms, we 431 focused on the TLR5 TIR/transmembrane domain, and in particular the two residues with the 432 strongest signature of positive selection (667 and 845). Site 667 was likely to be of significant 464 Spatial heterogeneity in the profile of pathogens that afflict Gentoo penguins would be a key driver 465 for the patterns of selection identified in the TLR variants. Latitudinal species diversity gradients have 466 been described for pathogens (and their hosts) [START_REF] Rohde | Latitudinal differences in species and community richness and in 1019 community structure of metazoan endo-and ectoparasites of marine teleost fish[END_REF]Guégan, et al. 2008, Dionne, 467 et al. 2007), which might suggest fewer pathogens in Antarctic species. However, a diverse range of 468 pathogens are found in these environments (discussed below). Moreover, within the Gentoo range 469 there are diverse biotic and abiotic characters that exhibit spatial variation [START_REF] Trathan | Environmental forcing and Southern Ocean marine predator 1048 populations: effects of climate change and variability[END_REF], 470 Barbosa, et al. 2009[START_REF] Barbosa | Pollution and physiological variability in gentoo penguins at two rookeries 789 with different levels of human visitation[END_REF], Lamont, et al. 2018;[START_REF] Chown | The changing form of 823 Antarctic biodiversity[END_REF]) and these factors 471 will affect the transmission of pathogens. Indeed, the regionalized selection of TLR alleles in different 472 sectors of the Gentoo range support the premise that different challenges are more prevalent or 473 pathogenic in different populations.

474

The dense colonial conditions and ubiquitous guano (faeces) that characterise Gentoo penguin 475 habitats provide ideal conditions for the transmission of a wide range of pathogens transmitted by 476 direct contact or faeces. Furthermore, penguins as a group are known to be highly susceptible to a 477 variety of infectious diseases, including, avian cholera [START_REF] Jaeger | Avian cholera outbreaks threaten seabird species on Amsterdam 930 Island[END_REF], avian pox (Kane, et al. 478 2012), avian malaria [START_REF] Fix | Plasmodium relictum as a cause of avian 875 malaria in wild-caught magellanic penguins (Spheniscus magellanicus)[END_REF][START_REF] Grilo | Malaria in penguins -current perceptions[END_REF]) and aspergillosis [START_REF] Flach | Aspergillosis in Gentoo penguins (Pygoscelis papua) 878 at Edinburgh Zoo, 1964 to 1988[END_REF]. A 479 number of infection associated mass mortality events have been documented in both wild and captive 480 penguin populations [START_REF] Grimaldi | Infectious diseases of 908 Antarctic penguins: current status and future threats[END_REF]. However, little is known about the pathogens that exist in 481 sub-Antarctic and Antarctic regions, their prevalence, or their fitness costs on penguin populations.

482

Limited data are available on the prevalence of diseases in penguin populations (Clarke and Kerry 483 2000; [START_REF] Barbosa | Health of Antarctic birds: a review of their parasites, pathogens and 791 diseases[END_REF][START_REF] Woods | Health of 1087 Antarctic wildlife: a challenge for science and policy[END_REF][START_REF] Grimaldi | Infectious diseases of 908 Antarctic penguins: current status and future threats[END_REF], and most studies rely 484 upon short notes, observations, and case reports closely tied to obvious signs of disease and mass [START_REF] Zdanowski | Bacterial 1102 diversity in Adelie penguin, Pygoscelis adeliae, guano: molecular and morpho-physiological 1103 approaches[END_REF][START_REF] Dewar | Interspecific variations in 855 the gastrointestinal microbiota in penguins[END_REF][START_REF] Fan | Diversity and structure of bacterial 873 communities in Fildes Peninsula, King George Island[END_REF][START_REF] Ma | Ex-situ enzyme activity and bacterial 970 community diversity through soil depth profiles in penguin and seal colonies on Vestfold Hills, East 971 Antarctica[END_REF]Dewar, et al. 489 2014).

490

The presence of Gram-negative bacteria exhibiting both lipopolysaccharides and flagella, including 491 Campylobacter, Escherichia, Salmonella and others, has been demonstrated in Gentoo penguin 492 colonies [START_REF] Dimitrov | Salmonella presence -an indicator of direct and indirect 859 human impact on Gentoo in Antarctica[END_REF][START_REF] Bonnedahl | Antibiotic Resistance in Enterobacteriaceae Isolated from Wild Birds[END_REF][START_REF] Barbosa | Pollution and physiological variability in gentoo penguins at two rookeries 789 with different levels of human visitation[END_REF][START_REF] González-Acuna | Health evaluation of wild gentoo penguins (Pygoscelis 897 papua) in the Antarctic Peninsula[END_REF]493 García-Peña, et al. 2017) [START_REF] Morgan | Studies of viruses in penguins in the Vestfold Hills[END_REF]Wallensten, et al. 500 2006;[START_REF] Neira | Novel Avulaviruses in Penguins, Antarctica[END_REF][START_REF] Olivares | Novel penguin Avian avulaviruses 17, 18 and 19 are widely distributed in the 1000 Antarctic Peninsula[END_REF][START_REF] Wille | Antarctic Penguins as Reservoirs of Diversity for Avian Avulaviruses[END_REF], the fitness consequences of viral 501 infection on penguin populations are unknown. We know of only one case report from Signy Island 502 where evidence of a puffinosis outbreak (normally caused by Coronavirus) was described in Gentoo 503 penguin chicks [START_REF] Donald | Virus disease resembling puffinosis in the gentoo penguin 973 (Pygoscelis papua) on signy island south orkney islands[END_REF]. The viral drivers behind the strong purifying 504 selection we observed in TLR7 are unknown, but it could be that the ssRNA viruses that affect Gentoo 505 penguins are less diverse across the species range than flagellated Gram-negative bacteria.

506 Sympatric interactions with a diversity of migratory flying birds and their parasites may be important 507 contributors to pathogen diversity in Gentoo penguin colonies. Birds such as albatrosses, petrels, 508 shearwaters, sheathbills, shags, gulls, terns, and skuas are often observed in close proximity to Gentoo 509 penguin colonies and there are 46 species recognised in Antarctica alone [START_REF] Lepage | Avibase -a database system for managing and organizing 954 taxonomic concepts[END_REF]). There 510 is some evidence that ectoparasites and blood parasites are transmitted between co-occurring bird 511 species [START_REF] Barbosa | Seabird ticks (Ixodes uriae) distribution along the Antarctic Peninsula[END_REF][START_REF] Levin | Multiple Lineages of Avian Malaria Parasites (Plasmodium) 959 in the Galapagos Islands and Evidence for Arrival via Migratory Birds[END_REF] 520 endotoxin resistance in certain strains of mice [START_REF] Qureshi | Endotoxin-1011 tolerant mice have mutations in toll-like receptor 4 (Tlr4)[END_REF] [START_REF] Crawford | Population and breeding of the gentoo penguin Pygoscelis papua 835 at Marion Island, 1994/95-2002/03[END_REF][START_REF] Lescroel | Recent decrease in gentoo penguin populations at Iles Kerguelen[END_REF][START_REF] Crawford | Recent 840 trends in numbers of four species of penguins at the Prince Edward Islands[END_REF][START_REF] Crawford | Congruent, decreasing trends of gentoo 837 penguins and Crozet shags at sub-Antarctic Marion Island suggest food limitation through common 838 environmental forcing[END_REF] S11). To take blood, penguins were held with the flippers restrained and the 557 head placed under the arm of the handler, or they were wrapped in cushioned material covering the 558 head and preventing movement, to minimize stress during handling [START_REF] Lemaho | 951 Stress in birds due to routine handling and a technique to avoid it[END_REF]. A second 559 handler took up to 1 mL blood from the brachial, intertarsal or jugular vein using a 25G or 23G needle 560 and 1 mL syringe or capillary, after cleaning the area with an alcohol swab. Total restraint time was 561 generally two to three minutes. The animal was then released at the edge of the colony and observed 562 to ensure it returned to its normal behavior. Blood was stored in 95% ethanol or Queen's Lysis Buffer 563 at -20 °C for transport at room temperature and subsequent storage at -20 °C upon arrival. All blood 564 samples were imported under the appropriate animal by-product import licenses.

565

Sampling was conducted under permits from each site's territorial government or governing agency.

566

These permits for animal handling were issued following independent institutional ethical review of 567 the sampling protocols, in accordance with Scientific Committee for Antarctic Research (SCAR) 568 guidelines.

569

DNA extraction

570

DNA for samples from MO, CB, BI, COP, and JP was extracted from blood samples using QIAGEN 571 DNeasy Blood and Tissue kits. The digestion step was modified to include 40 μL proteinase K and 572 extended to 3 hours for blood samples. Details of the modifications made to the protocols for tissue 573 samples are available in [START_REF] Younger | Proliferation of East Antarctic 1097 Adelie penguins in response to historical deglaciation[END_REF][START_REF] Younger | Too much of a good thing: sea ice extent may have forced emperor penguins into refugia during the 1100 last glacial maximum[END_REF]. All these 574 samples were treated with 1 μL Riboshredder (Epicentre) to reduce RNA contamination and DNA 575 was visualized on a 1% agarose gel to confirm high molecular weight DNA was present. DNA 576 concentration and purity was measured on a Qubit and Nanodrop (Thermofisher Scientific), 577 respectively. These samples are stored at the University of Oxford for future analysis. DNA from all 578 other sampling sites was isolated using a modified salt protocol [START_REF] Aljanabi | Universal and rapid salt-extraction of high quality genomic DNA for 778 PCR-based techniques[END_REF] Haplotypes were inferred for each of the diploid TLR loci using the PHASE algorithm (Stephens, et 645 al. 2001) implemented in DnaSP 6.12.10 [START_REF] Rozas | DnaSP 6: DNA Sequence Polymorphism Analysis of Large Data Sets[END_REF] with 10,000 iterations and 1,000 burn-in 646 iterations. Phased haplotype data was used as input to determine standard genetic diversity measures 647 of each population, including number of polymorphic sites, haplotypes, haplotype diversity, and 648 nucleotide diversity, using DnaSP 6.12.10 and Arlequin v3.5.1.3 [START_REF] Excoffier | Arlequin suite ver 3.5: a new series of programs to perform 866 population genetics analyses under Linux and Windows[END_REF].

649

Minimum spanning haplotype networks were constructed and visualized using PopART 1.7 (Bandelt, 650 et al. 1999;[START_REF] Leigh | POPART: full-feature software for haplotype network construction[END_REF] for each locus. DnaSP was also used to identify synonymous and 651 non-synonymous polymorphic sites and frequencies. Arlequin was used to calculate Tajima's D 652 [START_REF] Tajima | Statistical method for testing the neutral mutation hypothesis by DNA polymorphism[END_REF], and Fu's Fs [START_REF] Fu | Statistical tests of neutrality of mutations against population growth, hitchhiking and 882 background selection[END_REF]). FSTAT v.2.9.3 (Goudet 1995) [START_REF] Weir | Estimating F-Statistics for the Analysis of Population Structure[END_REF], and pairwise Φ ST s for the TLR and 665 mtDNA sequences [START_REF] Excoffier | Analysis of molecular variance inferred from metric 868 distances among DNA haplotypes -application to human mitochondrial-DNA restriction data[END_REF]. FindModel [START_REF] Posada | MODELTEST: testing the model of DNA substitution[END_REF] was used to find 666 the best fit substitution model for use in Arlequin. Φ ST calculations for the TLR loci were obtained 667 using the Tamura and Nei substitution model [START_REF] Tamura | Estimation of the number of nucleotide substitutions in the control region of 1046 mitochondrial DNA in humans and chimpanzees[END_REF], while mtDNA Φ ST analysis was 668 carried out using the Kimura 2-Parameter model [START_REF] Kimura | A simple method for estimating evolutionary rates of base substitutions through 938 comparative studies of nucleotide sequences[END_REF]) with a gamma of 0.27. Analysis of 669 molecular variance (AMOVA) was used to compute hierarchical F-statistics, with 10,000 670 permutations, to evaluate likely patterns of genetic structure, seeking to identify the population 671 grouping that maximized the among-group variation (F CT ) and minimized the variation among 672 colonies within groups (F SC ) [START_REF] Excoffier | Analysis of molecular variance inferred from metric 868 distances among DNA haplotypes -application to human mitochondrial-DNA restriction data[END_REF]. Significance of overall and pairwise genetic 673 distances were computed using 1,000,000 permutations. We used the SGoF+ method (Carvajal- Phylogenetic inference was carried out on phased sequence data for each TLR locus using RAxML-700 NG using a GTR substitution matrix [START_REF] Kozlov | RAxML-NG: A fast, scalable, and 947 user-friendly tool for maximum likelihood phylogenetic inference[END_REF]). To detect selection, maximum likelihood 701 analysis of ratios of non-synonymous to synonymous nucleotide substitutions (dN/dS; ω) was 702 performed with the codeml package of programs in PAML v. 4.9 [START_REF] Yang | PAML: a program package for phylogenetic analysis by maximum likelihood[END_REF]Yang 2007). Various 703 models were fitted to the multiple alignments: M1a (neutral model; two site classes: 0 < ω 0 < 1 and ω 1 704 = 1); M2a (positive selection; three site classes: 0 < ω 0 < 1, ω 1 = 1 and ω 2 > 1); M7 (neutral model; 705 values of ω fit to a beta distribution where ω > 1 disallowed); M8 (positive selection; similar to M7 706 but with an additional codon class of ω > 1); M8a (neutral model; similar to M8 but with a fixed 707 codon class at ω = 1). Likelihood ratio tests were performed on pairs of models to assess whether 708 models allowing positively selected codons gave a significantly better fit to the data than neutral 709 models (model comparisons were M1a vs. M2a, M7 vs. M8, and M8a vs. M8). In situations where the 710 null hypothesis of neutral codon evolution could be rejected (p < 0.05), the posterior probability of 711 codons under selection in M2a and M8 were inferred using the Bayes Empirical Bayes algorithm 712 [START_REF] Yang | Bayes empirical Bayes inference of amino acid sites under 1093 positive selection[END_REF].

713

In Silico Prediction of Polymorphism Functional Consequences 714 Physiochemical distances between amino acid variants were assessed using distance matrices 715 provided by several authors [START_REF] Sneath | Relations between chemical structure and biological activity in peptides[END_REF][START_REF] Epstein | Non-randomness of ammo-acid changes in the evolution of homologous proteins[END_REF][START_REF] Grantham | Amino acid difference formula to help explain protein evolution[END_REF][START_REF] Miyata | Two types of amino acid substitution in protein evolution[END_REF]Urbina, et 716 al. 2006; Supplementary Table S7). Predicted functional consequences of amino acid substitutions 717 were assessed using the homology-based tools SIFT [START_REF] Ng | SIFT: Predicting amino acid changes that affect protein function[END_REF] and PolyPhen-2 718 [START_REF] Adzhubei | Predicting functional effect of human missense mutations 771 using PolyPhen-2[END_REF], using online servers (https://sift.bii.a-star.edu.sg/ and 719 http://genetics.bwh.harvard.edu/pph2/; both accessed December 2019). Transmembrane domain 720 positions were predicted using Phobius [START_REF] Käll | A Combined Transmembrane Topology and Signal 932 Peptide Prediction Method[END_REF] 

  year-round scientific research stations in Sub-Antarctic and Antarctic colonies, and an 88 increasing presence of Antarctic tourism. Differences in sympatric interactions with other species 89 across the range of the Gentoo is likely to result in different pathogen challenges and therefore 90 different selective pressures.

  predicts the transmembrane domain is unchanged by the 282 polymorphism. While the vast majority (57/64, 89% of available sequences) of avian TLR5 have a 283 serine in this position in the transmembrane domain, only one other bird -the Northern Fulmar 284 (Fulmarus glacialis) -has a phenylalanine in this position (Supplementary Figure S3), indicating 285 there likely to have been a functional consequence to the S667F change in the Gentoo penguin. 286 Functional Analysis of Selected TLR5 Residues 287 While in silico methods can be useful indicators of protein residues under selection, functional study 288 is the only means to isolate the selected phenotype and its relevance. In order to assess whether key 289 selected sites identified in the positive selection analyses have functional consequences, we developed 290 an in vitro assay using transient expression of TLRs in a reporter cell line.

  309transiently expressed in TLR5 -/-HEK-Blue™ Null1 NF-κB reporter cells and protein expression levels 310 were normalised using an anti-FLAG ELISA. Cells expressing either constructs were then treated 311 with Salmonella enterica serovar Typhimurium-derived flagellin, or PBS control, and the NF-κB 312 response was measured. Cells expressing either construct responded to flagellin, demonstrating that 313 the P. papua TIR domain interacts efficiently with human adapter molecules. Interestingly, there was 314 a marked enhancement (~1.5 fold, p = 0.04) of the flagellin response in the variant that was 315 predominantly found in the Southern Gentoo compared to the variant found in the Indian Ocean 316 clades, suggesting that the derived haplotype 667F/845V has enhanced signalling capability compared 317 to the ancestral genotype 667S/845I (Figure7). These data provide further evidence that P. papua 318 TLR5 has undergone positive selection for different immune capabilities during the expansion of the 319 species below the Polar Front towards the Antarctic Peninsula. 320 Discussion 321 All vertebrates are subject to challenge by a plethora of pathogens that can exert strong selective 322 pressures on host populations. The innate immune system, and in particular the Toll-like receptors, is 323 responsible for both recognizing, and responding to, a pathogen threat by inducing inflammation and 324 priming the adaptive immune response. To investigate TLR adaptation in Gentoo penguins, we 325 sequenced the entire coding regions of TLR4, TLR5 and TLR7, which recognize products from 326 bacterial and viral pathogens. Multiple individuals were sequenced from colonies at the extremes of 327 the species' range (~8000 km between the most distant colonies), providing an extensive geospatial 328 component to our analysis. We found spatially-associated patterns of diversity in the TLRs, although 329 greater diversity was observed in TLR4 and TLR5 compared to TLR7. Furthermore, clear evidence of 330 positive selection in both TLR4 and TLR5 was identified, which was further reinforced by the 331 demonstration that two of the TLR5 TMD/TIR domain polymorphisms are sufficient to alter the 332 magnitude of responsiveness to flagellin. To our knowledge, no other TLR study outside of humans 333 has supported predictions of positive selection with confirmation of functional polymorphism. 334 Patterns of Diversification and Selection

  393evident: in a study of TLR3, 4, 5 and 7 diversity across domestic chicken breeds, only three of the 46 394 non-synonymous polymorphisms (two in chTLR3 and one in chTLR7) were located in the TIR domain 395(Świderská, et al. 2018).396In line with previous evidence for the asymmetric distribution of polymorphisms in TLR domains, we 397 identified an excess of polymorphisms in the LRR domain compared to the TIR domain in two of the 398 three TLRs studied (TLR4: 8 LRR vs. 0 TIR; TLR7: 6 LRR vs. 0 TIR). Interestingly, P. papua TLR5 399 contained a greater number of TIR domain polymorphisms than would be expected from other species 400 (11 LRR vs. 7 TIR), particularly given the LRR is over three-times the length of the TIR domain. Of 401 the seven TLR5 TIR domain polymorphisms, five were non-synonymous substitutions, suggesting that 402 the TIR domain of TLR5 has been under selection to modulate signalling intensity. 403 Somewhat surprisingly, we also identified non-synonymous polymorphic sites in the transmembrane 404 domains of both TLR4 (659 Ala/Thr) and TLR5 (667 Ser/Phe). The transmembrane domain is an 405 uncommon location for TLR polymorphisms, presumably because the region is highly constrained by 406 chemical and functional requirements. As such, the effects of polymorphisms in this region are often 407 large. For instance, the human TLR1 602S variant is associated with disrupted cell surface localization 408 of the receptor but is protective against pathology associated with leprosy. It is also noteworthy that 409 the Gentoo penguin TLR5 transmembrane polymorphic site (667) identified in this study is highly 410 conserved elsewhere in avian phylogeny. Of the other birds with published TLR5 sequences, 411 displayed in the alignment (Supplementary Figure S3), 57 (89%) have a serine (ancestral P. papua 412 genotype) at this position in the transmembrane domain, and only one other bird -the Northern 413 Fulmar (Fulmarus glacialis) -has a phenylalanine residue (derived P. papua genotype). The high 414 conservation of serine at this position in the protein points to a widespread pressure for maintenance number of positively selected codons in both TLR4 and TLR5, making both of these 419 receptors candidates for further functional investigation. Polymorphisms in TLR LRR domains have 420 the potential to yield preferences for subtly different microbial ligands, such as LPS or flagellins from 421
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		), with four
	139	clearly differentiated clades obtained through population-level analyses in Arlequin v3.5.1.3
	140	(Excoffier and Lischer 2010): (1) a southern clade consisting of colonies South of the Polar Front in
	141	South Georgia, the South Orkneys, the South Shetlands, and Western Antarctic Peninsula; (2) a South
	142	American/Falklands/Malvinas clade, (3) a Kerguelen clade and (4) a North Indian Ocean clade
	143	(Marion and Crozet Islands).
	144	Our BEAST 2 phylogenetic analysis of HVR1 showed support for a division within the Gentoo
	145	penguin complex occurring approximately 3.36 Mya (1.72-4.88 Mya), when the North Indian Ocean
	146	clade diverges from all others. The Kerguelen lineage diverges from the Atlantic lineages 2.36 Mya
	147	(1.14-3.51 Mya), and the populations North and South of the Polar Front within the Atlantic Ocean
	148	appear to diverge 1.19 Mya (0.51-1.75 Mya; Figure 3). Within each clade, no clear site-specific
	149	mtDNA structure was noted.

150 TLR4

151 For TLR4, 13 polymorphic sites were identified, with a total of 21 distinct phased haplotypes coding 152 for 9 unique protein variants (Supplementary

Table S1

 S1 

	165 166 167 168 175 176 177 178 179 180 181 182	one haplotype, also present in the Indian Ocean in lower frequencies, dominated across all the colonies (Figure 4). The central sites in the Scotia Arc (COP/SP on King George Island, Signy Island, and BO on the northern end of the Western Antarctic Peninsula) exhibited greater diversity than other o o f : M o l . B i o l . E v o l . differences among groups was 24.01% (FCT = 0.24, p = 0.003) when colonies were placed into four groups, coinciding with the four mtDNA clades: (1) Marion/Crozet archipelagos; (2) Kerguelen Is.; (3) Falkland/Malvinas and Tierra del Fuego; and (4) south of the Polar Front in the Scotia Arc and Antarctic Peninsula. However, FCT increased to 28.19% (p = 0.007) when Bird Island was grouped separately from other Southern Gentoo penguin colonies, a pattern also suggested in genomic-level Atlantic sites and contained private alleles. Molecular Biology and Evolution analyses (Clucas, et al. 2018). P TLR5 D TLR5 was the most diverse TLR locus analysed. Twenty polymorphic sites were identified, with a F r P total of 46 distinct phased haplotypes coding for 32 unique protein variants (Supplementary

). Indian Ocean colonies (CR, MAR, COU, 153 and MO) presented the highest levels of haplotype diversity (H d = 0.66-0.90), while the South 154 American colony in Tierra del Fuego (MT) and the Falkland/Malvinas Islands (CB and BR) had very 155 low diversity (H d = 0.00-0.05; Figure 2). Among Gentoo penguin colonies south of the Polar Front, 156 diversity was highest in the central colonies of SIG, COP, SP, and BO (H d = 0.51-0.63), decreasing 157 sharply in BI in South Georgia (H d = 0.00), as well as southward down the Western Antarctic 158 Peninsula (GGV and JP; H d = 0.08-0.26). 159 Comparing pairwise genetic distances (FST and ΦST) for in Arlequin TLR4 (Figure 5 and 160 Supplementary Table S2A), the Indian Ocean populations of Crozet and Marion differed 161 significantly (FST > 0.3, p < 0.01) or near-significantly (corrected p ~ 0.01) from all other colonies in 162 the Atlantic. Crozet and Marion did not differ significantly from each other (FST = 0.001, p = 0.40), 163 while some haplotypes were shared between CR/MAR and the Kerguelen Island colonies of COU and 164 MO, yielding some non-significant pairings among the four Indian Ocean colonies. In the Atlantic, The overall pattern of significance for FST and ΦST 169 comparisons can be seen in Figure 5. Not surprisingly, colonies within the same island group that are 170 in close proximity to each other (COU/MO, CB/BR, COP/SP) did not differ significantly, despite 171 variations in sample sizes. Page 6 of 33 ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support: (434) 964-4100

Table 183 S1

 183 

	et

). Five Gentoo penguin colonies north of the Polar Front (COU/MO in Kerguelen, CB/BR in 184 Falklands/Malvinas and MT in Tierra del Fuego) exhibited the highest diversity measures (6-17 185 haplotypes, H d = 0.77-0.92, Figure 2), despite differences in sample size. This is unexpected given 186 that Martillo Island is the smallest known population of this species (N c = 12 breeding pairs, Ghys,

Figure 5 and Supplementary Table S2B). Within

  

	239	Non-synonymous sites observed and analysed are graphically depicted in their relative positions on
	240	the proteins in Figure 6.
	241	As expected, the majority of codons (TLR4, 98.8%; TLR5, 98.4%) were predicted to be under
	242	purifying selection with the ratio of non-synonymous to synonymous substitutions (dN/dS) being < 1.
	243	Interestingly, 1.2% (TLR4) or 1.6% (TLR5) of codons in the alignment were found to be positively
	244	selected using M2a, and similar frequencies, 1.2% (TLR4) or 1.7% (TLR5), were found using M8. For
	245	TLR7, 99.9% of sites were found to be under purifying selection, while the remaining 0.1% were
	246 247 248 249	P D F predicted to be under neutral selection. We investigated whether models that permit positive selection P were a significantly better fit to the multiple alignments than models where dN/dS ≯ 1 by performing D likelihood ratio tests between pairs of models. For TLR4 and TLR5, all model comparisons (M1a vs. F M2a, M7 vs. M8, and M8a vs. M8) significantly favoured the positive selection model compared to
	250 251	P r the neutral model (TLR4, p  0.017; TLR5, p  7.210 -23 for all comparisons), indicating that P. papua P r TLR4 and TLR5 have likely undergone positive selection. In contrast, for TLR7, the data were not a
	252 253	o o significantly better fit to the positive selection model compared to the neutral model (p = 1) so the null o o hypothesis of codons being negatively-and neutrally-selected was not rejected.
	254	f : f : For TLR4 and TLR5, we then used the Bayes Empirical Bayes (BEB) algorithm to infer the posterior
	255 256 257	M o probability that a particular codon has experienced positive selection. For TLR4, three codons were M predicted to have undergone positive selection at posterior probability of >0.90 under model M2a o (Supplementary Tables S6A-C). All but one of the TLR4 polymorphic residues (12, 82, 236, 316
	258	l . l . and 445) were located in the extracellular (LRR) domain, of which two were positively selected (12
	259 260 261	B i o l and 236). The final positively selected site (659) was located in the transmembrane domain (Figure B 6). Of the three selected sites, one (12V/A) is a relatively non-conservative change (see i l o Supplementary Table
		. .
		E E
	198	three of the four clades mentioned above, there were no significant differences (CR/MAR, COU/MO, and v o v o
	199	CB/BR/MT). The only significantly differentiated within-clade pairs lay in Gentoo penguin colonies l . l .
	200	south of the Polar Front, where Jougla Point differed significantly from COP (highest diversity among
	201	Southern Gentoo penguins) and BI (at the opposite geographic edge of this clade's range). All other
	202	colonies differed significantly from all colonies outside their clade (FST range 0.1-0.88, p < 0.01), with
	203	CR/COU being near-significant (FST = 0.13, p = 0.02). This was reflected in AMOVA results, where a
	204	four-clade grouping presented a proportion of variation resulting from differences among groups of
	205	32.70% (FCT = 0.327, p < 0.0001), and isolating Jougla Point increased the FCT to 56.56% (p <
	206	0.0001).

  The diversity of TLR7 (compared with TLR4 and/or TLR5) was relatively low in Gentoo 347 penguins, domestic chicken breeds and grey partridges (Supplementary Table

		Molecular Biology and Evolution
	344	TLR4 whereas with domestic chicken breeds (n=110, 25 breeds; Świderská, et al. 2018) and grey
	345	partridge (n=10; Vinkler, et al. 2015) TLR4 was more diverse than TLR5 (Supplementary Table
	346	S10).
		P D F
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		). In these populations,
	338	drift, rather than selection, is suspected to have been the main driver of sampled diversity due to
	339	recent bottlenecks or pronounced founder effects. Several studies have documented TLR diversity in
	340	domesticated animals such as pigs (Darfour-Oduro, et al. 2016), cows (Novak, et al. 2019), and
	341	

chickens

(Świderská, et al. 2018)

, but large-scale studies on whole-gene TLR variation in a wild 342 population are lacking. Although study design can dramatically affect the diversity detected in 343 different studies it is noteworthy that with Gentoo penguins TLR5 exhibited higher diversity than Page 11 of 33 ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support: (434) 964-4100

  . It could be that the exposure to 521 (or diversity of) pathogens is decreased for the Southern Gentoo penguin clade compared to other 522 clades of Gentoo penguins, and thus individuals can tolerate enhanced signalling to a prevailing 523 infection. Alternatively, the enhanced signalling could be a manifestation of the Southern Gentoo

	524	penguin adapting to a particular pathogen that is present in the West Antarctic Peninsula and absent
	525	elsewhere. The finding of adaptive changes in the Gentoo penguin immune system necessitates a
	526	much better understanding of the pathogen threats faced by Gentoo penguins in order for their
	527	significance to be realized.
	528	Concluding remarks
	529	This wide-ranging immunogenetic study of Toll-like receptors in wild Gentoo penguins reveals
	530	differential selection and adaptation to local pathogen pressure. While the drivers behind the observed
	531	patterns of diversity and selection remain unclear in the context of currently available data, it is clear
	532	that the Gentoo penguin has undergone adaptation to local pathogen assemblages across its range.
	533	Infectious disease threats to penguins are likely to become ever more severe in the coming decades
	534	given the rapidly changing polar climate (Mayewski 2012; Lynch, et al. 2012). There is also evidence
	535	of reverse zoonosis of enteric bacteria being transmitted from humans to sea bird species in Antarctica
	536	(Cerda-Cuellar, et al. 2019), which could further increase transmission, especially in light of
	537	increasing tourist and scientific research program presence in Antarctica. Although the Gentoo
	538	penguin is not currently one of the 13 out of 18 penguin species with a conservation state of
	539	threatened or near-threatened, certain sub-Antarctic populations have experienced sharp declines
	540	

  also show evidence of admixture within island groups and adjacent coastlines(Levy, 658 et al. 2016 and[START_REF] Vianna | Marked phylogeographic structure of Gentoo penguin reveals an ongoing 1065 diversification process along the Southern Ocean[END_REF]. For this reason, the census population sizes selected for the 659 analysis were numbers of breeding pairs from the most recent available surveys of each archipelago or 660 region (in the case of the South Shetland Islands and Western Antarctic Peninsula). The N c size and 661 source survey reference is available in Supplementary TableS3. Spearman's rank correlations and p
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	657 philopatric, but 662 values were calculated for each diversity-size comparison.
	663	For population differentiation comparisons, Arlequin was used to calculate pairwise F ST distances
	664	F D P based on haplotype frequencies
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		was used to calculate allelic
	653	richness, taking into account differences in sample size.
		ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support: (434) 964-4100

654

Because TLR nucleotide diversity has been observed to have a correlation to population size in some 655 island bird populations

[START_REF] Gilroy | Toll-like receptor variation in the 894 bottlenecked population of the endangered Seychelles warbler[END_REF]

, we evaluated the relationship between Gentoo penguin 656 census population sizes (N c ) and haplotype diversity (H d ) at each locus. Gentoo penguins are
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