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Population Overview

The sheep population on Hirta entered 2019 at a moderate level and there was relatively low
mortality over winter with 46 tagged animals being found dead with in the study area. Lambing
began on the 25" of March with 79.92% of lambs born surviving (Fig. 1).

20

Lambs Born

Figure 1. The temporal distribution of lamb births during 2019.

In December 2019, 634 tagged sheep were believed to be alive on Hirta, of which 508 regularly
used the study area, an increase of 34.4% using the study area since the previous year. The age
distribution of the population is shown in Figure 2 and changes in sheep numbers in the study
area over time are shown in Figure 3.
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Figure 2. Age distribution of tagged Soay sheep presumed to be alive at the end of 2019.
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Figure 3. The number of sheep counted on the whole island and the number of tagged sheep
regularly using the study area since 1985.

One whole-island count yielded 1810 tagged and untagged sheep, with the details displayed in
Table 1. The total population had increased by 29.2% since summer 2018 when it was
estimated as 1401. This gives a delta (calculated as In (N1/Ny)) of +0.256. The whole island
count is also shown in Figure 3.

Table 1. Demographic and geographic distribution of sheep observed during the count of Hirta
on August 13" 2019. Coat colours are DW = dark wild, DS = dark self. LW = light wild, and LS

= light self.
Location Females Males Lambs | Total
DW DS LW LS DW DS | LW | LS
Conachair/Oiseval 171 12 40 3 59 1 11 0 155 452
Mullach Bi / Cambir 265 12 69 4 53 2 20 0 258 683
Ruaival/Village 234 9 73 5 67 2 18 0 267 675
Total 670 33 182 12 179 5 49 0 680 1810




Determination of Pregnancy in Soay sheep.
Michael Morrissey, Jill Pilkington and Josephine Pemberton.
Background

The main reason why the St Kilda Soay sheep project can support such a broad range of studies
is the extensive individual-based data on life histories. Essentially, the remarkably complete
record of births and deaths in this wild population is the backbone of the study. Despite the
scope of the data there are inevitably areas where further information could support even more
detailed and extensive studies. In particular, the NERC grant “Resolving the paradox of stasis:
addressing the missing fraction problem”, held by Michael Morrissey and Josephine Pemberton
has identified more complete determination of pregnancy status, particularly of ewe lambs, as
an area where further efforts could support better understanding of how natural selection acts
throughout the entire life cycle.

This report describes our progress on developing a more comprehensive, non-invasive assay
of pregnancy using hormones measured in faecal samples. We focus on the determination of
pregnancy status in ewe lambs (ewes that get pregnant at approximately seven months of age),
as they appear to be pregnant at lower rates than older ewes. Furthermore, we suspect that the
scope for uncertainty in our current data on pregnancy is greatest for ewe lambs, since they
may be most likely to abort a foetus during gestation, and if born their lambs might suffer the
greatest neonatal mortality and be missed during field work.

Sample collection

In each of December of 2017 and January of 2018, Jill Pilkington collected two faecal samples
from all ewe lambs and yearlings, and from a sample of older individuals. Subsequently,
pregnancy status was determined with high certainty for a subset of these. In some cases,
certain determinations that an individual was, or was not, pregnant was possible from post
mortem. In other cases, positive determination of pregnancy was possible from observations
of live births. Here, we focus on only those cases of with highly certain pregnancy status, for
the purpose of developing and testing our approach. Replicate faecal samples from the focal
set of ewe lambs were assayed for progesterone concentration by Helen Evans (Nationwide
Specialist Laboratories, Cambridge).

Timing of sampling

In December of 2017, Jill Pilkington formed the opinion that faecal samples from that time
were unlikely to be representative of pregnancy status for that winter, because the rut was
ongoing at the time of sample collection. Progesterone assay results supported this, with
overlap between individuals subsequently determined to have been pregnant or not pregnant in
December, but this was not the case in January (Fig. 4). Subsequent analyses consider only
samples from January.
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Figure 4. The distributions of faecal progesterone assay results (umol/L/g) in samples from
Soay lambs in December of 2017 and January of 2018, in relation to their pregnancy status,
as subsequently determined from field observations.

Ascertainment of pregnancy status
We constructed a probabilistic model that estimated:

(a) The variability of progesterone concentration from one replicate sample to the next, within an
individual

(b) The means and variances of progesterone concentration for pregnant and non-pregnant ewes,
and

(c) Individual probabilities of being pregnant

The model estimates indicate substantial repeatability of replicate samples (taken min. 3 days
apart in January) on the same individual, with a within-individual variance of progesterone
concentration (log umol/L/g) of 0.15. The variances among pregnant and non-pregnant
individuals are 0.77 and 0.13, respectively. As such, the progesterone concentrations in our
samples provide substantial information on individual variation in progesterone concentration,
1.e., they have appreciable repeatability.



We estimate that there is substantial separation of the distributions of progesterone
concentration, with pregnant ewe lambs having a mean concentration of 5.44 (log umol/L/g)
and non-pregnant individuals having a mean concentration of 3.4. As such, most pregnant and
non-pregnant individuals fall in distinct ranges of progesterone concentration, but there is a
small intermediate range in which pregnancy status is ambiguous (Fig. 5).
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Figure 5. Model-based inference of the distribution of faecal progesterone concentration
among pregnant and non-pregnant ewe lambs, using data from the winter of 2017/18.

Most individuals can thus have their pregnancy status confirmed by the model with reasonably
high certainty (Table 2). Interestingly, two individuals that were determined not to have been
pregnant on the basis of post-mortem (CG029 and CG030; Table 2) appear most likely to have
been pregnant, on the basis of progesterone concentrations. This probably reflects a low rate
of loss of embryos or possibly pseudo pregnancy, but should not interfere with our ability to
study trade-offs between survival and reproduction that occur in early the lives of ewes.



Table 2. Individual model-based posterior probabilities of having been pregnant, using data
from field observations and faecal progesterone assays simultaneously. Tag numbers refer to
the green tags assigned to the 2017 birth cohort. Pregnancy status based on field data is coded
as zero for non-pregnant ewe lambs and one for pregnant individuals.

tag pregnancy status  model-based probability of
CGO15 0 0.194
CGO019 1 1.000
CGO020 1 1.000
CGO029 0 0.994
CG030 0 0.716
CG039 1 1.000
CG047 1 1.000
CG048 1 1.000
CG049 0 0.011
CGO050 0 0.134
CGO057 1 1.000
CG062 1 1.000
CG063 0 0.013
CGO076 1 1.000
CGO082 1 1.000
CGO088 1 1.000
CG089 0 0.187
CGl111 1 1.000
CG120 1 1.000
CG129 1 1.000
CG136 0 0.008
CG148 0 0.019
CG150 1 1.000
CG153 0 0.010
CG158 0 0.011
CG159 0 0.007
CGlel 0 0.012
CG171 0 0.008
Next steps

All remaining samples from ewe lambs form January of 2017/18 (those without certain field
data on pregnancy, and therefore not initially of interest for methodological development), and
all samples from January of 2019 are currently being assayed for progesterone. These will
allow us to provide an update on rates of pregnancy in ewe lambs for subsequent reports.
Samples from ewe lambs in January 2020 have been collected, and samples for faecal
progesterone assays will continue in 2021. In addition to allowing us to update basic
background information (such as overall pregnancy rates) these data will be fed in to various
analyses of selection throughout the life cycle as part of the ongoing NERC grant.
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The Ecology Within: The impact of gut ecosystem dynamics on host fitness in the wild.

Xavier Bal, Dylan Childs, Yolanda Corripio-Miyar, Andy Fenton, Mariecia Fraser, Andrew
Free, Adam Hayward, Helen Hipperson, Fiona Kenyon, Hannah Lemon, Luke McNally, Tom
McNeilly, Dan Nussey, Robin Pakeman, Amy Pedersen, Jill Pilkington, Josephine Pemberton,
Amy Sweeny and Hannah Vallin.

In March 2019, we began a new study into the gut communities of the Soay sheep on St Kilda,
which is funded by a large NERC grant. Our guts are home to a staggeringly diverse community
of microorganisms: the so-called ‘gut microbiota’. Studies in humans and laboratory animals
tell us that this astonishing ecosystem within our bodies is vital to our ability to fight disease,
digest our food and remain healthy. The gut microbiota also interacts with parasites that live in
our guts and alters profoundly in response to changes in diet. The co-evolution of these
microbial communities and the animals that host them is profoundly altering the way ecologists
and evolutionary biologists think about natural systems. We are shifting from thinking about
animals as unitary individuals and towards considering them as complex, dynamic ecosystems
in their own right. To date, few studies have examined how and why the gut microbiota varies
across the lifetimes of wild animals or how that variation impacts health and fitness in natural
conditions.

Our new study aims to address the following over-arching questions, using the wealth of data
available from the long-term study of Soay sheep on St Kilda and by applying next-generation
DNA sequencing methods to newly collected faecal samples from the field:

1. How do host genetics & environment shape gut ecosystem dynamics?
2. How does natural selection act on the gut ecosystem?
3. How do host - gut ecosystem interactions impact host population & disease dynamics?

Our team will use newly collected information from samples taken from study animals to
monitor variation in the gut bacteria, nematode worm and protozoan parasite communities, as
well as the diet of the sheep and their immune characteristics. By combining this new data with
ongoing field work monitoring the life histories, demography and genetics of the sheep, we
aim to develop a comprehensive understanding of the interaction between gut ecosystem and
host health and fitness in the wild, and to build that understanding into demographic and
epidemiological models which can be used by others to address questions related to different
kinds of systems (Fig. 6).

Over four field visits in 2019, Xavier Bal and Jill Pilkington collected a remarkable 808 faecal
samples from a wide range of individually marked Soay sheep, comprising different age groups
and sexes. Samples were collected in March, May, July and October and for the vast majority
of sheep, one sample was collected in each season across the year. This extraordinary set of
longitudinal samples will be sequenced over the coming year to investigate seasonal and
individual variation in different gut communities (bacteria, nematode worms). The field
programme will continue and follow the same individuals in 2020, ultimately providing a
unique long-term study of the gut communities of the sheep across a four-year period.

At the same time, Hannah Lemon, Amy Sweeny, Andrew Free and Luke McNally, have been
setting up a laboratory to handle these samples and prepare them for sequencing. Laboratory
protocols are now in place and we have almost completed trial runs of the sequencing protocols
to assess the microbiota community structure. The results of these trials will determine the
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exact methodology which will be applied to the samples collected from St Kilda. Alongside
this, the team has been using pilot microbiota data collected from samples taken in 2013 and
2016 on St Kilda to develop an analysis pipeline that will be used on the new data. This includes
the application of an exciting new approach using linear mixed-effects models to analyse the
sequence data, which will allow a much more precise and informative breakdown of the factors
(e.g. age, sex, environment, genetics) which drive variation in the gut microbiota community.

Researchers at Aberystwyth (Hannah Vallin, Mariecia Fraser), Sheffield (Helen Hipperson)
and the James Hutton Institute (Robin Pakeman) have been developing methods to analyse the
diet of sheep, using similar techniques to assess the proportion of different species of plants in
the faecal samples. At Aberystwyth, a group of 15 captive Soay sheep have been acquired and
habituated to conditions which will allow them to be fed known food types so that their faecal
samples can be used to test the validity of this approach. Three successful trials have now been
completed, and ongoing work in collaboration between Aberystwyth, Sheffield and Edinburgh
will establish methods to quantify the plant species composition of these samples using next-
generation sequencing. Ongoing seasonal vegetation surveys, led by Robin Pakeman, will
ultimately allow us to combine a detailed understanding of the vegetation available to
individual sheep in their home ranges on St Kilda, with assays of their actual preferences for
particular plant species.

At the Moredun Research Institute, the team - Yolanda Corripio-Miyar, Adam Hayward, Tom
McNeilly and Fiona Kenyon - have measured nematode parasite egg counts from all samples
collected from St Kilda in 2019. These counts provide numbers of the eggs of major parasitic
worm groups, but cannot differentiate the contribution of different species from the most
prevalent and important group, the Strongyles. We have successfully trialled a new approach,
which uses nematode larvae cultured from faeces collected on St Kilda and applies next-
generation DNA sequencing to determine the relative number of different Strongyle species in
a sample. This approach will be applied to the 2019 samples to investigate the dynamics of the
complex nematode community that lives within the guts of the Soay sheep.

Blood samples collected from sheep during the August catch 2019 were subjected to specially
designed protocols on St Kilda to prepare and preserve them for detailed immunological
analyses at Moredun. These assays will provide important insights into the types of immune
response sheep are mounting, by examining the number of different kinds of T helper cells in
a blood sample and also looking at the response of these cells to stimulation. Immune defence
against parasitic worms is thought largely to be driven by a particular kind of T helper cell,
known as T helper type 2 cells (Th2) which produce an important signalling molecule called
interleukin 4 (IL-4). Studies of wild animals are rarely able to dissect the immune response in
a sufficient level of detail to examine this type of response. Preliminary analyses of our data
suggest that sheep with low worm counts have higher numbers of Th2 cells, and their cells
produce more IL4 in response to stimulation.

The ultimate aim is to collect data over the coming years describing variation in the gut
microbiota and parasite communities, immunology, diet choice and habitat quality to enable
researchers with expertise in epidemiological modelling (Andy Fenton, Liverpool & Amy
Pedersen, Edinburgh) and demographic modelling (Dylan Childs, Sheffield) to build flexible
models of how the gut ecosystem, host immunity and diet interact in natural systems to
influence population dynamics and the spread of infection.
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Figure 6. Schematic showing the main elements and questions of the Ecology Within study.

Inbreeding depression: A genomic perspective.
Martin A. Stoffel, Susan Johnston and Josephine Pemberton.

Inbreeding is common in natural populations. However, when related individuals mate, their
offspring may have lower fitness, a phenomenon called inbreeding depression. Although
inbreeding depression has been studied since Darwin and shown to be important across the
animal and plant kingdoms, we still know very little about the genetic mechanisms
underpinning it. Here, we combine genetic data with detailed knowledge about the yearly
survival of the Soay sheep to shed some light on the genetic basis of inbreeding depression.

The offspring of related individuals inherit disproportionately more of the same genetic
variants from both their mother and father. As a consequence, their genomes are homozygous
in many parts (as opposed to heterozygous when they inherit different genetic variants from
their parents). This is generally bad, as many genetic mutations with potentially negative
consequences only have an effect on fitness when they are in a homozygous state. This means
that the more of an individual’s genome that is homozygous, the more of such deleterious
genetic variants show their negative effects, which leads to the reduced fitness of an inbred
individual.
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The extensive genomic data for the Soay sheep now allows us to measure exactly where in the
genome an individual is homozygous, which we quantify through runs of homozygosity
(ROH). Adding all of these ROH up and dividing it by the genome size gives us the inbreeding
coefficient called Fron, which quantifies how inbred a Soay sheep is. If we plot the inbreeding
coefficients of all Soay sheep (Fig. 7A), we can see that most sheeps’ genomes are around 20-
25% homozygous. However, there are some sheep that have inbreeding coefficients of 0.4 or
0.5 which means that nearly half their genomes are homozygous. This can only happen when
their parents were very closely related! If we plot the same distribution across different life-
stages (Fig. 7B) it becomes clear that very inbred individuals rarely survive their first years.
While at age 0 there are still quite a few individuals with very high inbreeding coefficients, this
is not the case anymore at older ages.

Inbreeding depression in survival

To analyse the effect of inbreeding on annual survival statistically, we used generalised linear
mixed models, which incorporated various information about the sheep. When incorporating
the survival data from sheep at all ages, we find that inbreeding depression is strong, with
offspring of first cousins only having around 25% odds of survival in a given year compared
to an average individual (Fig. 8 A). This effect is comparable to being a male or a twin, both of
which have lower chances of survival (Fig. 8A). Interestingly, inbreeding depression in this
model does not decrease across life (see FROH * age interaction in Fig. 8 A). However, this is
likely due to the fact that the maternal care during the first year of life buffers the effects of
inbreeding depression. Indeed, when removing individual survival data of lambs, we can see
that there is a strong positive interaction between inbreeding coefficient FROH and age (Fig.
8B), which shows that inbreeding depression gets weaker in older individuals.
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Figure 7. Genomic Inbreeding coefficients Fron. Figure A shows the distribution of inbreeding
coefficients across all Soay sheep, with some highly inbred individuals. Figure B shows
inbreeding coefficients at different age classes.
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Figure 8. Inbreeding depression on survival. Figure A shows the estimated effects of different
variables on survival. FROH is the inbreeding coefficient and FROH * age tests whether
inbreeding depression gets weaker in older individuals. Figure B shows the same model, but
excluding the survival data for lambs. When lambs are excluded, we see a clear interaction
effect FROH * age, which shows that inbreeding depression gets weaker in older individuals.

Inbreeding depression in survival across the genome

Quantifying runs of homozygosity (ROH) can also help to pinpoint regions in the genome
which contribute disproportionally to a decrease in fitness. When plotting homozygous regions
for the 10 most and the 10 least inbred Soay sheep, we can see that there are large differences
between individuals (Fig. 9).
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Figure 9. Runs of homozygosity in the 10 most and 10 least inbred Soay sheep. Every horizontal
line represents the genome of one Soay sheep and every box represents a run of homozygosity.
The colours and grey shades are a visual aid to see where each chromosome starts and ends.
We can see that the 10 most inbred individuals in the first 10 rows have many more runs of
homozygosity than the 10 least inbred individuals in the bottom 10 rows.
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Using a genome-wide association study, we tested, for each genomic region, whether being
homozygous through inbreeding impacted the chances of survival. To do this, we again used
generalised linear mixed models, which incorporated detailed information about each sheep
and its environment. Fig. 10 shows the results through a so-called Manhattan plot. Every point
is a genetic variant and the higher a ‘Skyscraper’ of points, the more likely the respective
genomic region is causing inbreeding depression on survival. We can see that there are some
regions which reach genome-wide significance (are higher than the horizontal dashed line).
This means that there might be a few genomic regions where being homozygous through
inbreeding is particularly bad for a Soay sheep’s odds of survival. However, the project aims

at further exploring these genomic relationships, which is why the current results should be
considered preliminary.
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Figure 10. Inbreeding depression across the genome. The Manhattan plot shows effects of
homozygosity through inbreeding across the genome.

Summary

There is strong inbreeding depression on survival in Soay sheep, with offspring of first cousins
being four times more likely to die in a given year than the average individual. Inbreeding
depression declines throughout a sheep’s life and is less strong in lambs, because their mothers
probably buffer the bad genetic effects of inbreeding during the first year of life. Genetically,
there might be some regions across the genome where being homozygous is particularly bad,
and determining their effects and functions will be part of the future of this project.
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Finding the genes that underlie interesting traits in Soay sheep.

Susan E. Johnston, Alex M. Sparks, Martin A. Stoffel, Camillo Bérénos, Hannah Froy, Jill G.
Pilkington, Jon Slate, Richard J. Mellanby, Josephine M. Pemberton and Dan H. Nussey.

Introduction

Over the last 35 years of Soay sheep project, we have recorded a variety of phenotypic
measures for almost every single individual born in the Village Bay study area. This ranges
from conspicuous traits (e.g. coat colour and horn type) to size traits (e.g. horn dimensions,
body weight, leg length), parasite and immune traits (e.g. faecal egg count, blood
immunoglobulin levels) and markers of biological aging and condition (e.g. leukocyte telomere
length, vitamin D levels), among others. We collect this data because we wish to ask two
general questions:

1. Causes of variation: why does variation in these traits exist within and between
individuals?

2. Consequences of variation: how do these traits affect how well Soay sheep survive
and reproduce (i.e. their “fitness”) in a natural environment?

Traditionally, ecologists would attempt to answer these questions by looking at the correlation
between phenotype and fitness. However, if we want to understand the evolution of these traits,
it is necessary to quantify the genetic architecture of the trait. This means that we determine
(a) if there is genetic variation underlying the phenotypic variation; (b) if so, how much
phenotypic variation does it explain; and (c) if there are specific genes that contribute to this
variation. Ultimately, this will allow us to investigate if carrying particular gene copies (or
“alleles”) for traits of interest are associated with individual fitness.

Over the last ten years, we have developed a number of genomic resources for the Soay sheep
which allows us to determine the genetic architecture of traits; examples include finding the
genes controlling coat colour (7YRP1), coat pattern (4SIP) and horn type (RXFP2), and finding
genomic regions associated with leg length, recombination rate and immune responses. Now,
there is ongoing work to increase our genomic resources to improve our ability to determine
the genetic architecture of traits — that is, are they heritable, and if so, are they controlled by
few/many genes of small/large effect. Here, we describe current results investigating the
genetic architecture of meiotic recombination rates, leukocyte telomere length and vitamin D
levels in the Soay sheep population.

Methods

A total of >7,600 Soay sheep have been genotyped genome-wide at ~40,000 single nucleotide
polymorphisms (SNPs) on the Ovine SNP50 BeadChip, and a further 191 individuals are
genotyped at >400,000 SNPs on the Ovine HD BeadChip. We used the software Alphalmpute
to estimate or “impute” genotypes from the HD chip into the 50K chip data. We then ran
“animal models” of each phenotype to determine how much variation in the study traits was
due to genetic effects (the trait heritability, or h?). Finally, we ran genome-wide association
studies (GWANS) for the three traits, which investigate the association between the trait and
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each of the 400,000 SNP loci, helping us to determine the genomic location of large effect loci
and/or to determine if traits are also controlled by many loci of very small effect (known as
polygenic traits).

Results and Discussion
1. Meiotic recombination rate

SNP genotype and pedigree information were integrated to calculate the recombination rate,
defined as the number of chromosomal crossovers occurring in an individual’s gametes that
were transmitted to each of its offspring. Recombination rate was higher in males than in
females (34.1 vs 27.0 crossovers, respectively, P < 0.001) and heritable in both sexes (h?=0.12
and 0.18 in males and females, respectively). The genes RNF212 and ZWINT were associated
with female recombination rate, and the paralogous locus RNF212B was associated with both
male and female recombination rate (Fig. 11). All three genes are known to be involved in
meiotic recombination from other studies. Ongoing work shows that the frequencies of low
and high recombination alleles at these genes have been stable in the population over the last
28 years, and that they are not associated with reproductive success or survival.

Females N = 4359 (1011)
20, RNF212 = i
;zo- s ZWINT
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1 2 3 456 780910 12 14 16 18202224 X
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Figure 11. Genome-wide association study of meiotic recombination rate in Soay sheep. Analyses
were done separately for females (top panel) and males (bottom panel). N = the number of phenotypic
measurements, with the number of independent individuals in brackets. Individual points on the graph
indicate the significance of the association at each SNP distributed across the genome. The dashed line
indicates the genome-wide significance level after multiple testing.
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2. Leukocyte Telomere Length

Telomere length was heritable in all sheep (h?> = 0.23), in lambs only (h*> = 0.40) and in adults
only (h* = 0.21). No regions of the genome were associated with telomere length, suggesting
that it is controlled by many loci throughout the genome, each with a relatively small effect on
the trait (Fig. 12).
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Figure 12. Genome-wide association study of leukocyte telomere length in Soay sheep. See
Figure 11 description for further details.

16



3. Vitamin D

Circulating levels of vitamins D> and D3 were measured in a sample of Soay sheep: Vitamin
D3 is produced in the skin of most mammals on exposure to sunlight, and both vitamin D> and
vitamin D3 can be obtained in the diet. We found that all vitamin D levels were heritable in
lamb and adult Soay sheep, with higher heritabilities observed in lambs and in vitamin D3 levels
(Fig. 13). In all sheep, a genomic region containing the gene MAGII is tentatively associated
with vitamin D levels and adaptation to latitude in humans (Fig. 14). In lambs, a genomic region
containing the gene CYP27B1 was associated with total vitamin D and vitamin D3 levels (Fig.
14): this locus is directly involved in the regulation of vitamin D metabolic/ catabolic process
& pathways in humans in mice. Finally, a genomic region containing the genes NADSYNI and
DHCR7 was associated with lamb vitamin D: levels (Fig. 14); the protein DHCR?7 is precursor
of vitamin D via action of ultraviolet light on skin.
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Figure 13. Effects contributing to the total phenotypic variance in circulating Vitamin D;
and D3 levels. Total indicates the sum of the two measures. The heritable variation is indicated
by the “additive genetic” proportion of variance.
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Figure 14. Genome-wide association study of circulating Vitamin D levels in Soay sheep.
See Figure I description for further details. Panels show the Total D, D> and Ds levels (left to
right) for all sheep, lambs and adults (top to bottom). Candidate genes in significantly
associated regions are highlighted.

Association between MHC haplotypes and phenotypic traits in Soay sheep.
Wei Huang and Josephine Pemberton.

The major histocompatibility complex (MHC) is one of the most variable gene families in
vertebrates. Parasite-mediated selection (PMS) is believed to be the main force maintaining
diversity at MHC genes. An important and popular way to demonstrate PMS is to examine
associations between variation at MHC genes and fitness or phenotypic traits related to fitness.
A critical question, which is rarely studied, is whether MHC-phenotypic trait associations are
consistent with MHC-fitness associations or not. With the Soay sheep data set we are in the
unusual position of being able to answer this question.

In Soay sheep, eight MHC class II haplotypes have been characterized and genotyped in more
than 5000 sheep. This data, together with large number of phenotypic observations and the
well-characterized multigenerational pedigree enables us to study the consistency between
MHC- fitness and MHC-phenotypic trait associations in the population. Previously, through
MHC-fitness associations we demonstrated that a rare haplotype, D, has a selective advantage
as it is associated with longer female lifespan, and its frequency has increased over the study

18



period. Here, we used models accounting for relatedness to investigate associations between
the eight haplotypes and five fitness-related phenotypic traits in Soay sheep. These traits are
weight, strongyle faecal egg count (FEC) and levels of three plasma antibodies against an
abundant gastro-intestinal parasite, anti-7Teladorsagia circumcincta 1gA, 1gE and IgG, all
measured in sheep caught in the August catch up.

We found no association between MHC genes and either August weight or FEC. We found a
positive association between MHC heterozygosity and lamb IgA, and a number of associations
between specific MHC haplotypes and antibodies (Fig. 15). We found associations with IgA
in both lambs and older animals (including yearlings and adults) and associations with IgE and
IgG but only in older animals.

Haplotype D was associated with increased IgE and haplotype H was associated with decreased
IgG in older animals. These are consistent with a previously found weak positive association
between IgE and adult female survival. The other associations found between MHC haplotypes
and antibodies cannot be related to fitness associations. Taken overall, our results therefore
suggest MHC-phenotypic trait associations are a poor guide to MHC-fitness associations and
hence to understanding selection on the MHC.
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Figure 15. Associations between MHC (specific haplotypes and MHC heterozygosity) and
phenotypic traits in Soay sheep. Only significant results are presented here (p<0.05) with
colours showing direction of the effect.
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APPENDIX A: PERSONNEL NEWS & SCHEDULE OF WORK
Personnel News

In early 2019 we welcomed several people onto the project working on the Ecology Within
project (see component report), including Xavier Bal, Yolanda Corripio-Miyar, Andy Fenton,
Mariecia Fraser, Andrew Free, Helen Hipperson, Fiona Kenyon, Hannah Lemon, Luke
McNally, Amy Pedersen, Amy Sweeny and Hannah Vallin.

Postdoc Martin Stoffel (Edinburgh) joined the project to study inbreeding depression in March
(see report above). PhD students Sanjana Ravindran (Edinburgh, studying demography) and
Caelinn James (Edinburgh, quantitative genetics) joined the project in September.

Schedule of work on St Kilda
Winter - Spring

From the 23™ January till the 5™ February 2019 Jill Pilkington collected replicate faecal
samples from many study area females, including every study area female lamb and yearling
for pregnancy testing. On the 5™ March Xavier Bal returned to collect faecal samples for the
Ecology Within project to investigate seasonal and individual variation in different gut
communities. He remained on island till the 28" May for another faecal sampling round after
lambing.
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From March 21% until May 14™, Jill Pilkington, Xavier Bal and Penny Jack carried out ten
population censuses and tagged and sampled lambs, with assistance during the peak of lambing
from Michael Morrissey and Cameron Fox-Clarke. 224 lambs were born to 203 ewes; these
figures include 21 sets of twins (20 ewes held both lambs and 1 ewe held one lamb and lost one).
179 lambs (90 male and 89 female) were caught and tagged; a further 45 lambs died before any
tagging attempt. 14 lambs, including 2 sets of twins were recorded as born after the lambing team
left, with 2 singletons not surviving. Robin Pakeman collected vegetation data.

Summer

Jill Pilkington, Xavier Bal and Penny Jack returned to Hirta on July 16™ to carry out ten
population censuses, conduct mortality searches (yielding 10 tagged dead animals), conduct a
faecal sampling round and prepare for the main catch-up of study area sheep. The catch-up
took place from August 7% — 21% and was conducted by a team of 12 additional project
members and volunteers. 238 sheep were caught and processed, of which 88 were lambs (49
males and 39 females), 47 were yearlings (24 male and 23 females), 31 were adult males, and
72 were adult females. All animals were weighed and measured to monitor growth, and
sampled for parasite and genetic analyses. 18 sheep were retagged because of damaged or
missing tags. 10 previously untagged lambs, 5 yearlings and 4 adults were caught and
processed. Robin Pakeman collected vegetation data. Jill Pilkington and two volunteers
remained on Hirta until 7" September to complete mothering up newly tagged lambs, pasture
larvae counts and maintaining equipment used during catch up, ready for the next field trip.

Autumn

From October 26™ to December 6™ Jill Pilkington, Xavier Bal and Sue Loughran carried out
ten population censuses, monitored the mating period, capturing and processing 23 incoming
tups, 11 resident tups and 4 resident ewes. 37 previously darted, non-resident tups were seen
in the study area during this rut. 6 dead sheep were found.
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