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Abstract
Individuals vary in their immune genotype, inbreeding coefficient f, immune responses, 
survival to adulthood, and adult longevity. However, whether immune genes predict 
survival or longevity, whether such relationships are mediated through immune re-
sponses, and how f affects immune genotype remain unclear. We use a wild song 
sparrow (Melospiza melodia) population in which survival to adulthood, adult longevity, 
and f were measured precisely, and in which immune responses have previously been 
assessed. We investigate four toll-like receptor (TLR) and the major histocompatibility 
complex (MHC) class IIB exon 2 genes. We test whether immune genes predict fitness 
(survival to adulthood or adult longevity); whether immune genes predict immune 
response; whether immune response predicts fitness and whether fitness, immune 
responses, or immune genotypes are correlated with f. We find that survival to adult-
hood is not associated with immune gene variation, but adult longevity is decreased by 
high MHC allele diversity (especially in birds that were relatively outbred), and by the 
presence of a specific MHC supertype. Immune responses were affected by specific 
immune genotypes. Survival to adulthood and adult longevity were not predicted by 
immune response, implying caution in the use of immune response as a predictor for 
fitness. We also found no relationship between f and immune genotype. This finding 
indicates that immune gene associations with longevity and immune response are not 
artefacts of f, and suggests that pathogen-mediated selection at functional loci can 
slow the loss of genetic variation arising from genetic drift and small population size.
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1  |  INTRODUC TION

Immune systems vary greatly among classes, populations, and in-
dividuals, and influence multiple fitness components (Kamiya 
et al., 2014; Liston et al., 2021; Spielman et al., 2004). Quantifying 
among-individual variation in immune status typically involves ex-
amining immune gene sequence variation or assays of immune 
response (e.g., degree of inflammation or antibody titre; Viney 
et al.,  2005). These metrics are widely linked to variation in indi-
vidual fitness and population viability, but are also vulnerable to in-
breeding depression, and it can be difficult to separate the effects of 
heterozygosity at candidate genes from those of genome-wide het-
erozygosity (Grueber et al., 2017; Norris & Evans, 2000; O'Connor 
et al., 2019; Reid et al., 2007). In addition, precisely estimating indi-
vidual fitness, immune function, and inbreeding coefficient (f) for 
a representative fraction of individuals in wild populations is ex-
tremely challenging. We overcame these challenges through use of a 
wild passerine population in which individual fitness and f have been 
precisely measured, and individuals have been sampled for immune 
response. Here, we conduct a comprehensive assessment of empir-
ical relationships between individual variation in immune response, 
immune gene variation, survival to adulthood, and adult longevity 
while controlling statistically for the potential effects of inbreeding 
on immune status and fitness.

The toll-like receptor (TLR) and the major histocompatibility 
complex (MHC) gene families are essential components of the 
vertebrate immune system. Toll-like receptors are membrane-
bound proteins that recognize pathogen-associated molecular 
patterns (PAMPs), evolutionarily conserved structures present 
in all major micro-organism classes; different TLR genes encode 
proteins that recognize different PAMPs (Beutler, 2004; Downing 
et al., 2010). Given recognition of a pathogen, TLRs activate an 
acute inflammatory response that is the first line of innate host 
defence (Netea et al.,  2012) and thereby play an essential and 
conserved role in the immune systems of vertebrate and inver-
tebrate animals (reviewed in Nie et al., 2018). MHC genes com-
prise a highly polymorphic component of the immune system of 
jawed vertebrates (Janeway et al., 2001) that encode molecules 
that bind pathogen-derived antigens and present them to T lym-
phocytes to initiate specific adaptive immune responses (Klein & 
Figueroa, 1986). Two structurally and functionally distinct MHC 
gene subgroups, class I and class II, present antigens from patho-
gens that are located intracellularly and extracellularly, respec-
tively (Minias et al., 2018), and thus play an essential role in the 
adaptive immunity of vertebrates.

Greater variability in immune gene sequences is thought to 
confer better resistance to parasites (Radwan et al.,  2020). The 
coevolution of hosts and parasites has likely been fundamental in 
shaping MHC polymorphism; hosts may benefit via rare MHC al-
leles (negative frequency-dependent selection), the largest number 
of MHC alleles (“heterozygote advantage”), or the optimal number 
of MHC alleles (“optimality hypothesis”) (Acevedo-Whitehouse 
& Cunningham,  2006; Doherty & Zinkernagel,  1975; Nowak 

et al.,  1992; Takahata & Nei,  1990; Wegner,  2003). Support for 
both negative frequency-dependent selection and heterozygote 
advantage has been found in various populations of mammals, 
fish, and birds (reviewed in (Radwan et al.,  2020)). Investigations 
of individual MHC parameters and survival in wild populations of 
passerine birds have so far revealed that specific MHC alleles and/
or higher individual MHC diversity can improve survival (Table  1). 
Avian TLR genes were characterized relatively recently (Alcaide & 
Edwards, 2011); avian TLRs experience mainly purifying selection to 
conserve sequence identity, though some amino acid residues expe-
rience positive selection (e.g., Grueber et al., 2014; Nelson-Flower 
et al., 2018). Correlations of TLR variation or specific TLR alleles with 
survival have been investigated in only a few wild avian populations, 
and there is little consensus regarding effects on survival (Table 1; 
Minias & Vinkler, 2022).

In addition to immune genes themselves, the overall function-
ing of an individual's immune system or immune response can also 
affect fitness (Møller & Saino, 2004). Individual variation in immune 
response is often characterized by measuring the outcome of a 
standardized “challenge” to a novel antigen; the use of such novel 
antigens allows evaluation of individual de novo responses and not 
those caused by a previous infection (Norris & Evans, 2000; Viney 
et al.,  2005). For example, Reid et al.  (2007) inoculated wild spar-
rows with inactivated tetanus toxoid antigen to measure primary 
antibody titres indicative of the humoral acquired immune response. 
A second type of immune challenge uses swelling at the injection 
site of the lectin phytohemagglutinin (PHA) (Norris & Evans, 2000; 
Reid et al., 2003) to estimate sensitivity in the innate immune sys-
tem's inflammatory response, and potentially the T cell response, 
a major component of adaptive cell-mediated immunity (Strandin 
et al., 2018; Viney et al., 2005; Vinkler et al., 2014). These tests can 
be done in the field and represent a standardized assay of immune 
response, something that can be difficult to achieve in wild popula-
tions (Norris & Evans, 2000).

Variation in immune genes, individual responses to immune 
challenge, and connections between these are widely reported in 
wild populations (Gaigher et al., 2019, Table 2). However, the exact 
mechanistic role of immune genotypes (TLR heterozygosity, MHC 
allele diversity, and specific alleles in both MHC and TLRs) in immune 
responses remains unclear. For example, while PHA is a T lympho-
cyte mitogen, and historically PHA response was thought to indicate 
T-cell activation and proliferation (Strandin et al., 2018), timescales 
of typical PHA response assays do not allow for extensive T cell pro-
liferation (Rekdal et al., 2021). PHA responses may represent a gen-
eral increase in cytokine expression, inflammation and both innate 
and adaptive immune cell recruitment to the injection site (Martin 
II et al.,  2006; Vinkler et al.,  2014). Overall, connections between 
MHC and TLR genotypes and PHA responses are likely to be mecha-
nistically indirect. Similarly, there is no direct link between TLR acti-
vation and humoral acquired immunity (antibody response), though 
most activated TLRs produce inflammatory cytokines that provide 
overall stimulus to the immune system (Nie et al.,  2018). On the 
other hand, MHC is more directly involved in the antibody response 
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via its activation of B-lymphocytes which go on to produce antibod-
ies (Janeway et al., 2001).

Immune responsiveness is costly and is expected to affect fit-
ness, including survival (reviewed by Møller & Saino, 2004; Norris & 
Evans, 2000). Few studies have tested whether adult PHA response 
predicts survival using reliable estimates of adult longevity in wild 
bird populations. Adult PHA response is positively correlated with 
survival during temporary captivity in wild adult house sparrows 
(Gonzalez et al.,  1999) and adult male zebra finches (Taeniopygia 
guttata; Birkhead et al.,  1999). The avian PHA response is easily 
studied in nestlings, but nestling PHA response reflects not only in-
dividual immune response but also maternal effects and the early 
environment (Reid et al., 2003). Humoral immunity assays (antibody 
titres) predict survival to the next breeding season in some wild pop-
ulations such as barn swallows (Hirundo rustica; Saino et al., 1997). 
However, the relationship between antibody titres and fitness may 
not be linear; intermediate antibody levels may be optimal, because 
mounting an immune response is thought to be costly (reviewed in 
Graham et al., 2011). For example, in blue tits (Parus caerulus), indi-
viduals with very high or very low primary antibody responses to 
diphtheria toxoid returned to the breeding site at lower rates the 
following year, suggesting that these individuals experienced re-
duced survival compared to “intermediately responsive” individuals 
(Råberg & Stjernman, 2003).

Most studies investigating immune gene diversity and fitness in 
wild populations are constrained by the inability to disentangle ef-
fects of heterozygosity at candidate genes from those of genome-
wide heterozygosity. Individual inbreeding coefficient (f) reflects 
relatedness between an individual's genetic parents, can been esti-
mated from a long-term genetic pedigree, and has been shown in song 
sparrows (Melospiza melodia) to reflect heterozygosity at neutral ge-
netic markers (Keller, 1998; Nietlisbach et al., 2017; Reid et al., 2014). 
In song sparrows, individuals with higher f are less likely to survive to 

adulthood, though adult longevity is not affected by f (Keller, 1998; 
Nietlisbach et al., 2017; Reid et al., 2014; Taylor et al., 2010; Wolak 
et al., 2018). High-f individuals also show reduced PHA response and 
reduced tetanus antibody titres (Reid et al., 2003, 2007). While f is 
not associated with TLR heterozygosity (Nelson-Flower et al., 2018), it 
remains unclear whether f is associated with MHC diversity.

We investigate the potential links between immune gene vari-
ability, immune response, and survival in a wild bird population, the 
song sparrows of Mandarte Island. The immune genes considered 
were TLR1LB, TLR3, TLR4, TLR15 and MHC class II B exon 2. We 
use data on individual demography, immune genotype, and response 
to experimental immune challenges to test: (a) whether TLR or MHC 
genotype or variation predict survival to adulthood or adult longev-
ity. We then test whether any such relationships can be explained 
because (b) TLR or MHC genotype or variation predicts immune 
response and/or (c) immune response predicts longevity. We also 
examine (d) whether survival to adulthood, adult longevity, immune 
responses, and TLR or MHC genotypes are correlated with f.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

Mandarte Island, BC, Canada, (~6 ha; 48.6335° N, 123.2871° W) 
hosts a nonmigratory song sparrow population (4–71 pairs) that has 
been monitored from 1975 to the present (Smith et al., 2006). Briefly, 
all individuals are colour-banded soon after hatch (3–8 days of age) 
or after arriving as adult immigrants. Since 1993, all individuals have 
been genotyped at 13 highly polymorphic microsatellite loci, facili-
tating construction of a precise genetic pedigree from which life-
time reproductive success and f are estimated with high precision 
(Nietlisbach et al., 2015, 2017; Reid et al., 2021; Sardell et al., 2010). 

TA B L E  2  A recent sample of studies examining the association between immune genotype (MHC class I exon 3, MHC class II B exon 2, 
and/or MHC class II DRB) and immune responsiveness in wild animal populations.

Species Locus Predictor Outcome References

House sparrows (Passer 
domesticus)

MHC class I MHC alleles, MHC diversity Antibody responses increased 
with specific MHC alleles; PHA 
primary response (swelling 
after first injection) not 
affected

Bonneaud et al., 2005, 
2009; Lukasch, 
Westerdahl, Strandh, 
Knauer, et al., 2017

Bluethroat nestlings 
(Luscinia svecica)

MHC class II MHC supertypes An intermediate number of 
supertypes predicted maximal 
PHA response

Rekdal et al., 2021

Lesser kestrel nestlings 
(Falco naumanni)

MHC class II MHC heterozygosity Did not affect PHA response Rodríguez et al., 2014

Montane water vole 
(Arvicola scherman)

MHC class II MHC heterozygosity, MHC 
genetic distance

PHA responses increased with 
specific MHC alleles

Charbonnel et al., 2010

California sea 
lion (Zalophus 
californianus)

MHC class II MHC diversity, MHC alleles PHA responses decreased with 
specific MHC alleles

Montano-Frías et al., 2016

Talas tuco-tuco (Ctenomys 
talarum)

MHC class II MHC heterozygosity, MHC 
alleles

Antibody responses increased 
with specific MHC alleles

Cutrera et al., 2011
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    |  5NELSON-­FLOWER et al.

Immigrants to Mandarte (~1 per year on average) are assumed to be 
unrelated to existing residents, and their offspring are assigned f = 0 
(Dickel et al., 2021; Germain et al., 2016; Wilson & Arcese, 2008). 
Emigration appears to be rare; an annual re-sighting probability of 
≥0.99 ensures that local survival is assessed precisely based on an-
nual censuses conducted in late April (Wilson et al., 2007; Wilson 
& Arcese, 2008). This socially monogamous but genetically polygy-
nandrous (~28% of chicks have extra-pair sires) population is mod-
erately inbred with mean f~0.06 (range in our data set: 0–0.31); f of 
0.06 is equivalent to being an offspring of a mating between first 
cousins (Keller & Arcese, 1998; Reid et al., 2014; Sardell et al., 2010; 
Smith et al., 2006). In Mandarte Island song sparrows, variation in 
f has wide-ranging fitness consequences, with links to survival to 
adulthood, hatching success, and reproductive output (Keller, 1998; 
Nietlisbach et al., 2017; Reid et al., 2014; Taylor et al., 2010), par-
ticularly in challenging environmental conditions (Marr et al., 2006).

We genotyped MHC and TLR genes in individuals for whom im-
mune response was previously measured experimentally (tetanus 
toxoid antibody response and PHA inflammation response; Reid 
et al., 2003, 2007). However, many of these individuals were adults 
when tested for immune response, and the majority (~73%) of song 
sparrows that reach independence in this population on Mandarte 
do not survive to adulthood (Reid et al., 2021; Smith et al., 2006; 
Wolak et al.,  2018). To minimize bias, we first genotyped all indi-
viduals that were measured as adults or juveniles for immune re-
sponse, then genotyped one additional broodmate at random for 
comparison, regardless of survival. A greater number of individuals 
were genotyped at TLR than at MHC due to budgetary constraints 
involved in MHC genotyping. Overall, we genotyped 376 individuals 
at TLR loci, and 156 individuals at MHC class II B exon 2 (Table 3).

2.2  |  Genetic analysis of toll-like receptor (TLR) loci

We previously sequenced TLR1LB, TLR3, TLR4, and TLR15 in 
32 Mandarte Island song sparrows and thereby identified 19 

nonsynonymous single nucleotide polymorphisms (SNPs) (Nelson-
Flower et al.,  2018). We chose the 11 most common nonsynony-
mous SNPs for further analysis. For each, we designed Custom 
TaqMan SNP Genotyping Assays using the Custom TaqMan Assay 
Design Tool (Applied Biosystems; see Table  S1 in the Supporting 
Information for context sequences used to design custom assays). 
DNA was extracted from 376 avian blood samples following Sardell 
et al. (2010); 10 ng of DNA was aliquoted per well in 384 well plates 
and allowed to dry. We performed the qPCR in a total volume of 
5 μL which included 0.25 μL of Custom TaqMan SNP Genotyping 
Assay, 2.5 μL of Master Mix and 2.25 μL of dH2O per well (Applied 
Biosystems). qPCR was performed using the ViiA 7 Real-Time PCR 
System (ThermoFisher Scientific) with an initial step of 95°C for 
10 min, then 40 cycles of 95°C for 15 s and 60°C for 1 min. qPCR re-
sults were analysed using the TaqMan Genotyper Software (Applied 
Biosystems), allowing heterozygotes and homozygotes for each SNP 
to be determined. TLR heterozygosity (HTLR) per individual was cal-
culated by dividing the number of nonsynonymous heterozygous 
TLR SNPs by the total number of nonsynonymous TLR SNPs. We 
identified the alleles present in each individual for each of the TLR 
genes via phasing in DNAsp version 5.10.01 (Librado & Rozas, 2009) 
using 10,000 iterations, with a thinning interval of 100 and 10,000 
burnin iterations. This process resulted in a total of 17 alleles across 
four genes: three for TLR1LB, four for TLR3, three for TLR4 and 
seven for TLR15. TLR alleles TLR1LB_2 and TLR15_2 were removed 
from analyses testing the effects of specific alleles as these alleles 
were invariable in this data set.

2.3  |  Genetic analysis of major histocompatibility 
complex (MHC class II B exon 2)

In passerine birds, gene duplication and conversion has increased 
MHC copy number; next-generation sequencing techniques can 
allow researchers to correctly determine the number of MHC al-
leles present per individual (Zagalska-Neubauer et al., 2010). We 

TA B L E  3  Details of models designed to test for an effect of immune gene variability on survival. DivMHC, MHC allele diversity; DivMHC
2, 

quadratic term for MHC allele diversity; f, individual inbreeding coefficient; HTLR, individual TLR heterozygosity; HTLR
2, quadratic term for 

individual TLR heterozygosity.

Sample

All individuals genotyped for 
TLR (N = 376 from 227 nests 
over 17 years)

Individuals genotyped for TLR 
that lived at minimum 1 year 
(N = 144 from 122 nests over 
17 years)

All individuals 
genotyped for MHC 
(N = 156 from 103 
nests over 9 years)

Individuals genotyped for 
MHC that lived at minimum 
1 year (N = 63 from 56 
nests over 9 years)

Response 
variable

Survival to adulthood Adult longevity (years) Survival to adulthood Adult longevity (years)

Model 1A 2A 3A 4A

explanatory 
variables

f, HTLR, f x HTLR, HTLR
2, f x HTLR

2 f, HTLR, f x HTLR, HTLR
2, f x HTLR

2 f, DivMHC, f x DivMHC, 
DivMHC

2, f x 
DivMHC

2

f, DivMHC, f x DivMHC, 
DivMHC

2, f x DivMHC
2

Model 1B 2B 3B 4B

explanatory 
variables

f, 15 TLR alleles f, 15 TLR alleles f, 9 MHC supertypes f, 9 MHC supertypes
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6  |    NELSON-­FLOWER et al.

performed PCR to amplify MHC class II B exon 2 from 156 in-
dividuals. We used a degenerate forward primer SospMHCint1f 
(5’-AGY GGG GAY CCG GGG TGG-3′) (Slade et al.,  2016) and 
the reverse primer Int2r.1 (5’-CCG AGG GGA CAC GCT CT-3′ 
(Edwards et al., 1998)) to bind within introns 1 and 2, respectively. 
Each primer included an adaptor sequence for the Illumina MiSeq 
platform, four wobble bases, and a unique barcode of eight bases. 
This barcode allowed us to pool our library and assign the recov-
ered sequences to individuals.

We performed PCR in a total volume of 35 μL containing 
12.5 μL of GoTaq Hot Start Green Master Mix (Promega), 0.2 μM 
of each primer, and 10–60 ng of genomic DNA. The thermocycling 
profile consisted of 3 min at 94°C, 30 cycles of 30 s at 94°C, 30 s 
at 62°C, and 45 s at 72°C, and a final extension step of 10 min at 
72°C. We confirmed amplification (expected product size = 480–
500 bp) by agarose gel electrophoresis. Negative controls were 
included, and showed no amplification. We then pooled products 
into a library that was sent for next-generation sequencing using 
300 bp paired-end reads (265 cycles) on an Illumina Miseq at the 
London Regional Genomics Centre. After sequencing, we used a 
custom pipeline (Gloor et al., 2010) to assign sequences to individ-
uals and collapse sequences into clusters of identical reads. Based 
on prior cloning work in this system to identify the frequency of 
sequences probaby due to PCR errors (e.g., chimeras), we estab-
lished a stringent threshold error rate of 1% (Grieves et al., 2019; 
Slade et al.,  2016). Sequences comprising less than 1% of an in-
dividual's reads were thus considered to have resulted from PCR 
and/or sequencing errors and were discarded (mean ± SE retained 
reads per individual  =  38,447 ± 830). Using a custom R script 
(Supporting Information), we aligned nucleotide sequences and 
trimmed intron sequences based on comparison to other song 
sparrow sequences in GenBank. Sequences with premature stop 
codons or frameshift mutations were removed and excluded from 
further analysis. Trimming resulted in alleles of 86 amino acids, 
corresponding to the entire putative second exon. Sequences were 
queried against our database (unpublished data) and using the 
Basic Local Alignment Search Tool (BLAST; Altschul et al., 1990) 
in GenBank, and were either assigned to a pre-existing allele or 
named as a new allele, resulting in the identification of 126 MHC 
class IIB alleles. Sequences were deposited in GenBank (72 previ-
ously reported sequences: accession numbers can be found in the 
Supporting Information; 54 new sequences: accession numbers 
pending). The number of MHC alleles per individual was 14.61 
(± 0.51 SEM; range: 1–36); previous studies in other song sparrow 
populations found 18.47 ± 0.41 (Slade et al., 2016) and 15.5 ± 0.5 
amino acid alleles per individual (Grieves et al., 2019). DivMHC was 
found by summing the number of MHC alleles for each individual.

Large numbers of MHC alleles and small sample sizes can limit 
the utility of statistical approaches investigating the effects of indi-
vidual alleles; classification of MHC alleles into functionally similar 
MHC “supertypes” has therefore been recommended (Schwensow 
et al., 2007; Sepil et al., 2012). MHC supertypes were assigned fol-
lowing established protocols (Doytchinova & Flower,  2005; Sepil 

et al., 2012). First, the peptide-binding region (PBR) of the passer-
ine MHC class II B exon 2 was identified as 18 amino acid residues 
experiencing positive (diversifying) selection in passerines (Minias 
et al.,  2018). Similar methods have used to identify the PBR of 
MHC molecules in several species for which MHC structure is not 
well resolved (Radwan et al.,  2012; Schwensow et al.,  2007; Sepil 
et al., 2012). For each amino acid in the PBR, 5 z-scores encoding 
amino acid traits were added to a matrix (Sandberg et al., 1998). Five 
of the 126 MHC class II alleles contained amino acid deletions in 
the PBR; such deletions are not uncommon and do not necessarily 
preclude the functionality of the allele (Minias et al., 2018), therefore 
these alleles remained in the data set and the z-scores for the miss-
ing amino acids were set at 0. The z-score matrix was used with the 
R package adegenet (Jombart & Ahmed, 2011) to identify a set of 
MHC supertypes using k-means clustering and discriminant analysis 
of principal components (DAPC). Following the methods reported 
in Jombart and Collins  (2015), we used 20 principal components 
and seven discriminant functions to classify all 126 MHC alleles into 
functional genetic clusters (supertypes). Overall, we identified nine 
supertypes (mean ± SEM; 6.67 ± 0.13 per individual; range: 1–9).

2.4  |  Immune gene variability and 
survival or longevity

We tested for statistical associations between f, immune gene 
variability in TLR and MHC genes, and survival using mixed effects 
Cox models (Table  3). We first examined the survival of chicks to 
adulthood (aged 1 year or older), then examined adult longevity (in 
years) among those surviving individuals. Variation in the number of 
individuals genotyped for immune genes led to variation in sample 
size among tests. For all samples, we first tested for correlations in 
overall immune gene variability (DivMHC and HTLR) and survival or 
longevity, and included quadratic terms for DivMHC and HTLR in these 
analyses because intermediate levels of variability may be beneficial 
via the optimality hypothesis (Nowak et al., 1992). We also tested 
for effects of 15 specific TLR alleles and 9 MHC supertypes on 
survival or longevity. The inbreeding coefficient f is strongly asso-
ciated with decreases in survival of juvenile but not adult song spar-
rows (Keller, 1998; Nietlisbach et al., 2017; Reid et al., 2014; Taylor 
et al., 2010; Wolak et al., 2018). To control for the influence of f in 
analyses involving survival to adulthood (models 1A, 1B, 3A, and 3B), 
we included f in all models, including null models (models contain-
ing the intercept plus variables previously found to be influential). 
Random effects in all Cox mixed models included brood identity, 
nested within the natal year.

2.5  |  Immune response assays

Immune response assays were carried out and first reported by Reid 
et al. (2003, 2007). For humoral immunity assays (Reid et al., 2007), 
sparrows were mist-netted in September 2004 and September 2005 
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    |  7NELSON-­FLOWER et al.

and approximately 100 μL blood was collected by brachial venipunc-
ture. Individuals were vaccinated with 70 μL human diptheria-tetanus 
vaccine in the pectoral muscle and released. To measure primary anti-
body responses, sparrows were recaptured 10–12 days after vaccina-
tion, blood-sampled, and released. Blood samples were centrifuged 
for 4 min at 700 g within 5 h, and plasma was separated and frozen 
at −20°C within 72 h. Enzyme-linked immunosorbent assays (ELISAs) 
were subsequently used to quantify tetanus and diphtheria anti-
body titres in pre- and post-vaccination plasma samples (Hasselquist 
et al., 1999; Owen-Ashley et al., 2004). Each individual's primary an-
tibody response to tetanus toxoid was estimated as the difference 
between post- and prevaccination standardized antibody titres.

For phytohemagglutinin (PHA) assays, sparrows were assayed in 
2002 and 2003 and patagium (wing-web) thickness was measured 
three times; mean thickness was used in analyses. 30 μL of 2 mg/
mL PHA in phosphate buffered saline (PBS) was injected into the 
right patagium and 30 mL plain PBS into the left patagium. Left and 
right patagial thickness was remeasured approximately 18 h after in-
jection. PHA response was estimated as the difference in increase 
in thickness between right and left patagia over the experimental 
period. Nestlings were assayed in May in 2002 and 2003; inde-
pendent juveniles and adults were assayed after being trapped in 
mist-nets in February 2002, September 2002 and September 2003. 
Nestling data from 2003 are previously unpublished (nestlings: 
N = 58 in 2002, N = 58 in 2003), but followed the protocols in Reid 
et al. (2003).

2.6  |  Immune gene variability and immune 
response assays

To test whether variability at TLR or MHC loci affected immune 
response, we used tetanus antibody titre as a response variable in 
generalized linear models (GLMs) assuming a negative binomial dis-
tribution of errors. PHA response was similarly used in linear models 
after transformation by square-root.

Antibody titres for the tetanus response were measured over 
2 years from 45 individuals genotyped for MHC and 66 for TLR. 
Twelve individuals were assayed as chicks for PHA response and 
then assayed again as adults in later years for antibody titre for tet-
anus response; antibody response is not affected by previous PHA 
response (Reid et al., 2007). In all models, including null models, all 
explanatory variables found previously to influence response were 
included: f, sex, whether the individual's mother had been inocu-
lated, number of days between inoculation and resampling and its 
quadratic term, and trial year (Reid et al., 2007). To assess TLR het-
erozygosity, models also included HTLR, its quadratic term, and the 
interaction of f with each (model set 5A). To examine the effects 
of MHC allele diversity, models included DivMHC, its quadratic term, 
and the interaction of f with each (model set 5C). To examine the ef-
fects of specific immune gene alleles, models included the presence 
of 15 specific TLR alleles (model set 5B) or the presence of 9 MHC 
supertypes (model set 5D).

Because nestlings and older individuals differ in the factors af-
fecting their PHA response, individuals tested only as nestlings were 
excluded (Lukasch, Westerdahl, Strandh, Winkler, et al., 2017; Reid 
et al., 2003, 2007). PHA responses in two consecutive years were 
available for 76 and 86 individuals with MHC and TLR genotypes, re-
spectively. In all models, including null models, explanatory variables 
included f, sex, and the trial year. To examine TLR heterozygosity, 
models also included HTLR, its quadratic term, and the interaction of 
f with each (model set 6A). To examine MHC allele diversity, mod-
els also included DivMHC, its quadratic term, and the interaction of f 
with each (model set 6C). To examine the effects of specific immune 
gene alleles, models were repeated with explanatory variables in-
cluding presence of 13 specific TLR alleles (TLR15_6 and TLR15_7 
were invariant in this sample and thus excluded; model set 6B) or the 
presence of 9 MHC supertypes (model 6D).

2.7  |  Immune response assays and 
survival or longevity

We used Cox mixed effects models to test if immune response, f, 
and their linear and quadratic interaction terms influenced survival 
or longevity. We first examined longevity in adult individuals that 
had been involved in the tetanus immune response trial. Explanatory 
variables included: f, tetanus immune response, their interaction, the 
quadratic term for the tetanus response, and its interaction with f. 
Random effects in all models included brood identity, nested within 
natal year, based on a data set that included 86 individuals from 68 
nests over 6 years.

We examined whether the PHA response predicts survival to 
adulthood and adult longevity. Previous work found that the PHA 
response in chicks was higher than in older birds (t test: t = 17.47, 
p < .001), and decreased as maternal but not chick f increased 
(p = .002 vs. 0.25, respectively); suggesting PHA response in chicks 
largely reflects natal environment (Reid et al.,  2003). Explanatory 
variables investigating survival to adulthood included PHA response 
and its quadratic term, using data from 116 chicks from 57 nests 
hatched over 2 years. Some of adult longevity, terms included f, PHA 
response, their interaction, the quadratic term for PHA response, 
and its interaction with f. Although f predicts PHA response in older 
birds (F =  71.5, p < .001; Reid et al.,  2007), both were included to 
explore their contributions to variance in adult longevity, using data 
from 118 individuals hatched from 88 nests over 11 years.

2.8  |  Immune gene variability and inbreeding 
coefficient (f)

Inbreeding coefficient (f ) is negatively related to heterozygo-
sity estimated at neutral markers in song sparrows (Keller & 
Waller,  2002; Nietlisbach et al.,  2017), though multilocus het-
erozygosity and f are only weakly correlated in other species 
(Slate et al.,  2004). Heterozygosity at neutral markers has not 
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8  |    NELSON-­FLOWER et al.

been linked to immune gene variability (Brambilla et al.,  2018; 
Whittingham et al., 2018). We tested for relationships between f 
and immune gene heterozygosity (TLR) or diversity (MHC) by re-
gressing HTLR or DivMHC on f. To facilitate comparisons with previ-
ous research, these terms were neither centred nor scaled for this 
analysis. f was estimated from the genetic pedigree using standard 
algorithms (Nietlisbach et al., 2017; Reid et al., 2014). This partially 
repeated an earlier analysis that used fewer datapoints (TLR and f; 
Nelson-Flower et al., 2018).

2.9  |  Statistical analysis

Statistical analyses were performed in R version 4.2.0 (R Core 
Team,  2022). All statistical tests were two-tailed. Collinearity be-
tween explanatory variables was detected through calculation of 
variance inflation factors (VIF) (Zuur et al.,  2009); all explanatory 
variables included in models had VIF scores of <3 indicating that 
collinearity was not problematic. We examined survival probabili-
ties using the R package coxme version 2.2.16 (Therneau,  2015). 
For GLMs, we used R package glmmadmb version 0.8.3.3 (Skaug 
et al., 2014) to specify models with negative binomial error struc-
tures. For linear models, we used R package lme4 version 1.1.29 
(Bates et al., 2015). We assessed model fit using Akaike's Information 
Criterion adjusted for small sample sizes (AICc; Burnham & 
Anderson,  2002). Tables are presented showing the full and null 
models as well as the models in the Δ2AICc model set after exclud-
ing “nested” models (models that were more complex versions of 
the top model) from the 2 ΔAICc model set (Arnold, 2010). When 
sample sizes were small, candidate models were limited in the num-
ber of terms they could contain (maximum number of terms was 
N/5). We employed model averaging whereby models within 2 AICc 
units of the best model were averaged using MuMIn version 1.43.6 
(Bartoń, 2016); if averaging was employed, model estimates, stand-
ard errors, and 95% confidence intervals were calculated from “full” 
(as opposed to “conditional”) models as suggested by Arnold (2010), 
representing a conservative approach. Means and standard er-
rors presented in tables and figures were generated from reduced 
models identified using AICc comparison or multi-model averaging 
(reviewed in Grueber et al.,  2011). Model estimates and standard 
errors of terms not retained in minimal or averaged models were 
calculated from global (full) models. Unless otherwise specified, all 
continuous explanatory variables were centred and scaled to reduce 
any influence of measurement scale on model results and to allow 
direct comparison of model coefficients; categorical variables in-
volved in interactions were also centred for model comparisons and 
averaging (Grueber et al., 2011; Schielzeth, 2010). Due to the large 
number of explanatory variables in many of the reduced models, we 
calculated q values to correct p-values for the possibility of false 
discovery (Verhoeven et al., 2005). q values were calculated using 
the package FDRestimation version 1.0.1 (Murray & Blume, 2022). 
Figures of Cox model results were drawn using R package survminer 

version 0.9.4 (Kassambara & Kosinski, 2017) using estimates from 
Cox proportional hazards models.

3  |  RESULTS

3.1  |  Summary statistics of key variables

In total the data set included 380 song sparrows hatched between 
1995 and 2015. Summary statistics of key variables used in analyses 
can be found in the Supporting Information in Table S2. Proportions 
of individuals carrying specific TLR alleles, MHC alleles, and MHC 
supertypes can be found in Table S3.

3.2  |  Immune gene variability and 
survival or longevity

Survival to adulthood for 376 chicks decreased as f increased (co-
efficient ± SE: 0.405 ± 0.109, hazard ratio  =  1.499, z-value  =  3.73, 
p < .001, model set 1A, Table S4). In contrast, survival to adulthood 
was unrelated to any immune gene parameters, including HTLR 
(−0.027 ± 0.111, hazard ratio = 0.973, p =  .810, estimates from the 
full model in model set 1A, Table S4), specific TLR alleles (model set 
1B, Table S4), DivMHC (−0.102 ± 0.206, hazard ratio = 0.903, p = .620, 
estimates from the full model in model set 3A, Table S6), or specific 
MHC supertypes (model set 3B, Table S6). No evidence was found 
for a quadratic relationship of DivMHC with survival to adulthood 
(0.315 ± 0.229, hazard ratio = 1.371, p = .170, estimates from the full 
model in model set 3A, Table S6).

HTLR was unrelated to adult longevity (coefficient ± SE: 
−0.180 ± 0.193, hazard ratio = 0.835, p = .350, estimates from the full 
model in model set 2A, Table S5). Specific TLR alleles were also unre-
lated to adult longevity (model set 2B, Table S5). In contrast, the inter-
action between f and DivMHC affected adult longevity (−1.449 ± 0.596, 
hazard ratio = 0.235, z-value = 3.16, p = .002, q = 0.010, model set 
4A, Table S7, Figure 1); increases in MHC allele diversity decreased 
adult longevity, particularly for individuals with low f. No evidence 
was found for a quadratic relationship of DivMHC with adult longevity 
(−0.016 ± 0.481, hazard ratio = 0.984, p =  .970, estimates from the 
full model in model set 4A, Table S7). Adult longevity was lower in the 
presence of MHC supertype ST5 (0.848 ± 0.333, hazard ratio = 2.335, 
95% CI: 0.195, 1.501, p =  .011, q = 0.028, model set 4B, Table S7, 
Figure 2). An alignment of the amino acid resides making up the PBR 
of MHC alleles in ST5 is shown in Figure S1.

3.3  |  Immune gene variability and immune 
response assays

Although HTLR was unrelated to tetanus antibody titre (0.428 ± 0.321, 
estimate from the full model in model set 5A, Table  S8), TLR3_2 
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    |  9NELSON-­FLOWER et al.

was associated with reduced antibody titres (estimate ± SE: 
−1.242 ± 0.445, z-value = −2.79, p = .005, q = 0.010; model set 5B, 
Table  S8, Figure  3). The tetanus antibody titre response was not 
influenced by DivMHC (−0.360 ± 0.529, model set 5C, Table S9), the 
quadratic term for DivMHC (−0.235 ± 0.486, model set 5C, Table S9), 
or by specific MHC supertypes (model set 5D, Table S9).

Phytohaemagglutinin (PHA) responses indicated that HTLR (es-
timate ± SE: −0.025 ± 0.031, model set 6A, Table S10), specific TLR 
alleles (model set 6B, Table  S10), and DivMHC (0.009 ± 0.038, esti-
mate from the full model in model set 6C, Table S11) had no effect 
on wing-web swelling. One specific MHC supertype did, however, 
affect PHA response: ST7 decreased PHA response (−0.069 ± 0.032, 

t-value  =  −2.13, p  =  .037, q  =  0.046; model set 6D, Table  S11, 
Figure 4).

3.4  |  Immune response assays and longevity

Adult longevity was unrelated to the tetanus response (coeffi-
cient ± SE: 0.762 ± 0.501, hazard ratio = 2.143, z = 1.52, p =  .130, 
estimate from the full model in model set 7A, Table S12). Similarly, 
survival to adulthood was unrelated to the PHA response for chicks 
(coefficient ± SE: −0.268 ± 0.189, hazard ratio  =  0.765, z  =  −1.42, 
p = .160, estimate from the full model in model set 7B, Table S12). 

F I G U R E  1  Effects of inbreeding coefficient f and MHC class II B exon 2 allele diversity (DivMHC) on longevity of adults (individuals who 
survived to 1 year old). Both f and MHC allele diversity are categorized here using population means for illustrative purposes but both were 
continuous variables in our analyses. (a) Model output from a Cox proportional hazards model. (b) Raw data (mean ± SEM).
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10  |    NELSON-­FLOWER et al.

Adult longevity was also unrelated to the PHA response (coeffi-
cient ± SE: 0.277 ± 0.241, hazard ratio = 1.319, z = 1.15, p =  .250, 
estimate from the full model in model set 7C, Table S12).

3.5  |  Immune gene variability and f

f was unrelated to TLR heterozygosity (HTLR; regression slope ± stand-
ard error = −0.140 ± 0.121, t = −1.16, p = .247); f was also unrelated 
to MHC class II B allele diversity (DivMHC; 12.372 ± 11.893, t = 1.04, 
p = .300).

4  |  DISCUSSION

Practical challenges in obtaining detailed data on individual fit-
ness, immune genotype, and inbreeding in wild populations have 
to date severely hampered tests of the general hypothesis that im-
mune genotype affects survival via the immune response (Møller & 
Saino,  2004). To address this research gap, we utilized free-living 
song sparrows assayed previously for humoral and innate immune 
responses, and measured MHC and TLR immune genotype and vari-
ation, juvenile survival to adulthood, and adult longevity to test if 
these factors were linked to immune response and/or inbreeding f 
in individual birds. Overall, juvenile survival to adulthood decreased 
with increasing f, but was unrelated to variation in immune genes as 
measured by our metrics. Adult longevity was affected by MHC in 

interaction with f, such that more outbred birds with increased MHC 
diversity experienced shorter lifespans; in addition, the presence of 
MHC supertype ST5 was associated with a decrease in adult longev-
ity. Immune response was affected by specific immune genotypes: 
antibody response was decreased in the presence of the specific al-
lele TLR3_2, and the PHA response was decreased in the presence 
of MHC supertype ST7. Surprisingly, immune response did not pre-
dict survival to adulthood or adult longevity, and there was no statis-
tical association between immune genotype variability and f.

4.1  |  Immune gene diversity or heterozygosity and 
survival to adulthood, adult longevity, and 
immune responses

Immune loci other than MHC have been suggested as useful can-
didate genes for heterozygosity-fitness correlations, including TLRs 
(Acevedo-Whitehouse & Cunningham,  2006). TLR gene heterozy-
gosity at the extracellular binding domain did not affect survival or 
longevity in song sparrows, similar to prior studies of other species 
(Bateson et al., 2016; Grueber et al., 2013). In addition, though in-
dividuals that are more (or less) heterozygous at TLR alleles might 
have differing abilities to recognize PAMPs (thereby affecting im-
mune responses), immune responsiveness in song sparrows was not 
associated with TLR heterozygosity. In contrast, increases in MHC 
class II allele diversity (DivMHC) were associated with decreases in 
adult longevity in individuals, particularly in adults with low f. In gen-
eral, adults with fewer MHC alleles (15 or fewer) lived on average 

F I G U R E  3  Effect of TLR3_2 allele on tetanus immune response 
(antibody titre to tetanus toxoid). Error bars indicate standard 
error. N = 58 individuals with TLR3_2 absent; N = 8 individuals 
with TLR3_2 present. (a) Model output of the minimal model, which 
includes other factors known to be important in antibody titre in 
this species (sex, f, days between inoculation and antibody titre 
measurement, maternal inoculation status, and year of experiment); 
(b) raw data.
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F I G U R E  4  Effect of MHC class II B exon 2 supertype 7 (ST7) on 
PHA immune response. Error bars indicate standard error. N = 22 
individuals with ST7 absent; N = 54 individuals with ST7 present. 
(a) Model output of the minimal model, which includes other factors 
known to be important in PHA response in this species (sex, f, and 
year of experiment); (b) raw data.
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1 year longer than did those with more MHC alleles (more than 15). 
Similarly, in adult caribou, greater MHC class II functional diversity 
was associated with decreased survival (Gagnon et al.,  2020). We 
discuss below that the MHC supertype ST5 was associated with a 
decrease in adult longevity. Individuals with ST5 were more likely to 
have a high MHC allele diversity (t test, p < .001); the presence or ab-
sence of ST5 may therefore drive this finding. Alternatively, one sug-
gested cost of increased MHC allele diversity may be an increased 
risk of autoimmunity and/or a decrease in the repertoire of T cell 
receptors, leading to a decrease in functional immunity (reviewed in 
Radwan et al., 2020) as seen in bank voles (Myodes glareolus; Migalska 
et al., 2019). However, song sparrows on Mandarte Island are inbred 
(Keller, 1998) and innate immune genes have been shown to be less 
diverse than in mainland populations (Nelson-Flower et al.,  2018), 
making this explanation unlikely.

4.2  |  Effects of specific TLR alleles and MHC 
supertypes on survival to adulthood, adult 
longevity, and immune responses

Specific immune gene alleles or supertypes are often found to af-
fect survival and immune responsiveness in wild bird populations 
(Bonneaud et al.,  2005; Brouwer et al.,  2010; Dunn et al.,  2013; 
Lukasch, Westerdahl, Strandh, Knauer, et al.,  2017; Lukasch, 
Westerdahl, Strandh, Winkler, et al., 2017; Sepil et al., 2013; Table 1). 
In adult song sparrows on Mandarte Island, MHC class II supertype 
ST5 was associated with decreased longevity; individuals that did not 
carry ST5 lived on average 1.5 years longer than those with ST5. We 
found no associations between specific TLR alleles and survival or 
longevity. This stands in contrast to findings in Seychelles warblers 
(Acrocephalus sechellensis) and Stewart Island robins (Petroica aus-
tralis rakiura), in which specific TLR alleles affected survival (Davies 
et al., 2021; Grueber et al., 2013). As part of the innate immune sys-
tem and a first line of defence, TLRs are generally highly conserved 
and, in song sparrows, experience purifying selection (Nelson-
Flower et al., 2018). However, TLRs are under balancing selection 
in other species, indicating that further work is required to ascertain 
links between TLR variation and fitness (Minias & Vinkler, 2022).

The presence of a specific TLR allele (TLR3_2) was associated 
with decreases in the humoral immune response (tetanus toxoid an-
tibody response) in song sparrows. TLR3 recognizes double-stranded 
RNA, which is indicative of some viral infections (Nie et al., 2018). 
However, the mechanism responsible for this result remains unclear; 
functional connections between TLR3 and humoral adaptive immu-
nity are indirect. This result may represent type I error, despite our 
efforts to reduce the occurrence of such error. While research in-
vestigating the role of TLR alleles in immune responses is rare, prior 
results in Attwater's prairie-chicken found that a specific TLR1LB 
allele was associated with changes in the innate immune response 
(measured by lysozyme and haemolysis assays; Bateson et al., 2016). 
Future research investigating the role of specific TLR alleles in im-
mune responses might be best served by development of specific 

immune challenges that target particular TLR loci: for example, the 
introduction of double-stranded RNA to assess the role of TLR3 
genotypes in immune responses.

The ST5 supertype was common, found in 67% of the adult birds 
in our MHC data set, and may represent an example of negative 
frequency-dependent selection, discussed below. We also found 
that MHC class II supertype ST7 was associated with a small but 
significant decrease in PHA response in juvenile and adult song spar-
rows. Similarly, a specific MHC class II allele was associated with a 
decreased PHA response in juvenile sea lions (Zalophus californianus; 
(Montano-Frías et al., 2016)). PHA response was historically thought 
to represent cell-mediated immunity, and though MHC genes ac-
tivate acquired, cell-mediated immunity including T cells (Janeway 
et al., 2001; Viney et al., 2005), the short elapsed time between in-
jection of PHA and measurement of swelling probably precludes this 
mechanism. It is likely that the functional connection between the 
presence of MHC ST7 and a decrease in PHA response is indirect.

4.3  |  Immune gene variability: Selection 
mechanisms at work

It can be difficult to identify the exact mechanism involved in selec-
tion for MHC polymorphism at a population level because the pre-
dictions made by hypotheses such as negative frequency-dependent 
selection and heterozygote advantage can overlap (Spurgin & 
Richardson, 2010). Other problems also arise: negative frequency-
dependent selection implies changes in an allele's frequency over 
time, but many studies are accomplished over relatively short time 
periods and offer only a “snapshot” view of a population (reviewed 
in Radwan et al., 2020). In addition, the benefits of larger numbers 
of MHC alleles (heterozygote advantage) can be difficult to parse 
from the benefits of specific alleles that may be more common in 
heterozygotes (reviewed in Worley et al.,  2010). Investigations of 
pathogen-mediated selection have been suggested to focus on iden-
tifying what mechanisms are at work rather than determining their 
relative importance in a system (Spurgin & Richardson, 2010).

Specific TLR alleles and MHC supertypes decreased longevity 
or immune responses in song sparrows, implying that negative fre-
quency dependent selection could be at work. Negative frequency-
dependent selection could be mediated by a particular immune 
gene allele or supertype (reviewed in Radwan et al., 2020). Under 
negative frequency-dependent selection, pathogens are suscepti-
ble to rare alleles, but over time pathogens evolve to resist these 
alleles as they become increasingly common (Takahata & Nei, 1990). 
Negative frequency-dependent selection is usually taken to mean 
that a rare allele is beneficial, rather than a common allele being det-
rimental. However, such impact of specific immune genotypes is not 
uncommon (Bateson et al.,  2016; Dunn et al.,  2013); for example, 
an MHC supertype decreased nestling survival in house sparrows 
(Lukasch, Westerdahl, Strandh, Knauer, et al.,  2017), and a TLR3 
allele decreased survival of adults in Seychelle's warblers (Davies 
et al., 2021). Specific MHC alleles have been shown to increase the 
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likelihood of pathogen infection in birds (Bonneaud et al.,  2006; 
Worley et al., 2010).

Our results indicate no support in this population for the het-
erozygote advantage hypothesis, because individuals with larger 
numbers of MHC alleles did not experience greater fitness (survival/
longevity) or any effects on immune responses. We also found no 
evidence for the optimality hypothesis, because there was no qua-
dratic relationship between MHC allele diversity and survival to 
adulthood, adult longevity or immune responses.

4.4  |  Immune response assays and longevity

We found no links between individual longevity and PHA or tetanus 
response, suggested previously to be valuable as predictors of fit-
ness (though see alsoAdamo,  2004; Viney et al.,  2005). However, 
observed PHA or antibody responses may not reflect aspects of the 
immune system most influential in fighting pathogens in particular 
individuals or sites, resulting in little or no relationship to fitness 
(Adamo, 2004; Viney et al.,  2005). In addition, immune responses 
can be difficult to interpret in cases where the maximal response 
is not the optimal response with respect to fitness (Adamo, 2004; 
Graham et al., 2011; Viney et al., 2005). A different approach is to 
assay the specific immune mechanisms deployed to defend against 
common pathogens. For example, Soay sheep (Ovis aries) with high 
levels of antibodies to a common helminth were more likely to sur-
vive the subsequent winter (Nussey et al., 2014). Future work in song 
sparrows might therefore focus on specific common pathogens or 
parasites, MHC and TLR variation, and individual fitness.

4.5  |  Immune gene variability and f

Prior work in our study population has revealed correlations between 
f and various fitness components (Keller,  1998; Reid et al.,  2014; 
Taylor et al., 2010; Wolak et al., 2018), leading to speculation that f 
may reflect immune gene variability (Reid et al., 2007), given a nega-
tive correlation of f to genome-wide heterozygosity at neutral loci 
(Nietlisbach et al., 2017). However, we found no correlation between 
individual f and TLR heterozygosity at nonsynonymous SNPs, adding 
to mixed reports of correlations between f, genome-wide heterozy-
gosity, and TLR heterozygosity (e.g., Hartmann et al., 2014; Bateson 
et al., 2016; Grueber et al., 2015). We also found that f was unrelated 
to MHC variability. Genome-wide heterozygosity and MHC variation 
were also found to be unrelated in wild ibex (Capra ibex; Brambilla 
et al.,  2018), caribou (Rangifer tarandus; Gagnon et al.,  2020), and 
common yellowthroat (Whittingham et al., 2018). MHC diversity can 
be maintained despite inbreeding and small population size (Aguilar 
et al., 2004; Grueber et al., 2017; Knafler et al., 2017; Richardson & 
Westerdahl, 2003), indicating that strong selection in response to 
pathogens can override the losses of genetic diversity that occur via 
inbreeding and genetic drift (Radwan et al., 2020).

While juvenile survival to adulthood declines with increasing f in 
song sparrows (Keller, 1998; Nietlisbach et al., 2017; Reid et al., 2014; 

Taylor et al., 2010; Wolak et al., 2018, this study), we found no cor-
relation between juvenile survival and immune genotype, imply-
ing that reduced survival in highly inbred juveniles is unrelated to 
individual variation in the TLR or MHC genes considered here. In 
contrast, we found that adult longevity was unaffected by f on its 
own (also found previously by Reid et al., 2014), but strongly influ-
enced by MHC allele diversity in interaction with f. Overall, immune 
genotype and diversity appear to influence survival and longevity 
separately from the expected effects of inbreeding f on individual 
immune response.

4.6  |  Methodological limitations

The research presented here draws together multiple lines of in-
vestigation; some methodological limitations are evident, though 
we tried to mitigate their impacts. First, the immune response as-
says have limited specific functional relevance to some of the im-
mune genes we investigated. For example, we examined TLR3 and 
TLR4, which bind double-stranded RNA and lipopolysaccharide 
from gram-negative bacteria, respectively; an assay introducing 
these antigens to individual birds could correlate more directly with 
the function of these TLR genes. Nevertheless, the PHA response 
and antibody titre response have been used as immunological pa-
rameters in field studies for many years and are likely to encompass 
some indirect associations between immune function and genotype. 
Second, this research encompasses many statistical analyses which, 
in some cases, have limited sample sizes, thus increasing the risk of 
type I error. We therefore limited the number of statistical terms 
in candidate models, removed “nested” models from top models 
sets, presented “full” (rather than “conditional”) model averages, 
and calculated q values to correct false discovery rates. All of these 
measures increase the stringency of our statistical analyses, but the 
possibility remains that some of our results could be the result of 
type I error. Finally, many of the individuals were chosen for TLR 
and MHC genotyping because they were assayed immunologically 
as adults (Reid et al.,  2003, 2007). By definition these individuals 
survived to adulthood, but genotyping only these would add a de-
gree of bias, because most birds in this study population die before 
attaining adulthood. We therefore also genotyped a broodmate for 
each of these individuals regardless of the broodmate's survival. We 
chose this conservative approach over genotyping a randomly cho-
sen individual as less likely to generate spurious results. However, 
this may have increased the likelihood of type II error in detecting 
differences in survival due to immune genotype.

4.7  |  Conclusions

This research investigates immune gene diversity, immune func-
tion, and fitness in a wild population, while disentangling the ef-
fects of heterozygosity or diversity at candidate genes from those 
of genome-wide heterozygosity (indicated by f ). Most studies 
of wild populations are hindered by practical limits on precisely 
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estimating individual fitness, immune function, and f, but we were 
able to use a long-term data set, an extensive collection of blood 
samples, and previously collected immune response data to over-
come these challenges. In general, we found that specific immune 
genotypes were associated with decreases in immune responses 
and adult longevity, suggested a role for negative frequency-
dependent selection in this population. We also found that high 
MHC allele diversity in outbred birds contributed to shorter adult 
longevity. Immune responses were not a proxy for fitness as meas-
ured by survival or adult longevity. Finally, immune gene diversity 
or heterozygosity did not reflect inbreeding coefficient f, suggest-
ing that selection may maintain variation at functional loci even 
when populations are small.
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