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Abstract

This thesis investigates the applications of next-generation sequencing to

ecological studies by interrogating the power of high-throughput sequence data

and developing resources to better understand the capabilities and limitations.

In Chapter two, I use microsatellite detection methods to develop new markers

for Raja undulata and show that after the production of the first captive generation,

this small population shows no evidence of inbreeding depression or effects of genetic

clustering by aquarium. I demonstrate the population has retained high genetic

diversity throughout and highlight the importance of genetic management of ex situ

populations.

In Chapter three, I develop a novel in silico microsatellite marker design method.

This new method allows the automated removal of markers likely to show elevated

rates of null alleles, allelic dropout or cryptic fragment length altering mutations

which invalidate the assumptions of mutation at a microsatellite locus. Furthermore,

the method enables the automatic selection of likely polymorphic loci, thus removing

many of the inefficiencies of marker design.

In Chapter four, I perform parallel microsatellite and single nucleotide

polymorphism (SNP) analysis to compare the application and relative power of

each marker type in the analysis of the population structure of the larval

dispersing decapod, (Homarus gammarus). Neither marker detects any genetic

structuring in the fisheries of the UK and Ireland implying that genetic mixing is

extremely high. SNP analysis is the preferred method due to quicker generation of

data and results.

In Chapter five, I conduct an investigation into the biases involved when selecting

a metabarcoding marker for analysis of plant communities in mixed pollen samples

collected from honey bee hives. I find high rates of false-positive identifications and

8



highly contrasting descriptions of plant communities, indicating low confidence in the

data generated by each individual marker. I conclude that for plant metabarcoding,

multiple parallel markers are required to improve confidence in individual taxa calls,

and to broaden the detection range; important where highly cultivated gardens are

accessed as well as the native flora.

Finally, I conclude the thesis with a general discussion of the methods and

findings of the previous chapters and discuss the merits and drawbacks of the

methods employed.
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1.1 Introduction

We are living through a profound period of change. Biodiversity is being directly

affected by the actions of humans on a global scale, through habitat destruction and

alteration, over-exploitation and global warming. Species loss is occurring at an

unprecedented rate such that many consider the last two centuries to be a mass

extinction event similar in magnitude to that which caused the extinction of the

dinosaurs (Sodhi and Ehrlich, 2010). As the human population continues to increase,

and places more pressure on natural resources, the rate of extinction of other species

is expected to rise to around 1000x the normal background rate suggested by the

fossil record (Frankham et al., 2004). The protection of species and ecosystems are

critically important for their inherent value, their cultural significance, and for the

indispensable ecosystem services they provide (Bateman et al., 2013). It is more

important than ever that the myriad of natural systems governing life on Earth

are understood such that detrimental effects can be minimised, and further damage

prevented. Studies of ecology and conservation contribute to this understanding

and provide valuable knowledge to scientists, governments, and citizens to help to

protect the natural environments around us.

1.2 DNA Sequencing and Ecology

1.2.1 The Development of DNA Sequencing Technologies

The study of DNA and genetics has enabled ecologists and conservationists to

develop and use powerful tools to investigate the world around them. These tools

increase our understanding of the mechanics of ecosystems, and the threats they face

(Frankham et al., 2004). The discipline of molecular ecology grew in tandem with the

development of molecular biology techniques in the latter half of the 20th century,

most notably Sanger sequencing (Sanger et al., 1977) and the polymerase chain

reaction (PCR), (Mullis et al., 1986). Alongside the development of new genetic

markers (Vieira et al., 2016; LaFramboise, 2009), these novel molecular methods

allowed genetic variation to be directly measured, revolutionising many fields of

ecology (Allan, 2010; Monsen-Collar and Dolcemascolo, 2010). The availability of
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ecological genetic data meant that conservation and management decisions could

increasingly be made based on empirical observations and quantifiable data (Fox

et al., 2018), alongside more traditional methods of observational conservation.

At the end of the 20th century a global scientific effort was harnessed to

produce the first draft human genome as part of the human genome project

(Venter et al., 1998). This ground-breaking achievement involved dozens of

collaborators and technicians and cost millions of dollars. By 2005, just four years

after the publication of the first draft human genome, a new generation of

sequencing technologies had become commercially available, capable of producing

comparable amounts of sequence data to that used in the human genome project,

in a matter of days (Goodwin et al., 2016). Next-generation sequencing (NGS), or

high-throughput parallel sequencing, are terms used to represent this new

paradigm in DNA sequencing which occurred almost 30 years after Sanger’s

seminal sequencing method based on chain termination was published (Sanger

et al., 1977). After three decades of the dominance of Sanger’s technique, new

methods of determining nucleotide sequences began to emerge, which rather than

rely upon molecular weight as inferred by electrophoresis, allowed the nucleotide

sequence to be determined directly from the taq-based synthesis of double

stranded DNA molecules themselves (Ronaghi et al., 1998).

The development of high-throughput, next-generation sequencing (NGS)

centred around completely novel methods of library preparation and sequencing.

Whilst Sanger’s technique required a single highly purified DNA template,

massively parallel sequencing enables the concurrent sequencing of millions of

individual strands of DNA, allowing data generation on a scale many orders of

magnitude greater than had previously been possible (Shendure and Ji, 2008;

Williams et al., 2006).

The development and optimisation of low cost, short-read sequencing approaches

have lead to dramatically decreasing sequencing costs per megabase, and therefore

wider availability of the technologies and of sequence data (Goodwin et al., 2016).

Whole genome sequencing is now a routine process, due to the rapid evolution of

sequencing technologies and associated bioinformatics methods, with entirely new

fields of molecular analysis being developed as a result of technological innovation
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including RNA-seq, ChIP-seq, metabarcoding and metagenomics (Levy and Myers,

2016; Metzker, 2010; Morey et al., 2013; Reuter et al., 2015).

1.3 Applications of Next-Generation Sequencing

in Ecology

Ecology is a broad-ranging subject, covering all interactions at the organismal

level, and with their surrounding ecosystems. Molecular ecology is no less complex,

and molecular methods have been employed right across the field of ecological study,

as they have in almost every aspect of the life sciences. This thesis investigates the

use of next-generation sequencing methods, and nucleotide data, to answer a range

of ecological questions. Some examples of the uses of next-generation sequencing

data, and how it can be used to answer ecological questions follow.

1.3.1 Genetic Management and ex situ Conservation.

For the management of small ex situ populations, such as those in zoos or

aquaria, managed breeding to maintain genetic diversity and to identify

evolutionarily significant units (ESU) is critical for their effective management

(Frankham et al., 2004; Fox et al., 2018). Previously, population management was

reliant upon observational data and the maintenance of studbooks. The inclusion

of genetic data is a powerful, additional tool available to conservationists to further

complement their work. Molecular methods are invaluable to the detection and

limitation of inbreeding depression (Ralls et al., 1979; Lukas et al., 1994),

identification of appropriate management units (Palsbøll et al., 2007) and the

construction of pedigrees to aid in the recovery and management of endangered

species (Haig, 1998). As ever more species become threatened, or endangered, the

establishment of ex situ populations to protect against extinction is likely to

become even more routine (Dawson et al., 2011). Development of genetic markers,

such as microsatellites, will be required for the management of these species unless

previously characterised markers are readily available in public databases. Shotgun

sequencing, or whole-genome sequencing, allows the collection of data from across

the genome of a subject (Venter et al., 1998). This non-targeted (Davey et al.,
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2011) approach to DNA sequencing, allows for computational methods to be used

to mine for genetic markers which can be used downstream for further analysis,

including for the management of ex-situ populations (Castoe et al., 2015; Fox

et al., 2019). The availability of genetic markers for many non-model species, and

the relative ease by which markers can be developed for any species of interest,

makes genetic studies much more accessible to the ecology community globally.

Genetic markers such as microsatellites or single nucleotide polymorphisms are

important tools which can be used to detect gene flow, or genetic isolation between

groups of individuals, of the same species (Zhang et al., 2018; Lemopoulos et al.,

2019). These (potentially) genetically distinct populations, which can be identified

as ESUs, may be separated due to historical isolation, reproductive isolation or

may have evolved forms of adaptive isolation due to their ecosystem. Each may

require separate management strategies based on both their genetic and ecological

differences (Crandall et al., 2000). Excessive admixture, from the mixing of

genetically or ecologically distinct populations can result in the loss of adaptation

to local conditions, or reduced fitness of progeny, potentially further threatening

an already at-risk species (Frankham et al., 2004).

1.3.2 Population Genetics

Population genetics, the study and quantification of genetic variation within

and among populations, is concerned with the frequencies and relative fitness of

genotypes within populations (Gillespie, 1998), and provides valuable information

upon dispersal, the limits of population ranges and reproductive behaviour. The

range of a species is influenced by many ecological factors, and the spatial genetic

structure is clearly inherently linked (Janes and Batista, 2016; Jarvis et al., 2005;

Tinnert et al., 2016).

Accurate identification of the genetic structure of a species enables the definition

of evolutionarily significant units (Mockford et al., 2007) and management units

(Palsbøll et al., 2007). Information relating to the degree of gene flow between

populations is critical for effective management in order to combat damaging over-

exploitation, and for the calculation of metrics such as the maximum sustainable

yield (Hastings and Botsford, 2006).
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There are several important factors known to influence the spatial genetic

structure of natural populations. Amongst the most powerful of these are neutral

processes such as genetic drift which gives rise to small random changes in

genoptye frequencies caused by chance fluctuations and the loss of less frequent

alleles. Non-neutral processes also act to remove deleterious or less-fit alleles and

selectively promote the most beneficial allele (Swaegers et al., 2015). Migration

and gene flow allow the exchange of alleles from distinct populations, reducing

their genetic differentiation and homogenizing otherwise distinct populations.

Mutations provide new alleles at very low frequency to the species or population,

providing the raw materials for evolutionary processes and have a powerful effects

upon the relative fitness of alleles and individuals (Gillespie, 1998; Baines et al.,

2004; Tinnert et al., 2016; Loewe and Hill, 2010). The dynamics of a species, and

sub-populations which may be linked by high-rates of gene flow, or completely

genetically isolated from one another, is governed by the dynamics and interplay of

these main factors. Microsatellites are sometimes assumed to be selectively

neutral, in fact this is often stated as a benefit of their use as a marker for

population genetics, however this is not always the case and both microsatellites

and copy number variants have been discovered to be the targets of selection

(Haasl and Payseur, 2013; Vychodilova et al., 2018). Population structure is

influenced by selective pressures as well as non-selective. Genomic approaches

which allow the genotyping of many thousands of loci from right across the target

genome, allow for the incorporation of data from both selectively neutral and

non-neutral markers, for example from loci associated with important traits and

diseases (Sutter et al., 2007). The incorporation and comparison of data from both

neutral and non-neutral markers, allows for study of the effects of selection upon

the population, and its isolation from neutral processes driving population

structure (Hendricks et al., 2018), which has lead in part to the development of

new genetic marker types for population genetics, most notably the single

nucleotide polymorphism.

Whole genome sequencing can be used for the development of novel

microsatellite markers, but more recent methods have lead to the development of

single-nucleotide polymorphism markers (SNPs) becoming the preferable genetic
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marker for population genetics in many cases. Restriction-site associated DNA

sequencing (RAD-Seq) and subsequent SNP genotyping, requires no a priori

knowledge of the genome of the study species and can quickly generate tens of

thousands of potential genetic markers. As marker number is correlated with

statistical power to detect genetic structure (Coates et al., 2009), a large panel of

SNPs is a powerful tool for the analysis of population structure, and to inform the

management of a population.

1.3.3 Metabarcoding

Genetic, or DNA barcoding is a technique used for the identification of a

species or organism, based upon the sequence of a particular genetic marker. An

ideal candidate for a marker gene is one which is very highly conserved within a

species, but contains nucleotide substitutions between even closely related species

(Wooley et al., 2010). DNA barcoding is the colloquial name for the process where

a fragment of a marker gene from an unknown organism is sequenced using one of

the widely available DNA sequencing methods, and the resulting nucleotide

sequence compared to database where it can be uniquely identified to a taxa

(Kress et al., 2015). Several DNA barcodes exist in the literature, often specifically

used for different taxa: cytochrome c oxidase I (COI ) is commonly used for

identification of animals (Hebert et al., 2003), 16S ribosomal RNA commonly used

for bacterial identification (Janda and Abbott, 2007) and the internal transcribed

space (ITS ) for fungi (Schoch et al., 2012). Several barcodes exist for plant

identification including ribulose bisphosphate carboxylase large chain (rbcL), ITS,

and maturase K (matK ), (Hollingsworth et al., 2009).

Estimates of species proportions in a mixed sample are derived from the relative

abundance of metabarcoding sequencing reads, however this is known to not be

a reliable method of estimating relative proportions of taxa (Deagle et al., 2018;

Edgar, 2017). One reason for this lack of confidence in abundance data is that

different DNA barcodes are amplified from different genomes within the organism,

for example, COI is found in the mitochondrial genome, ITS in the nuclear genome

and rbcL is a chloroplastic gene. Multiple barcoding genes are present in cells, and

copy number varies between species, tissue types, and physiological states (Ma and
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Li, 2015; Veltri et al., 1990), giving rise to different, equally valid, descriptions of

the same community, based upon variation in the frequency of each marker.

Molecular barcoding enables the characterisation of cryptic communities and

has enabled ecologists to describe a wide range of microscopic bacterial and fungal

communities, perform diet analysis and analyse environmental DNA (Ramirez

et al., 2017; Galan et al., 2017; Hawkins et al., 2015). Metabarcoding replaced

culturing based methods for bacterial analysis, which were known to miss the vast

majority of diversity due to difficulties with culturing certain taxa (Riesenfeld

et al., 2004). Information regarding the type and abundance of different nutrient

sources is clearly of high importance for the conservation of any species and diet

analysis has been a particular benefactor of the improvements in metabarcoding

analysis. Understanding the dynamics and ecology of food and nutrient webs and

resource foraging allows us to see the underlying processes in the functioning of

ecosystems and an element of the community interactions in an ecosystem

(Pompanon et al., 2012). Accurately describing forage, or diet of an organism is

often reliant upon analysis of stomach products themselves, or the remains of the

digestive process, usually sampled from faeces, and was previously dependant upon

accurate morphological identification of material (Forin-Wiart et al., 2018).

Molecular methods of taxonomic identification using high-throughput sequencing

have been successfully employed to inform the conservation of several important

taxonomic groups, including carnivores (Kumari et al., 2019), birds (Nota et al.,

2019) and herbivores (Kartzinel et al., 2015) and pollinators (Carvell et al., 2006;

Taberlet et al., 2018).

Pollen identification is a valuable resource in pollinator ecology as it allows the

determination of the plant taxa providing nectar to a pollinator species (Carvell

et al., 2006). Previous methods of pollen identification have been extremely labour

intensive, with manual fixing, and identification of individual pollen grains to

references required (Von Der Ohe et al., 2004). Comparative studies have

determined that metabarcoding approaches give similar descriptions of a

community, and are more sensitive to less abundant taxa, which are potentially

missed using non-genetic methods (Lejzerowicz et al., 2015).
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1.4 Study Species

1.4.1 Raja undulata

Raja undulata, the undulate skate, is an endangered species commonly found

in the bycatch of commercial fishing operations around its range in the English

channel and Atlantic coasts of Ireland and Portugal (Coelho et al., 2009). The

species has seen accelerating decreases in numbers thought to be driven mainly by

fishing pressure (Ellis et al., 2012), with the species being classified as endangered by

the IUCN in 2009 (Gibson et al., 2006). With fisheries under-threat globally due to

over-exploitation, and elasmobranchs known to decline with increasing fishing effort

(Botsford et al., 1997), the long-term effects on this important family are unknown.

In this thesis, I use the shotgun, whole genome sequencing approach discussed above

to develop a novel panel of microsatellite markers for the species. These markers

are then used to genotype a captive population of R. undulata held in multiple UK

based aquaria and to assess the overall genetic health of the ex situ population.

Figure 1.1
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1.4.2 Apis mellifera

Apis mellifera, the European honey bee, is one of the most commonly kept honey

bees globally. It is widely recognised that many pollinators are suffering dramatic

population declines globally (Department for Environment Food and Rural Affairs,

2014), and their importance to global ecosystems, and particularly their supporting

role in plant and food crop pollination (Hung et al., 2018; Gallai et al., 2009),

maintains their position as a priority of ecology and conservation. The study of the

dynamics of the honey bee are highly applicable to inform further conservation of

wild pollinator species. In this thesis, I perform metabarcoding analysis of next-

generation sequence data to assess the plant community visited by bees from 15

hives, through the detection of plant DNA extracted from pollen in honey. I use three

plant metabarcoding markers in parallel to investigate some of the biases inherent in

the library preparation processes associated with metabarcoding by next-generation

sequencing.

Figure 1.2
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1.4.3 Homarus gammarus

The European lobster (Homarus gammarus) is a marine decapod found on

rocky coastline throughout Northern Europe and the Mediterranean. It is valued

as a prized seafood and as a result has been the focus of intense fishing pressure

for generations (Elliott and Holden, 2017; Ingebrigt et al., 2005), with precipitous

declines recorded in many regions (Kleiven et al., 2018). Protective measures and

legislation have been established in many countries with H. gammarus fisheries to

protect this precious resource. Information regarding the population dynamics of

this species, with its long larval mode of dispersal, is vital to better inform its

conservation. In this thesis, I perform an assessment of the population structure of

the species in samples from several fisheries around the coasts of the UK and

Ireland. As well as providing important information regarding genetic structure of

H. gammarus, I also perform parallel investigations using microsatellite markers

and high-throughput SNP markers to assess the suitability and practicality of each

for population genetics in this species.

Figure 1.3
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1.5 Thesis Aims and Chapters

The aim of this thesis is to use molecular and bioinformatics techniques, based

around next-generation sequence data, to answer a range of ecological questions. I

show the benefit of the inclusion of genetic data to ecology and conservation, and

the wide-ranging influence which the NGS revolution has had on our field.

An outline of the specific aims of the thesis follows:

(A) To optimise novel microsatellite markers in Raja undulata, and use them to

assess the genetic health of a small, ex situ population.

(B) To develop, implement and demonstrate a novel methodology to develop new

microsatellite markers using multiple genomic datasets.

(C) To use genetic markers to investigate the population structure of the

commercially important Homarus gammarus fisheries of the UK and Ireland.

(D) To perform a comparative study into effective genetic markers for the analysis

of the population genetics of Homarus gammarus.

(E) To use metabarcoding techniques to analyse the plant forage of Apis mellifera

hives, and to investigate the bias in several plant metabarcoding markers.
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This thesis is composed of four data chapters:

In Chapter two, I build the case for inclusion of genetic data in the

management of ex situ populations and develop and implement a novel panel of

microsatellite markers derived from NGS data.

In Chapter three, I develop a novel approach to microsatellite panel design

from NGS data which incorporates multiple genomic data sets to improve the rate

of successful microsatellite marker development.

In Chapter four, I perform parallel investigations into the population genetics

of the commercially important European lobster, highlighting the relative power

and application of traditional microsatellites and high-throughput SNP genotyping

methods for population genetics.

In Chapter five, I analyse parallel data sets of plant metabarcoding data to

investigate biases inherent in marker choice. I assess whether multiple barcoding

markers offer any additional power to assign taxonomies and evaluate confidence in

community descriptions.
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2.3 Abstract

Genetic data are important and informative in the management of ex situ

populations. Where the risk of inbreeding is particularly great, it is critical that tools are

employed that allow for the quantification of genetic variation and to identify potential

breeding pairs. This study demonstrates the rapid application of laboratory and

bioinformatics techniques to develop a novel microsatellite marker panel for use with a

population of the endangered undulate ray (Raja undulata) and shows how a minimally

invasive sampling method can be used with aquarium-dwelling individuals. The study

assesses the population and investigates how informative a small microsatellite marker

panel is to the conservation of a restricted ex situ group. It was found that after a single

captive generation of R. undulata there is no detectable evidence of reduced

heterozygosity and no observable aquaria effects or differences between the generations.

In conclusion, the study demonstrates that it is practical, quick and informative to

develop a bespoke panel of markers to aid ex situ conservation efforts of non-model

species and make recommendations that these processes should constitute the minimum

effort required in managing such a population.

2.4 Introduction

The elasmobranchii are a subclass of carnivorous, cartilaginous fish, including the

sharks, rays, skates and sawfish. These species are found extensively in coastal, demersal

and pelagic marine habitats and an additional minority inhabit freshwater systems

(Compagno, 1990). Common traits include slow growth and low productivity (Frisk

et al., 2001; Walker and Hislop, 1998), resulting in high vulnerability and slow response

to over-exploitation from fishing activities (Ferretti et al., 2010; Smith et al., 1998).

Recorded declines in elasmobranch populations over recent decades are typically

associated with increasing fishing effort; an effect which can be seen in oceans the world

over, for example in the Gulf of Mexico (Shepherd and Myers, 2005); the northwest

Atlantic (Baum et al., 2003); the Mediterranean Sea (Ferretti et al., 2008); the Sea of

Japan (Nakano, 1999) and the Indian Ocean (Appukuttan and Nair, 1988). Whether

fishing effort targets elasmobranchs specifically (Rose, 1998; Stevens et al., 2000) or they

are a common feature of bycatch (Oliver et al., 2015), with the majority of global

fisheries at risk of over-exploitation (Botsford et al., 1997) the long-term effect on
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elasmobranch populations is largely unknown (Baum et al., 2003). The undulate ray

(Raja undulata) is an endangered skate often present in bycatch of commercial trawl

fishing operations off the south coast of England, France, western Ireland and southern

Portugal (Coelho et al., 2009). Existing in small isolated populations, the species has

recorded declines of up to 80% in some areas since the early 1980s, which has been

directly attributed to fishing activities (Ellis et al., 2012). In 2009, the species was

classified as endangered by the IUCN (Gibson et al., 2006). A managed breeding and

monitoring program (Mon-P) was established in 2010 by the European Association of

Zoos and Aquaria (EAZA) in response to the new IUCN classification and a European

Union ban on the landing of this skate species was put in place. Currently, 36 aquaria

across nine countries hold R. undulata. As part of the larger European breeding

program, a small captive group is maintained across several UK aquaria, comprising a

mixture of wild-caught and captive-bred individuals. Very little is known about the

genetic diversity or population genetic structure of this species either in captivity or in

the wild. The elasmobranchii are a charismatic focal point of interest for the general

public in aquaria and are the subject of intense conservation effort to manage their ex

situ conservation. With >100 chondrichthyan species present in European zoos and

aquaria (8.6% of all known elasmobranch species), there is great interest in the

community for methods and techniques for sustainable conservation of these animals

(Janse et al., 2017). Non-random mating and genetic drift are major concerns for small

populations and can have devastating implications for the evolutionary potential of the

group. The small size of the population limits potential reproductive pairings, and

inbreeding becomes a risk with the increased probability of a pair of individuals being

related to one another (Witzenberger and Hochkirch, 2011). Prolonged inbreeding in a

closed population increases the probability of progeny being homozygous at a given

locus, resulting in the overall reduction of heterozygosity of the group after successive

generations. Genetic drift and adaptation to captivity can also contribute to the loss of

rare alleles and overall reduction in heterozygosity (Price and Hadfield, 2013; Willoughby

et al., 2014). It is widely recognised that the fitness of a population is inversely related

to allelic homozygosity, and severe effects, such as loss of viability or infertility, can

present after just a few generations of close inbreeding (Frankham et al., 2004). These

detrimental effects are cumulative as they are amplified by successive generations in

captivity (Christie et al., 2012). As a result, the longer it has been in isolation, the

less-well suited a captive population becomes to providing individuals for release
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(Earnhardt, 2010; Lacy, 2012). It is imperative, therefore, that the genetic variation

present at the founding of the ex situ population be carefully retained and inbreeding

avoided through strategic genetic management of the population (Fernández et al., 2004;

Pelletier et al., 2009) Under ideal conditions, during the establishment of a new ex situ

population, the entire group should be assessed using genetic markers to estimate the

diversity of the cohort and help establish a baseline of genetic diversity, to identify any

genetic similarity of founding individuals and to support future management. In the case

of an existing population, genetic markers should be used even in the presence of

detailed keeper reports and pedigrees; whilst these resources contain valuable

information, they are limited in scope to the time that the individuals (or their

ancestors) have been known to the relevant managers. The most common genetic marker

used in analyses of this type is the microsatellite; short, repetitive, hypervariable regions

of DNA that appear to be a feature universal to all genomes. Microsatellite marker

panels are available in online databases for many species and published, optimised

methodologies are available for developing novel sets of markers (Castoe et al., 2015;

Griffiths et al., 2016). As the rate of species extinction is elevated above the background

rate (Pimm et al., 2014) and there is potential for an unprecedented increase in the

number of ex situ populations being managed across a wide range of taxa (Dawson

et al., 2011), it is imperative that general best practice guidelines in genetic management

are established now. In line with published recommendations (Witzenberger and

Hochkirch, 2011; Janse et al., 2017), the current best practice is argued to be the use

genetic markers to characterise the diversity and relatedness of individuals in a captive

breeding program and this should be the minimum standard required for the

establishment, or maintenance, of any ex situ conservation program. When sampling for

the collection of DNA, the aim should be to minimise stress or discomfort experienced by

the subject whilst collecting high quality genomic template, especially in the case of an

endangered or threatened species. Tissue sampling or destructive biopsy is clearly

counterproductive in some cases, therefore the development and testing of non- or

minimally invasive sampling methods is paramount. Here, a minimally invasive sampling

method, developed for wild elasmobranchs (Lieber et al., 2013), is tested on aquarium

specimens and found to be highly successful when combined with an off-the-shelf DNA

extraction kit that enables isolation of high-purity DNA from the mucus layer. In this

investigation, bioinformatics techniques are used to develop a novel microsatellite marker

panel suitable for use in Raja undulata, using Illumina shotgun next-generation
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sequencing data. These markers are then optimised in the laboratory and used to

characterise a small ex situ population. The viability and confidence with which the

small marker panel can be used for population management is assessed, whilst providing

a snapshot of the diversity contained within this population of captive elasmobranchs.

2.5 Materials and Methods

2.5.1 Microsatellite Marker Development

High-throughput, shotgun genomic sequencing can be used in order to identify

microsatellite regions in the target genome. High quality, large molecular weight,

genomic DNA is essential for successful next-generation sequencing and can be collected

in a variety of ways, often using a species-specific method. Samples of blood, tissue or

buccal swabs (Dunn et al., 2010) are also commonly used for genetic sampling. In this

instance, tissue samples were obtained from a female ray that had been euthanised due

to terminal ill health resulting from a severe fungal infection of the lateral line system. A

range of tissue samples were taken from the animal post euthanasia under the guidance

of Mark F. Stidworthy, veterinary pathologist at International Zoo Veterinary Group

(IZVG). DNA was extracted from 25 mg heart tissue using the DNeasy Blood & Tissue

Kit (Qiagen, Hilden, Germany), following the manufacturer’s protocol and checked for

quality on a NanoDrop ND-1000 spectrophotometer (260/280 >1.4) and on a 1% agarose

electrophoresis gel. A sequencing library was prepared using 50ng genomic DNA and

analysed on an Illumina MiSeq platform at the University of Manchester (UK) Genomics

Facility using a shotgun, paired-end 2*250 sequencing methodology (Nextera DNA

Library Preparation Kit, Illumina, San Diego, USA). In total, 11,019,590 raw sequencing

reads were produced from the MiSeq run. Low quality regions were removed from each

end of the reads, reads were trimmed using the average quality score over a

sliding-window of 4nt and a quality threshold of 20, and a minimum length of 50nt was

applied using Trimmomatic v0.0.4 (Bolger et al., 2014). If either of the paired-end reads

failed a quality check, both reads were discarded, thus maintaining parity in the

paired-end data. A majority (92%) of reads successfully passed quality filtering and were

subsequently screened for potential microsatellite loci using pal finder v0.02.04 software

(Castoe et al., 2015). Non-perfect repeat loci were discarded and a minimum motif size

of 3nt was implemented (Griffiths et al., 2016). Primer sequences were designed using
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Primer3 v.4.0.0 (Koressaar and Remm, 2007; Untergasser et al., 2012) using conditions

optimised for the Qiagen Type-it microsatellite PCR kit (Qiagen, Hilden, Germany)

(optimum length: 25nt, minimum length: 18nt, maximum length: 30nt, minimum GC%:

45%, maximum GC%: 65%, minimum melting temperature: 62°C, maximum melting

temperature: 75°C, optimum melting temperature: 68°C, with remaining options set to

the Primer3 default values); a set of PCR reagents designed specifically for amplification

of microsatellite loci. The pal finder process produced 698 potential loci that were

ranked by predicted utility as a microsatellite marker (larger motifs preferred) and the

primer sequences from the first 24 results were used to purchase DNA oligos from Sigma

Aldrich (Missouri, USA) (scale: 0.025 µmole, purification: DST).

2.5.2 Sampling

For characterisation of the microsatellite loci, the 35 captive R. undulata (17 wild-

caught, 18 captive-bred) were sampled using a modified form of the minimally-invasive

sampling method developed for wild elasmobranch sampling by Lieber and colleagues

(Lieber et al., 2013), a method not known to have been previously demonstrated on captive

animals. Small (1.5 cm x 2.5 cm), autoclaved sections of kitchen scouring pad (Vale

Mill Ltd., Rochdale) were used to gently scrub the pectoral fin of the rays against the

direction of the scales removing epidermal mucus secretions. Inter-species contamination

was controlled, to the best of our ability, through the use of the species-specific PCR

primers. As the markers were designed in a sample taken from excised heart tissue of

an undulate ray (low risk of contamination), successful marker amplification implies a

lack of contamination as the target DNA was of the same taxa as the heart sample.

Intraspecies contamination is more difficult to control for; however, it appears not to have

been an issue, as microsatellite peak traces did not show multiple banding. The pads were

immediately placed into individual tubes of absolute ethanol and stored at -80°C. During

DNA extraction, extraneous pad was removed and DNA was extracted using the E.Z.N.A.

Mollusc DNA Kit (Omega Bio-Tek, Norcross, USA); the use of chloroform:isoamyl alcohol

(24:1) successfully isolating the mucus, precipitating proteins and producing high quality

DNA extract. Elution was performed in 100 µL MilliQ water and used in downstream

PCR for genotyping. This sampling technique reduces stress and damage to the animal

as it minimises, or eliminates in some cases, the time the specimen spends out of the

water during sampling. The technique could potentially be applicable to any captive

elasmobranch with a mucus layer on the skin. A total of 35 animals were sampled from 10
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different aquaria (Table 2.1). Samples were also taken from several related Raja species

(R. microcellata, R. brachyura, R. montagui and R. clavata) in order to test the cross-

compatibility of the primers.

2.5.3 Marker Amplification

Twenty-four potential markers were tested in the laboratory, of which eight successfully

amplified. PCR amplifications of 5µL total volume were performed using the Qiagen Type-

it Microsatellite PCR Kit (Qiagen, Hilden, Germany). Reactions consisted of 2.5µL Type-

it mastermix, 1.5µL PCR grade H2O, 0.5µL genomic DNA at 20ng/µL and 0.5µL primer

pair at 2µM. This 5µL reaction was amplified under the conditions specified by the PCR

kit (5 min 95°C, 28x 30 sec 95°C, 90 sec 60°C, 30 sec 72°C, 30 min 60°C) and successful

amplifications were confirmed by the presence of bands on a 1% agarose electrophoresis

gel. A three-primer universal-tailed approach was used to label amplicons with fluorescent

moieties (Blacket et al., 2012) and fragment length reported using an Applied Biosystems

3730 DNA analyser capillary sequencer (Applied Biosystems, Foster City, California, USA)

and GeneScan 500 LIZ dye size standard (Thermo Fisher Scientific, Carlsbad, USA) at

the University of Manchester DNA Sequencing Facility.

2.5.4 Population Genetic Analysis

Raw data analysis was performed using GeneMapper 5.0 (Thermo Fisher Scientific,

Carlsbad, USA) and confirmed that loci were scoreable and polymorphic. The novel

markers were analysed for evidence of linkage disequilibrium and for deviation from

Hardy–Weinberg equilibrium using GenePop v.4.2 online (Raymond and Rousset, 1995;

Rousset, 2008). Estimates of pairwise relatedness were calculated for every pair of

individuals using the triadic likelihood estimator of relatedness, a measure suited to a

relatively small number of markers, implemented in “Coancestry” using the R (R

Development Core Team, 2008) package “related” (Pew et al., 2015). The rate of

heterozygosity, inbreeding coefficient and measures of genetic distance were calculated

using the “adegenet” package in R (Jombart, 2008; Jombart and Ahmed, 2011; Rogers,

1972). Rates of allelic richness and private alleles were identified using the R package

“PopGenReport” (Adamack and Gruber, 2014). The data were split by generation, and

comparisons were drawn between each generation. In this instance, all wild-caught

individuals were compared to all captive-bred offspring, as at the time of sampling there
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was only a single generation captive population (F1 generation).

2.6 Results

Eight polymorphic microsatellite markers were initially characterised and every marker

demonstrated to amplify consistently at an annealing temperature of 60°C, advantageous

for multiplex PCR. These novel markers were used to genotype 35 captive R. undulata

individuals at the eight loci. GENEPOP results for linkage disequilibrium (LD) showed

that 48% of total marker pairs exhibited significant evidence of LD; however, when just the

wild-caught individuals were tested, this percentage was reduced to zero. GENEPOP was

also used to check for deviation from the expected allele frequencies of Hardy–Weinberg.

Three markers showed significant deviation in the total population and a single marker

(Ru13) showed deviation from expected frequencies in the wild-caught animals only. This

marker (Ru13) was subsequently removed from the analysis. Summary statistics for this

and the remaining seven markers are given below in Table 2.2.

A success rate of 98% was achieved in obtaining genotypic data. Average allelic

richness was 7.0 in the wild-caught group, 6.4 in the captive-bred group and 1.7 per

aquarium. The average observed rate of heterozygosity at each marker was 0.81.

Observed heterozygosity (HOBS) and the average estimated inbreeding coefficient (r)

were calculated for the wild-caught animals (HOBS=0.80, r=0.21±0.003) and the first

generation, captive-bred individuals (HOBS=0.83, r=0.18±0.005).

There was no significant difference in either heterozygosity (two sample t-test,

t=0.52644, df=10.171, P=0.6099) or the average inbreeding coefficient (two sample

t-test: t=-1.0356, df=14.225, p=0.3177) between wild-caught and captive-bred

individuals. One to three private alleles were discovered in six of the 10 aquaria

(aquarium population size ranging from 1–9 individuals). A nonmetric multidimensional

scaling (NMDS) analysis of Provesti’s genetic distance among individuals (Figure 2.2),

calculated using the R (R Development Core Team, 2008) package “vegan” (Oksanen

et al., 2017), provides a visual interpretation of the genetic similarity of individuals. The

calculated stress value of the NMDS was 0.17, the lowest stress value of each of the

measures of genetic distance calculated using the “adegenet” (Jombart, 2008; Jombart

and Ahmed, 2011) package in R. A stress value of <0.2 indicates a fair fit of the data in

the NMDS analysis (Kruskal, 1964).

The minimally invasive extraction method and the seven primer pairs were tested with
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several other species of the Raja genus (species listed previously) and were demonstrated

to successfully amplify polymorphic loci in every species tested, suggesting good cross-

species compatibility of the primers and sampling technique. Allelic range in these species

very closely matched those discovered in R. undulata, (Table 2.3). Four or fewer samples

from each species were tested and, therefore, more detailed locus statistics are not provided

here.

2.7 Discussion

The goal of this study was to develop and optimise a novel set of microsatellite

markers for the endangered undulate ray (Raja undulata) and subsequently assess their

power and informativeness for ex situ conservation of this species. Genomic DNA,

extracted from a tissue sample, was successfully used to generate a sequencing library,

and bioinformatics and laboratory techniques were employed to discover and optimise

seven microsatellite markers from the resulting next-generation sequencing (NGS) data

set. In order to undertake genetic analyses of this nature, a reliable source of DNA is

required, but often this can come at the cost of distress or harm to the subject.

Therefore, non-invasive genetic sampling methods are preferable to invasive tissue, blood

or biopsy sampling, particularly for threatened species. Although an initial tissue sample

was used for the development of the markers, a minimally-invasive sampling method for

the collection of the remaining samples from the captive animals (Lieber et al., 2013)

was tested. This technique takes advantage of the mucus secreted by the skin of many

elasmobranchs and this study demonstrates the successful isolation of high quality,

amplifiable DNA from captive animals. The new markers were used to genotype a small

captive population of 35 animals, across 10 UK aquaria, demonstrating that the

minimally-invasive sampling methodology was suitable for a study of this nature. Several

quality-checking procedures were applied to the markers themselves, such as tests for

linkage disequilibrium (LD) or deviations from Hardy–Weinberg Equilibrium (HWE).

Evidence of both LD and deviation from HWE was observed in some markers. The

deviation from expected HWE can be attributed to the fact that the test population

breaks many of the underlying assumptions of HWE, mainly that one should consider a

large, unrelated population, which is not the case here. Several statistical analyses of the

data were performed, making routine measurements of heterozygosity of the population

at these loci, calculating inbreeding coefficients and genetic distance, for example. The
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results show rates of heterozygosity at each marker ranging from 0.54–0.94 (average

0.81), implying that when all markers are taken into account, the rate of genetic

variation in the captive population is not likely to be significantly lower than the wild

population from which it was founded. For comparison, in a similar study (Chapman

et al., 2011), seven microsatellite markers were used to measure heterozygosity in an

elasmobranch population consisting of 104 individuals of the critically-endangered

smalltooth sawfish (Pristis pectinata) and discovered an average rate of heterozygosity of

0.83. Heterozygosity rates in wild-caught animals and captive-bred, F1 generation

individuals did not show any significant difference, demonstrating that a high proportion

of genetic variation has been carried into this generation. Data reporting the proportion

of wild-caught individuals that successfully contributed to the F1 generation are

unfortunately not available. These measures should be repeated at each new generation

and can be interpreted as a proxy for the measure of total variation in the group. The

captive-bred R. undulata of the present study had an average rate of heterozygosity of

0.83. It is important to note, however, that these results on the captive-bred population

only take into account the F1 generation and that any decrease in the rate of

heterozygosity will likely become apparent over subsequent generations (Willoughby

et al., 2017). Continued monitoring via the methods explained in this study will be

critical to continue to evaluate the genetic diversity of the population and to continue to

monitor for inbreeding depression. Several aquaria housing private alleles within their

cohort have been identified, and this information may be useful for maintaining genetic

variation when the breeding plan is developed. While it is common to calculate the likely

pedigree (i.e. relatedness) from this type of genetic data, the power to correctly assign

offspring to parents will be very low for captive populations with a limited captive

population size. In these cases, it is far more informative to directly examine the genetic

similarity of individuals. The calculation of Provesti’s genetic distance (Prevosti et al.,

1975) enabled the visualisation of a proxy measure of dissimilarity between individuals

(Figure 2.2) through calculating the absolute genetic distance between each pair of

individuals. Figure 2.2 shows no clustering around a particular aquarium or between the

wild-caught or captive-bred groupings, indicating the lack of an aquarium effect or

differentiation of the F1 generation from the wild individuals. Rather, the individual

genotypes suggest a homogeneous mixture with no apparent groupings, or

sub-structuring emerging. These results fall within expectations as 50% of the total

individuals were wild-caught (17 of 35) and so can be expected to be reasonably
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unrelated to one another as they originate from a wild population. Progeny from

relatively high admixture would be expected to maintain high levels of variation in the

F1 generation and similarly be relatively unrelated to one another (with the exception of

siblings, parents-progeny, etc.). This study leads to the recommendation that similar

analyses be performed as new individuals are caught, born or moved between aquaria to

enable population managers to intervene should a particular group of individuals appear

to become distinct from other groups, or when one of the measures, or proxy measures,

of variation among individuals begins to fall. With a greater number of microsatellite

markers, the work could be extended to include relatedness estimates of a much higher

confidence and this would also lead to the production of accurate pedigrees—very useful

tools to the community managing these animals, but beyond the scope of this piece of

work.

2.8 Conclusion

Ex-situ conservation is a very important management tool and is likely to be

increasingly used as the rate of anthropogenic influenced species declines continues to

climb (Ceballos et al., 2015). Captive populations must be carefully and strategically

managed in order to successfully provide individuals for reintroduction, maintain genetic

variation and reduce the negative effects of inbreeding (Frankham et al., 2004). (Janse

et al., 2017) succinctly summarised the contemporary elasmobranch populations in

European aquaria and identified the requirement for good programme management.

This study demonstrates that researchers can move relatively quickly from collecting

tissue/swab samples, through designing a novel marker panel to producing quantifiable,

genetic data and drawing conclusions regarding the structure of a captive population

(the majority of the work on this analysis was performed in a matter of a few months).

In the absence of a good quality pedigree or studbook, these techniques should form the

minimum requirement when working with ex situ populations, and as NGS technologies

continue to improve, the number and nature of available markers will also increase,

leading to significant gains in the quality of the data available. The power of this

particular study was limited by a lack of markers, thus preventing some analyses from

being performed. However, from the data generated here, it is evident that the

population of undulate rays in UK aquaria do not currently appear to be suffering from

any malady resulting from their small population size, and the findings appear to fall in
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line with other managed groups of elasmobranchs. The results, however, constitute a

time bound observation and are therefore only representative of the population at the

time the samples were taken. In conclusion, the study has shown that it is feasible and

useful to design and optimise a panel of markers for a small, ex situ population and that

even with a small number of markers, the resulting data can be informative and help

with the management of the population. With these markers available to the community,

it is hoped that a better understanding of the captive population in UK aquaria in

relation to individuals in European aquaria and in wild populations can be reached. This

study forms the basis for further scope of greater scope, encompassing a greater sample

size, more sampling sites (aquaria) and more microsatellite markers to increase the

statistical power of the analyses.
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2.11 Figures and Tables

Figure 2.2
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Table 2.1

Aquarium Sample Number Wild-Caught Captive-Bred Private Alleles

Sea Life London Aquarium 9 4 5 2

Weymouth Sea Life Adventure Park 5 1 4 2

Sea Life Blackpool 4 2 2 0

Sea Life Chessington 5 1 4 0

Sea Life Adventure, Southend 3 2 1 1

Sea Life Great Yarmouth 2 2 0 2

Sea Life Loch Lomond 1 1 0 0

Blue Reef Aquarium, Portsmouth 3 3 0 1

National Marine Aquarium, Plymouth 2 0 2 3

Marine Biology Association, Plymouth 1 1 0 0
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Table 2.2

Locus ID, nucleotide motif, number of alleles (NA), size range of fragments (SR), PCR annealing temperature (TA), expected (HEXP) and observed

(HOBS) heterozygosity, P-value from testing for Hardy–Weinberg equilibrium (PHWE), number of individuals tested (N), primer nucleotide sequences

(5′ to 3′ orientation) and raw sequence accession numbers. *Marker RU13 not used in this study due to deviation from expected HWE values.
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Table 2.2

Locus Motif NA SR (bp) TA HEXP HOBS PHWE N Primers (5′- 3′) Accession

Ru 02 AAGAGG 10 347-419 60 0.808 0.800 0.0180 35 CCCTGTTCTCCTGCTCTCCATTACC MH049873

CTCTCCCTATAGCTCAGGCCTTCGG

Ru 03 ACTGCC 10 412-463 60 0.827 0.882 0.0694 34 CATTCACAACTGCAGTCCAATGTCC SRP134840

TCTGCTGTCAAGCTGTTGTGTCAGG

Ru 08 AGGTG 13 351-415 60 0.887 0.800 0.0113 35 TGAGGAATTCATTGCCACAAACTGC MH049874

TCCTCTCACATAACCCTGTGTATGCC

Ru 09 ATAG 22 209-385 60 0.945 0.939 0.1463 33 TCTTTGCTCCTACCGGTTCTTCTCG MH049875

CAGAACAAGGCTTGGTGGTCTTGG

Ru 13* ACAG 9 317-373 60 0.787 0.313 0 32 CATTCTTAACAGGGCAGCTACTTGTGG MH049876

AAAGATTGGTAGGAAGATGGATCGG

Ru 14 AGGC 8 277-313 60 0.754 0.882 0.7937 34 ACCTCGAAACCGCCATTAAGAATCC MH049877

CTGCATGTTATCGAGCAATCAGTCG

Ru 20 ACAG 9 374-407 60 0.846 0.886 0.1317 35 GGACACTTGACACAGCTTTGGTCTCC MH049878

GGGAGTTACCTTCATGGTGAGACAGG

Ru 21 AAT 5 373-388 60 0.682 0.543 0.1631 35 CATGACTGGGGCTAGAAGGTGTTGC MH049879

GTTAGAGCAGTCCGCCATGAAGGG
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Table 2.3

Species Locus Name

Ru02 Ru03 Ru08 Ru09 Ru13 Ru14 Ru20 Ru21

Raja microcellata 341-419 412-463 351-432 209-385 317-373 277-376 374-407 373-388

Raja brachyura 347-377 408-463 351-428 204-385 317-419 277-391 374-407 373-388

Raja montagui 347-364 412-483 351-415 209-385 317-373 277-313 374-422 373-388

Raja clavata 343-419 412-463 351-415 209-385 285-373 277-313 374-407 373-388
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Chapter 3

Microsatellite Marker Design

Methods Using Next-Generation

Sequence Data.
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3.1 A Galaxy-based bioinformatics pipeline for

optimised, streamlined microsatellite

development from Illumina next-generation

sequencing data.

3.1.1 Brief Note

With my colleagues we developed and optimised a web-based tool which allows users

around the world interested in developing microsatellite marker panels to implement a

workflow optimised in our laboratory. The tool is available online:

https://palfinder.ls.manchester.ac.uk/

My contribution to this project was to develop a quality control method which is

implemented in the tool (PANDAseq QC, detailed below) and also to provide the

automation of the entire workflow via Python scripting. My scripts form the backbone of

the online tool, accessed via “wrapper” scripts to which I also contributed which are

used by the Galaxy environment. The tool is now available in the Galaxy Toolshed for

download.
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3.1.2 Publication Reference

This piece of work is published at: Griffiths, S.M., Fox, G., Briggs, P.J., Donaldson,

I.J., Hood, S., Richardson, P., Leaver, G.W., Truelove, N.K. and Preziosi, R.F. (2016) A

Galaxy-based bioinformatics pipeline for optimised, streamlined microsatellite

development from Illumina next-generation sequencing data. Conservation Genetics

Resources. 8(4): 481-486.

Figure 3.1
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3.2 Multi-individual Microsatellite identification:

a multiple genome approach to microsatellite

design (MiMi).
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3.3 Publication Reference
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3.4 Abstract

Bespoke microsatellite marker panels are increasingly affordable and tractable to

researchers and conservationists. The rate of microsatellite discovery is very high within

a shotgun genomic data set, however extensive laboratory testing of markers is required

for confirmation of amplification and polymorphism. By incorporating shotgun

next-generation sequencing data sets from multiple individuals of the same species, we

have developed a new method for the optimal design of microsatellite markers. This new

tool allows us to increase the rate at which suitable candidate markers are selected by

58% in direct comparisons and facilitate an estimated 16% reduction in costs associated

with producing a novel microsatellite panel. Our method enables the visualisation of

each microsatellite locus in a multiple sequence alignment allowing several important

quality checks to be made. Polymorphic loci can be identified and prioritised. Loci

containing fragment length altering mutations in the flanking regions, which may

invalidate assumptions regarding the model of evolution underlying variation at the

microsatellite, can be avoided. Priming regions containing point mutations can be

detected and avoided, helping to reduce sample site marker specificity arising from

genetic isolation, and the likelihood of null alleles occurring. We demonstrate the utility

of this new approach in two species: an echinoderm and a bird. Our method makes a

valuable contribution towards minimising genotyping errors and reducing costs

associated with developing a novel marker panel. The Python script to perform our

method of Multi-individual Microsatellite identification (MiMi) is freely available from

GitHub (https://github.com/graemefox/mimi).

3.5 Introduction

Microsatellites, short tandem repeats (STRs) or short simple repeats (SSRs), are

exceptionally polymorphic repetitive regions of DNA found throughout the genomes of

both eukaryotic and prokaryotic species (Bhargava and Fuentes, 2010; Rose and Falush,

1998). High rates of polymorphism, along with co-dominance and Mendelian inheritance,

make them ideal markers for use in studies of population genetics (Abdul-Muneer, 2014;

Goldstein and Pollock, 1997). Microsatellites have been the most popular choice of

genetic marker for several decades in ecology, conservation and evolutionary research,

and are extensively used in contemporary studies of population genetics, parentage and
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kinship identification, evolutionary processes and genetic mapping (Vieira et al., 2016;

Ribout et al., 2019). Although single nucleotide polymorphism (SNP) markers have

become increasingly popular markers for population genetics, microsatellites remain a

common choice due to well-documented methodologies, ease of application, low

equipment demands and well-developed statistical analyses. Furthermore, there remain

scenarios where SNPs are not practical for use, or microsatellites are preferred (Zhan

et al., 2016). For example, the management of captive populations has benefited

enormously by the inclusion of genetic information (Fox et al., 2018; Witzenberger and

Hochkirch, 2011), which must be continually updated as small numbers of new

individuals are added to collections or produced through mating. In these cases, it is

impractical to perform repeated SNP analysis on small numbers of samples due to the

expense associated with next-generation sequencing (NGS) to acquire high coverage

SNPs. Conversely, once a microsatellite panel has been developed, additional individuals

can be genotyped using the existing markers very quickly, and at very low cost (Puckett,

2016). Where non-invasive sampling methods are required, for example because a species

is of conservation concern (e.g. (Fox et al., 2018)), it may prove to be impossible to

acquire sufficient high molecular weight DNA to perform NGS for SNP genotyping. In

contrast, microsatellite analysis is forgiving of low DNA template input, and many

contaminants that may disrupt NGS library preparation can simply be diluted out prior

to amplification. A simple literature search in Google Scholar indicated the publication

of approximately 2000 new microsatellite marker panels in 2018, suggesting that

microsatellites are still very popular genetic markers, and we predict they will continue

to be used extensively in conservation and ecology well into the future.

Ecological and conservation studies are often focused upon non-model species for which

genetic markers are not available. The combination of affordable NGS and freely available

bioinformatics tools can be used to identify tens of thousands of potential markers in

a matter of days. Where probes were once used to target repeat regions of genetic code

(Bloor et al., 2001), shotgun genome sequencing does not require any prior knowledge of the

genome, and is considered a non-targeted approach (Davey et al., 2011). Instead, random

fragments of genomic DNA are sequenced, a fraction of which include SSRs within the

length of the sequencing read. Free, open source software packages are available to detect

SSRs and design suitable PCR primers to amplify the appropriate region of the genome;

often referred to as the “seq-to-SSR” approach (Castoe et al., 2015; Griffiths et al., 2016).

These developments and the increasing availability of NGS technology globally, brings
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microsatellite marker discovery within the reach of ever more research laboratories as

the cost-per-base of NGS continues to decrease (Koboldt et al., 2013), even for applied,

species-focused conservation research with limited funding. Thus, the development of

bespoke microsatellite marker panels has become commonplace.

The use of microsatellite markers is reliant upon variation in PCR product fragment

length, and therefore microsatellites must be amplifiable by PCR, and must contain

fragment length altering polymorphisms within the repetitive stretch of SSR sequence.

Despite improvements delivered by NGS, the optimisation of a bespoke microsatellite

panel remains a time consuming and costly process, largely because the primer pair for

each potential marker still requires manual laboratory confirmation of both successful

amplification and the presence of multiple alleles at the locus (Bloor et al., 2001).

Typically, the development of a microsatellite marker is performed through the discovery

of a microsatellite locus in a single individual, followed by analysis of the locus in several

more individuals to test for consistent amplification and variation in PCR fragment size

(Abdelkrim et al., 2009). The main contributors to the cost of developing a panel of

microsatellite markers are the NGS reagents, PCR reagents, PCR oligos, capillary

electrophoresis, size standards and staff time. Improvements that enable reductions in

cost or time associated with marker development will contribute to microsatellite

markers becoming more widely available to ecological and conservation researchers.

Here we present a new conceptual approach to microsatellite marker design,

demonstrated with a new bioinformatics technique in application to seq-to-SSR

workflows. This technique is designed to improve the rate at which loci that are

identified can be successfully amplified by PCR and produce informative genotype data.

The innovation in our approach is the incorporation of information from the genomes of

multiple individuals. This allows the in silico detection of polymorphic loci and the

detection of several other important characteristics of a putative microsatellite marker,

only detectable through multiple genome analysis. We demonstrate that this method

reduces the number of markers that must be tested for polymorphism in the laboratory,

and achieves an improved rate of successful marker development. Furthermore, our

methods also minimise factors known to increase allelic dropout and invalidate

genotyping results based upon molecular weight of PCR fragments. We refer to this

technique as Multi-individual Microsatellite identification (MiMi). Here, we develop

microsatellite markers using MiMi in two species: the green sea urchin (Psammechinus

miliaris) and the Eurasian blue tit (Cyanistes caeruleus). For comparison, we also
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present the success rates of microsatellite development in P. miliaris and C. caeruleus,

and in two other species (Tragelaphus eurycerus isaaci and Nycticebus pygmaeus), which

were designed using a traditional microsatellite design method (Castoe et al., 2015;

Griffiths et al., 2016). The results from the successful development of each panel of

markers, combined with our refined bioinformatics method, provide a strong case for the

utility of the MiMi concept and the value to microsatellite marker development.

3.6 Materials and Methods

3.6.1 DNA Extraction and Sequencing

Prior to DNA extraction, all samples (Appendix 3: Table S1) were stored in 100%

ethanol and stored at 4°C. Genomic DNA was extracted from samples using the DNeasy

Blood and Tissue Kit (Qiagen, Hilden, Germany) or the E.Z.N.A. Mollusc DNA Kit

(Omega bio-tek, Georgia, USA) (Appendix 3: Table S2). High quality and high

molecular weight genomic DNA (determined by gel electrophoresis) was diluted to

2.5ng/µL and sequenced on an Illumina MiSeq (Illumina, San Diego, USA), using the

Illumina Nextera XT library preparation reagents (Illumina, San Diego, USA).

Paired-end, shotgun genomic DNA sequencing was performed using the Illumina MiSeq

Reagent Kit v2/v3. MiMi analysis was conducted on eight individuals of each species (P.

miliaris and C. caeruleus) which were indexed, pooled and sequenced on a flowcell, per

species. For traditional microsatellite detection, single samples of each species (T.

eurycerus isaaci and N. pygmaeus) were individually indexed, pooled and sequenced

along with other species not used in this study (Appendix 3: Table S2). Both methods

were not tested for all species, due to these microsatellite markers being designed for

active research projects that progressed beyond marker development as the MiMi

method was being developed and iterated upon.

3.6.2 MiMi Microsatellite Detection Methodology

Microsatellite markers were initially designed in data from each sample using the

published pal finder (Castoe et al., 2015; Griffiths et al., 2016); a traditional design

method using the data of a single individual. A novel quality control procedure was

developed for those data sets in which multiple individuals of the same species were

sequenced (two species) with the aim of identifying polymorphic loci, filtering out primer
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pairs containing point mutations within the priming regions, and avoiding other

potential issues with a locus including non-specific primer binding and insertion/deletion

mutations in the flanking regions. Eight individuals per species were sequenced and the

data pertaining to each individual first passed separately through the traditional design

method. The eight individual output files then become the input for the novel method:

Multi-individual Microsatellite identification (MiMi). MiMi takes the primer sequences

developed in each individual and checks for their presence in the data of every other

individual. Primer pairs for which the forward primer appeared in more than 33% of the

individuals were selected and all reads containing the exact primer sequence compiled

into an MSA file with the FASTA format. The MSA files were aligned using the

MUSCLE alignment algorithm (Edgar, 2004) and putative loci automatically filtered to

remove monomorphic loci, low quality ‘gapped’ alignments and loci containing sequence

mutations within the primer binding sites. Loci passing all filters are retained as high

quality loci and loci passing some filters but lacking enough information to confidently

pass all filters are retained as good quality loci. Both high quality and good quality loci

are each ranked by the size range in alleles detected. A log file is produced detailing loci

which have been removed by each filter. A Python script implementing the MiMi tool is

available to download and run from https://github.com/graemefox/mimi.

3.6.3 Optimisation of Potential Markers

Primer pairs developed under either design method were tested in 5µL reactions

using the Type-it Microsatellite PCR Kit (Qiagen, Hilden, Germany) using the standard

protocol and thermal cycling parameters (5 mins at 95°C, 25-28*30s at 95°C, 90s at 60°,

30s at 72°, 30 mins at 60°). Only a single annealing temperature (60°C) was tested, as

Primer3 (Koressaar and Remm, 2007; Untergasser et al., 2012) which is used during the

published marker design process (Griffiths et al., 2016), had been configured specifically

for these PCR reagents and a primary goal of this method was to avoid time consuming

annealing temperature optimisation. A marker was given successful amplification status

if clean PCR products were clearly visible on a 2% agarose gel in the 100-1000bp range

for six or more individuals out of eight tested. Fluorescent dyes (6-FAM, TAMRA, HEX,

PET) were added to PCR products using a universal tail technique (Blacket et al.,

2012). Fragment length was determined using an ABI 3730 DNA Analyzer capillary

sequencer with GeneScan 500 LIZ dye Size Standard (ThermoFisher and analysed using

Genemapper 5.0 software (all ThermoFisher Scientific, Carlsbad, USA). We define an
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informative marker as one that produces clearly interpretable electropherogram traces

after capillary electrophoresis and is polymorphic in terms of PCR fragment length

between multiple individuals.

3.7 Results

Of the markers which passed each set of quality controls, we were able to optimise

amplifiable and informative markers at a rate of 47.9% using the traditional design method,

and 86.6% using MiMi. Comparisons between average rates of successful amplification

and production of informative loci for each marker design method demonstrated a marked

increase in both measures when MiMi was applied. In P. miliaris and C. caeruleus,

markers were designed using both the traditional methodology and the MiMi methodology.

A direct comparison between these two methods shows a very notable increase in both the

rate of amplification success and the rate of development of informative markers (Figure

3.3). In two further species (T. eurycerus isaaci and N. pygmaeus), markers were designed

using only the traditional methodology. Rates of success for these species are presented

as further evidence of a baseline of microsatellite design against which the MiMi method

can be compared (Table 3.1). Unsuitable markers were removed at each filtering stage,

reducing hundreds of thousands of possible markers designed by pal finder, to a fewer than

a hundred identified as high- or good-quality using MiMi (Table 3.2). Where MiMi was

applied, the number of individuals sharing each common primer sequence ranged from

three to seven (Figure 3.4). In the two example MiMi data sets presented here, 5% of

potential loci were detected in sufficient individuals to allow further analysis by MiMi.

Automated analysis of MSA files allowed the identification and removal of loci with

mutations within the primer binding sites (Appendix 3: Figures S1a and S1b) and loci

showing very low alignment quality. Low alignment quality is indicative of a locus

potentially containing fragment length altering polymorphisms (insertions/deletions)

between the primer binding sites but outside the microsatellite locus itself (Appendix 3:

Figure S1c) or non-specific primer binding. Monomorphic loci were also removed

(Appendix 3: Figures S1d and S1e). Of the markers which MiMi detected in multiple

individuals, we were able to discount 79.3% of potential loci as unsuitable for

microsatellite analysis (Table 3.3). High quality loci (those which exclusively showed

evidence of positive characteristics) were detected at a rate of 4.5%, and good quality

loci (those which did not show any evidence of negative characteristics, but did not have
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enough data to confidently pass all filters) were detected at an average rate of 16.1%.

Whilst the full MiMi method requires more data than the traditional approach detailed

here (we recommend eight individuals to be sequenced using the capacity of an entire

MiSeq flowcell, although fewer samples are possible), the reduction in time spent in the

lab, and associated savings, justifies the larger outlay in initial sequencing costs. A recent

Illumina MiSeq run cost approximately $2330, and using MiMi we recorded that 90% of the

primer pairs chosen to be tested were successfully developed as informative microsatellite

markers (Table 3.1, data set #2). Using the traditional method, sequencing costs were

significantly less, as only a fraction (12.5%) of the capacity of a MiSeq sequencing flowcell

was required, but only 38% of primer pairs tested were ultimately found to be informative

markers (Table 3.1, data set #5). The reduction in time and laboratory expense associated

with investing in “failed markers” (inconsistent amplification / non-polymorphic loci)

ultimately results in a net saving when using MiMi. Based on our estimated rate of

successful marker development, a project to develop a panel of 20 optimised markers over

a two-week period using the MiMi methodology would cost less than using the traditional

methodology over a four week period (16% reduction in total cost, 50% reduction in

staff costs only, 19% increase in reagent costs only; Appendix 3: Tables S3 S4). The most

significant savings will be in researcher time spent screening loci, which was approximately

50% less using MiMi.

3.7.1 Description of Output Files

The outputs from the MiMi method are two tab separated tables containing details

of the loci that have passed the quality control processes, a log file detailing which loci

were removed under which quality control conditions, and a per-locus MSA file in the

FASTA format. The output tables gives the following information for each locus:

forward primer sequence; reverse primer sequence; number of alleles at the locus; number

of individuals in which the locus was sequenced in the data set; a description of the

alleles found (the repeat motif and the number of repeats) and the predicted size range

of amplicons produced using the PCR primers. A file named “MiMi output all loci.txt”

gives details of every locus which MiMi was able to detect in multiple individuals (above

the user-defined threshold). A file named ”MiMi output filtered loci.txt” gives just those

loci which were able to pass all quality control filters as either high- or good quality. A

log file is created detailing which loci were removed under which quality control

conditions. Examples of the ”MiMi output filtered loci.txt” files resulting from the the
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MiMi analysis of C. caeruleus and P. miliaris (Table 3.1 data set #1 and data set #2,

respectively) is presented in Appendix 3, Tables S5(a) and S5(b) respectively. Three

MSA files per locus are created: one containing the raw sequences from the input data

that were found to contain the locus within the length of the read (ending .fastq); one

containing these reads after alignment by MUSCLE (ending .aln) and one containing

aligned reads trimmed to the position of the forward primer (ending .trimmed). The

main section of the MSA file name is the forward primer sequence of the locus.

3.8 Discussion

MiMi has proved to be a fast, cost effective approach to identification and

characterisation of microsatellite markers using genomic sequence data from multiple

individuals. The application of a microsatellite-picking tool such as pal finder typically

results in tens of thousands of potential loci, and therefore it makes logical sense to

attempt to apply in silico marker optimisation methods over laboratory optimisation, to

increase the efficiency in identifying informative loci. MiMi is the first tool, to our

knowledge, that allows this range of important characteristics to be observed at the

marker design stage (but see (Nichols et al., 2018)). In a direct comparison between the

traditional and MiMi methods, we show that the application of MiMi resulted in a 58%

increase in the rate of identification of informative microsatellite markers, facilitating a

16% reduction in costs associated with the development of a microsatellite marker panel.

To provide a ‘baseline’ value of microsatellite design success, we also provide success

rates for two species which only used the traditional methodology. Although not a true

comparison, it appears that MiMi can be expected to produce amplifiable, informative

markers at a consistently higher rate than the traditional methodology, facilitating an

increase from 57-60% (Table 3.1, data sets #3 and #4) to 80-90% (Table 3.1, data sets

#1 and #2). We feel certain that an increase of this order of magnitude, and the

associated reduction in costs associated with the testing of markers which ultimately fail,

fully justifies the slight increase in sequencing costs associated with MiMi.

The incorporation of multiple genomes and construction of an MSA for each

microsatellite locus allows several important quality checks to be made of each locus and

facilitates notable increases in both the rate of successful amplification by PCR, and the

development of informative markers. Nucleotide polymorphisms and INDEL mutations

within the forward or reverse primer binding site can cause issues with inconsistent or
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failed PCR amplification, potentially resulting in allelic dropout (Silva et al., 2017), and

can also lead to an increase in the frequency of null alleles (Rico et al., 2017). Allelic

dropout can present a significant problem during microsatellite analysis, causing

decreased estimates of observed heterozygosity and increased estimates of inbreeding in

the population (Wang et al., 2012). Two main causes of allelic dropout have been shown;

variation at primer binding site (Silva et al., 2017) and PCR product size (particularly

problematic for markers with large repeat counts), (Sefc et al., 2003). Through the

construction of each MSA we were able to use MiMi to confirm that primer-binding sites

show strong sequence conservation, albeit in only a small subset of samples, thus

minimising the likelihood that a putative marker would exhibit an elevated rate of allelic

dropout caused by mis-priming. Confirmation of sequence conservation in at least one

primer-binding site improved the rate at which we were able to amplify loci successfully.

If possible, genomes of individuals from a range of putative populations should be

included in the MiMi analysis to minimise null allele bias towards a particular sub

population (Oosterhout et al., 2005). Analysis of each microsatellite locus in an MSA

also allows visualisation of the number of motif repeats, and prioritisation of loci where

variation is seen among samples. Rejecting monomorphic loci through MiMi produced

an increase in the rate at which we were able to develop informative markers, compared

to our own previous experience using other methods, and rates stated in the literature

(Zhan et al., 2016). Additionally, MiMi enables one to assess the likelihood of the

presence of multiple primer binding sites in the host genome by collating all sequences

containing a common primer sequence. Where sequences containing the primer sequence

produce low-overlap alignments, it is indicative that the corresponding primer binding

site occurs in multiple locations across the genome, and thus that particular primer pair

should be avoided to reduce cross-amplification.

Statistical models based upon a particular model of evolution at the microsatellite

locus (the stepwise mutation model, for example) rely upon the assumption that the

source of variation in fragment size is polymorphism in the number of repeats in the SSR

(Dieringer and Schlötterer, 2003). The presence of other fragment length altering

mutations between the primer binding sites (excluding the microsatellite itself) is

indistinguishable by capillary electrophoresis from ‘true’ variation at the microsatellite

locus (Angers and Bernatchez, 1997; Grimaldi and Crouau-Roy, 1997; Stágel et al.,

2009). Markers with fragment length altering mutations outside of the microsatellite

locus, potentially invalidate the assumptions of a number of models of microsatellite
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evolution, and are therefore avoided in our protocol.

Whilst MiMi does not allow one to state with certainty that a putative marker will

not exhibit any of the negative characteristics described (allelic dropout, null alleles

arising from population differentiation, non-variable microsatellite loci, cross

amplification or invalidation of assumptions of evolutionary model) when

comprehensively characterised in a much larger number of samples, the opportunity to

identify loci that do exhibit them, and subsequently remove them from analysis, is

nevertheless valuable.

Variation in the rate at which loci were removed under each quality control category

show the importance of making each check, and that marker development in different

taxa may perform differently from one another. In both examples of the application of

MiMi here, we were able to remove undesirable loci, that failed at least one quality check.

Considering the total markers designed and filtered in both species, we were able to pass

many loci (mean: 20.7%) that did not show evidence of these negative characteristics in

the eight samples tested.

The success of MiMi is dependent upon the sequence coverage achieved in each

sequencing run. Very low sequence coverage would likely result in relatively little overlap

in the sequences of each individual, and therefore few loci passing the MiMi filter. The

development of a new marker panel is very often performed in non-model species of

specialised interest and it is likely that the genome size will be unknown and sequence

coverage incalculable (Shikano et al., 2010). MiMi was successfully implemented in the

two species tested here (with estimated coverage of 0.57X and 1.20X), suggesting that

the method is suitable for genomic data sets with relatively low sequence coverage

(Ekblom and Wolf, 2014). The proportion of individuals in which a primer must be

detected is user definable, with a minimum of two individuals required for MiMi to

provide useful information. Where loci were successfully detected in multiple individuals,

we found a negative correlation between the number of potential markers and the

frequency at which loci were found in multiple data sets. These frequencies are

dependent upon the genome size, and the microsatellite richness of the genome, of the

species of interest. Where estimates of genome coverage are approximately 1X or below,

removal of duplicate primers/loci from the data set of each individual is recommended

(implemented automatically in the published microsatellite design workflow upon which

MiMi is based (Griffiths et al., 2016)) as coverage of >1X of a locus in a single individual

does not contribute any additional information to the MiMi process. However, where
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estimated coverage is significantly >1X, their removal may result in the dismissal of an

increased frequency of otherwise useful loci that appear multiple times in the sequence

data as a result of the random nature of shotgun sequencing (Bouck et al., 1998). In the

event of a low number of markers ultimately being returned, the filter that removes loci

appearing more than once in the data can easily be disabled at the web interface of

initial design tool (Griffiths et al., 2016). In this case, multiple reads containing the

primer sequence from the same biological sample will appear alongside each other in the

output MSA, allowing the user to assess the reads as “shotgun duplicates”: multiple

sequence reads covering the same genomic region of an individual, by chance.

MiMi makes several important assumptions of the characteristics of microsatellite loci

investigated in a small number of samples, and infers these are representative of the loci

in the wider population. However, this is not always expected to be true (Goldstein et al.,

1995) and the removal of otherwise useful markers, under the limiting assumptions of the

MiMi quality control process, is likely to happen. For example, SSRs that do not show

any variation in number of repeats in the sequence data are removed, but these loci may

show variation in the wider population. The ethos behind the MiMi method is to select

markers for which we have the most information, rather than seeking to discover as many

markers as possible. Given the large numbers of potential markers we derived from the

MiMi process, we do not consider the removal of potentially useful markers as a major

disadvantage, and these markers can always be added back if needed.

Loci that do show allelic variation are ranked by the range size of the microsatellite

repeat number (Goldstein and Schlötterer, 1999), with the assumption that the loci with

the largest differences are most likely to be informative markers. A large range in the

number of repeats implies that the variation seen at the locus is less likely to be the result

of an amplification or sequencing error (Hosseinzadeh-Colagar et al., 2016) but rather

be representative of a true, variable microsatellite locus. We conclude that under the

assumptions we identify here, the rate and efficiency of informative microsatellite discovery

is greatly increased using high-throughput sequencing data in comparison to traditional

microsatellite library discovery methods, however the robustness of MiMi should be tested

in additional species.

We recommend that eight unrelated individuals are sequenced for MiMi processing

for optimal capture of markers exhibiting multiple alleles at microsatellite loci. Whilst it

is impossible to state an optimum figure for universal use, due to varying allelic richness

in species and populations (Bashalkhanov et al., 2009), in our experience, eight samples
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represents an acceptable balance between depth of sequencing coverage and allele

rarefaction (Hale et al., 2012). In species where it is not feasible to source eight samples,

related or not, due to their extreme scarcity, MiMi is still applicable. MiMi will function

beneficially on any number of samples >1, whether related or unrelated. Furthermore,

species with extremely large genomes may not perform well due to the limitations of

sequencer capacity and the requirement for approximately 1X genome sequence coverage

to be achieved. Our method has been tested on Illumina MiSeq data only, but will

function on paired-end data, in the .FASTQ format, from any sequencing platform,

should additional depth of coverage be required. It is important to note that we are not

attempting to detect all, or even most alleles present at a locus. Detecting the presence

of multiple alleles (>1) is sufficient to enable MiMi processing. Other influencing factors,

such as the sampling of related individuals or populations experiencing low genetic

diversity due to historical population bottlenecks, may impact the allelic richness of the

samples and therefore the ability of MiMi to detect multiple alleles (Price and Hadfield,

2014).

Methods of genotyping microsatellites by high-throughput sequencing are a

promising development and avoid many of the ambiguities inherent in genotyping by

capillary electrophoresis (Zhan et al., 2016; Shin et al., 2017). Determination of accurate

genotypes by these methods enables many of the additional tests required of a

microsatellite marker (tests for linkage disequilibrium, frequency of null alleles, for

example) to be carried out using NGS data alone. We envisage that large scale

microsatellite studies be performed using two NGS runs: the first using MiMi to discover

potentially informative microsatellites; and a second using a high-throughput genotyping

method to genotype all experimental samples in one go (De Barba et al., 2016).
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Stágel, A., Gyurján, I., Sasvári, Z., Lanteri, S., Ganal, M., and Nagy, I. (2009). Patterns

of molecular evolution of microsatellite loci in pepper (Capsicum spp.) revealed by allele

sequencing. Plant Systematics and Evolution, 281(1-4):251–354.

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B., Remm, M., and

Rozen, S. (2012). Primer3–new capabilities and interfaces. Nucleic Acids Research,

40(15):e115.

Vieira, M., Santini, L., Diniz, A., and Munhoz, C. (2016). Microsatellite markers: what

they mean and why they are so useful. Genetics and Molecular Biology, 39(3):312–328.

86



Wang, C., Schroeder, K., and Rosenberg, N. (2012). A maximum-likelihood method to

correct for allelic dropout in microsatellite data with no replicate genotypes. Genetics,

192(2):651–669.

Witzenberger, K. and Hochkirch, A. (2011). Ex situ conservation genetics: a review

of molecular studies on the genetic consequences of captive breeding programmes for

endangered animal species. Biodiversity and Conservation, 20(9):1843–1861.

Zhan, L., Paterson, I., Fraser, B., Watson, B., Bradbury, I., Ravindran, P., Reznick, D.,

Beiko, R., and Bentzen, P. (2016). MEGASAT: automated inference if microsatellite

genotypes from sequence data. Molecular Ecology Resources., 17(2):247–256.

87



3.11 Tables and Figures

Table 3.1

A summary of the design methods used in each species, including the data set number (ID), species, treatment (Tx), number of individuals

sequenced (N), number of PCR primers tested (Pp), number and percentage of PCR primers tested successfully amplifying in 75% of samples tested

(Amp.), number and percentage of amplifiable PCR primers producing informative data after capillary electrophoresis (easily interpretable and

polymorphic) (Inf.), proportion of amplifiable markers which were informative (Inf/Amp), proportion of primer pairs tested which were informative

(Inf/Pp), genome size estimate (C-val.), raw sequence reads per sample (mean and SD given where MiMi applied), estimated sequence coverage

(Cov.), literature reference and/or accession numbers of NGS data (REF / SRA) where applicable. All genome sizes were retrieved from the

Animal Genome Size Database (www.genomesize.com) with the closest related species used. Panels of markers were developed in P. miliaris and

C. caeruleus using both the pal finder traditional method (Castoe et al., 2015; Griffiths et al., 2016) and MiMi methods. The application of the

MiMi quality control process produces higher rates of both amplification and production of informative markers in both these instances.
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Table 3.1

ID Species Tx N Pp Amp Inf Inf/Amp Inf/Pp C val Reads Cov REF/SRA

1 C. caeruleus MiMi 8 10 10 8 80% 80% 1.47 8* 2,901,027 1.20X SRX5066864 - 69

(STDEV +/- 878,838)

2 P. miliaris MiMi 8 20 19 18 95% 90% 1.30 8* 1,482,736 0.57X SRX5162614 - 21

(STDEV +/- 280,686)

3 T. eurycerus isaaci Trad. 1 30 21 18 86% 60% 3.94 8,980,510 1.10X (Combe et al., 2018) & SRX5116712

4 N. pygamaeus Trad. 1 30 26 17 65% 57% 3.58 5,309,686 0.74X SRX5112421

5 P. miliaris Trad. 1 24 13 9 69% 38% 1.30 1,359,615 0.52X SRX5162614

6 C. caeruleus Trad. 1 10 4 1 25% 10% 1.47 3,913,299 1.60X SRX506686789



Table 3.2

Species pal finder loci pal filter loci MiMi loci

Cyanistes caeruleus 158,147 4,513 (2.9%) 302 (0.19%)

Psammechinus miliaris 469,047 5,657 (1.2%) 250 (0.05%)
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Table 3.3

ID Species Total Low Quality Alignments Primer mutations Non-variable High Quality Good Quality

1 Cyanistes caeruleus 302 14 (4.6%) 7 (2.3%) 205 (67.9%) 13 (4.3%) 63 (20.9%)

2 Psammechinus miliaris 250 102 (40.8%) 9 (3.6%) 101 (40.4%) 12 (4.8%) 26 (10.4%)
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Figure 3.3
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Figure 3.4
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4.2 Abstract

Globally, fishing resources are under unprecedented pressure to meet the food

demands of the ever-increasing human population. Homarus gammarus (the European

lobster) fisheries in Europe have been a long-lived, highly profitable source of sustenance

throughout their range, however in the latter part of the 20th century dramatic stock

collapses occurred in some regions. Stock conservation efforts in the UK and Ireland are

focused on preventative measures and also supportive stocking from several hatcheries.

The aim of this study was two fold. Firstly, we explored the extent to which the local

hydrodynamics around the UK and Ireland allow genetic mixing between the different

regions, enabled by the relatively long larval life stage of H. gammarus. Secondly, we

performed a comparative study of the ease of application, cost-to-benefit ratio, and

relative power of two types of genetic marker typically used for population genetic

analysis; microsatellites and single nucleotide polymorphisms (SNPs). In ecological

genetics and conservation, there is a sustained and significant move away from the use of

microsatellites, to the use of SNP markers in population genetics. We performed parallel

analyses using both types of marker to compare their resolution and test their suitability

for a study of this nature. We found an absence of detectable population structuring

using either marker type indicating high levels of population mixing and therefore low

population isolation by genetic distance. Comparisons in the practicability and

cost-to-benefit of each marker reveal that SNP analysis is technically more expensive,

but much quicker approach for population genetic analysis. In our case to generate

comparable results, SNP analysis was performed in just a few weeks, whilst microsatellite

analysis took many months, as marker and multiplex optimisation were required. Our

results are informative for conservationists interested in the marker choice for their

study, and is the first comparative study of this type in a larval-dispersing organism.

4.3 Introduction

4.3.1 Molecular Markers for Population Genetics

Microsatellites have been used for decades as molecular markers in studies of

population genetics (Vieira et al., 2016), but increasingly are being superseded by single

nucleotide polymorphism (SNP) markers (Helyar et al., 2011). The development of
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high-throughput sequencing technologies has surmounted many of the difficulties and

expenses associated with analysis of a large number of SNPs, and well documented

methodologies have brought them within reach of many ecology laboratories (Catchen

et al., 2013; Fischer et al., 2017). Microsatellites require a priori knowledge of the

genome of the study species, as PCR primers must be designed to amplify the marker

regions. However, SNP markers can be analysed using a completely de novo approach

(Benestan et al., 2015), free from the design of PCR primers, with clear benefits to

species with little previous study. The trade off in relative power of each individual locus

(the multi-allelic microsatellite locus vs. the bi-allelic SNP) is countered by the number

of individual marker loci which can be practically, concurrently analysed (typically 10-20

microsatellites or thousands of SNPs), with increasing marker number correlated with

greater power to detect genetic structure (Coates et al., 2009; Lemopoulos et al., 2019;

Souza et al., 2019; Gkagkavouzis et al., 2019; Gärke et al., 2012). Analysis of the

variation at a relatively small number of microsatellite loci is generally assumed to

constitute a representative sample of wider genomic variation (Selkoe and Toonen, 2006),

however in the few studies that have performed direct comparisons between

microsatellites and SNPs, which are more widespread through the genome, this has not

always been the case (Roques et al., 2019; Coates et al., 2009).

The relative power of a panel of microsatellites and a panel of SNP markers to

determine genetic population structure has been investigated in several species. A study

into the population genetics of the bowhead whale (Balaena mysticetus) discovered that

42 SNP markers gave a similar level of power to calculate FST, perform population

assignment and to estimate effective population size (Ne) as a panel of 22 multi-allelic

microsatellite markers, in a population with low levels of genetic differentiation (Morin

et al., 2012). A multiplex of 18 microsatellites was found to be significantly less

powerful, than 79 SNPs for parentage assignment in the European sea sturgeon

(Acipenser sturio), with maximum SNP resolution achieved with just 28 SNP loci

(Roques et al., 2019). Both these studies utilised relatively few SNP markers, and

performed genotyping using microarray type technologies. Using high-throughput

methods of genotyping 481 restriction site associated (RAD) derived SNPs, and drawing

comparisons to 32 microsatellites, a study into the mangrove killifish (Kryptolebias

marmoratus) found that whilst both datasets gave similar results, the SNP data suffered

from a high-rate of signal noise, limiting resolution, highlighting the associated

requirements for caution when inferring fine-scale population structure and the

97



importance of quality checking routines (Mesak et al., 2014). The utility of both SNPs

and microsatellites is clear, with different marker types offering different benefits.

Further direct comparisons using current sequencing and genotyping methods, in species

with a range of life histories will further illuminate the apparent progression from

microsatellites to SNPs, and be informative to ecologists planning studies in population

genetics (Vignal et al., 2002; Luikart et al., 2003).

Variation in electrophoretic rates during capillary electrophoresis, and human or

algorithmic error introduced during peak-calling analysis can all cause significant error

rates in microsatellite analysis, and make cross compatibility between labs extremely

difficult (Pasqualotto et al., 2007; Alberto, 2009). Analysis of SNPs is concerned with

categorical, binary variation at each SNP site and alleles are much less ambiguous

(Helyar et al., 2011). Massively parallel analysis of samples for SNP analysis can occur

on a single NGS run, meaning that technical variation in data generation is less of a

concern, and laboratory cross compatibility possible. A critical factor in SNP analysis is

the depth of sequencing coverage achieved at each SNP site. Depth of sequencing

coverage is determined by several factors which may be unknown prior to sequencing:

data output of the sequencer; sample size; genome size; frequency of restriction site

occurrences in the genome; and frequency of SNPs close to restriction site (Catchen

et al., 2013). These factors should be carefully considered during experimental design.

Ultimately, marker choice is likely to be study dependent with one marker type very

unlikely to consistently provide the optimum approach. Significant factors in their

comparable effectiveness will likely be the degree of population differentiation in the

species of interest, sample number, potential of concurrent analysis of samples, and

budget availability. Comparative studies between different marker types for population

genetics contribute a frame of reference which may inform future studies in

taxonomically similar species, in species with a similar mode of distribution or life cycle,

or species with a similar putative population structure.

4.3.2 Conservation of Homarus gammarus Fisheries in the

UK and Ireland

The European lobster (Homarus gammarus) is a widely distributed, decapod

crustacean found throughout areas with rocky substrate in north west Europe and north

west Africa, extending into the Mediterranean Sea (Holthuis, 1991; Cobb and Castro,

2006). In 2017 (latest published figures), the fishing industry in the United Kingdom
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(UK) supported around 12,000 fishers and had the second largest catch of the European

Union (EU) countries, landing roughly 724,000 tonnes per annum. Shellfish catch in the

UK has seen a proportional decline since 2007, but remains the largest share of total

landings at 38% (the remainder of the catch being either pelagic or demersal landings)

and is increasing year on year in live weight value (ca. £2500 tonne-1 in 2017). Similarly,

H. gammarus is in the top 20 species of greatest value to the total catch of Ireland in

2017, and is the single most valuable species caught by the UK fleet at £13 Kg-1 (Elliott

and Holden, 2017). The H. gammarus catch landed in the UK was reasonably consistent

in the period 2013-2017 (ca. 324,000 tonnes per annum, STDEV: +/- 18,000 tonnes) but

has increased in value by approximately 50% in the same time period. In 2017, the

lobster was the second most valuable species per tonne in Ireland (Elliott and Holden,

2017; Sea-Fisheries Protection Authority, 2017). Lobster is a particularly valuable

shellfish catch due to its status as a high-end seafood product and associated high

market value (Ingebrigt et al., 2005). Lobster fisheries are often extremely important to

local economies supporting fishers, restaurateurs and enhancing appeal to tourists

(Brookfield et al., 2005; Browne et al., 2001). In the context of devastating stock

collapses in Europe over the last half-century (Kleiven et al., 2018), considerable effort

has been made in the UK and Ireland to preserve remaining stocks through the

implementation of legislation to limit exploitation (European Commission, 2014) and

through several supportive breeding and restocking programs.

There are many reasons why genetic surveys can be beneficial for conservation. One

of the major threats to global biodiversity is the fragmentation of habitat, and associated

increasing numbers of spatially isolated populations (Saunders et al., 1990). Prolonged

isolation of fragmented populations can result in an increase in genetic drift, increased

inbreeding, and greater likelihood of the loss of local adaptations. These populations are

at increased risk as smaller, genetically distinct populations tend to be less persistent due

to losses of heterozygosity and population viability (Young et al., 1996). Genetic markers

can be used to detect and measure the rate of gene flow between different geographic

sites, and therefore imply that migration, or breeding is occurring between and amongst

study sites. By providing this information, genetic data can be used to identify genetic

stocks, or management units, which can be used to ensure that managed exploitation

of resources allows the restoration of the stocks at rates above that of the maximum

sustainable yield (Casey et al., 2016). Data can also be used in order to determine adaptive

divergence of populations. Populations should be adapted to their localised environments,
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however for divergence to occur, there needs to be sufficient isolation or the selective

pressure of a particular subpopulation needs to be sufficiently strong to exceed the effects of

migration. Adaptive divergence can often be detected by a subset of genetic markers, often

SNP markers, which rather than being selectively-neutral, are associated with ecologically

relevant traits (Wagner et al., 2017), and can exhibit rapid adaptation (Willoughby et al.,

2018). Loss of localised adaptation through over-exploitation, or other ecological pressures,

can leave natural populations with a higher probability of population collapse or extinction.

Information relating to connectivity of populations and levels of self-recruitment

benefit the conservation of complex natural resources, such as fishing stocks (Hastings

and Botsford, 2006), including the identification and management of marine protected

areas (MPAs), (Watson et al., 2016). Measuring genetic variation within and among

populations is extremely informative to the conservation of a natural resource,

particularly when an activity such as harvesting, or population augmentation is taking

place (Lemopoulos et al., 2019). The accurate identification of evolutionarily significant

units (ESUs) is critical where calculations relating to harvest and recovery are made by

conservation authorities. Where a subpopulation is distinct from others through genetic

isolation or other forms of adaptation, each separate population may require a different

management strategy (Frankham et al., 2004).

The rate of maximum sustainable yield (MSY) of a population is highly informative

to conservation strategy. The calculation of MSY allows conservationists to determine

the rate of harvest which maximises the population recovery rate, controlling the risk of

over-exploitation. Effective population size (Ne) affects genetic variation and its

distribution on geographic and temporal scales. Conversely, the use of genetic data to

quantify the extent of genetic variation can therefore be used to estimate Ne (Wang,

2005). Effective population size can be estimated from genetic data by a number of

methods. For example measuring heterozygote excess at multiallelic loci (such as a

microsatellite), and through the analysis of the general relationship between Ne and

heterozygosity (Pudovkin et al., 1996; Luikart and Cornuet, 1999; Wang, 2009).

Furthermore, Ne can also be estimated from measures of linkage disequilibrium recorded

in genetic data at multiple polymorphic loci (Hill and Robertson, 1968; Hill, 2009).

Whilst the effective population size and MSY are clearly linked, the MSY does not

increase linearly with an increasing population size. Treating a natural biological

resource as a single large population and harvesting at or around the MSY, where it is

actually several smaller distinct populations, would result in over-exploitation and
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severely limit the recovery of the population. An accurate determination of the

population structure is therefore critical if appropriate management strategies are to be

used effectively (Allendorf et al., 2012).

In benthic species with a relatively long-lived, planktonic larval life stage, such as H.

gammarus, dispersal and recruitment often occur at a broad scale in the

meta-population, with wide-spread mixing of sub-populations dictated largely by coastal

currents (North et al., 2008). After the larval life stage, which can last from three to ten

weeks depending on conditions such as water temperature, the animal adopts a benthic

life style which is retained throughout adulthood, with only very limited migration

(Rötzer and Haug, 2015; Werner, 2007). Isolated populations that do not benefit from

this widespread mixing and recruitment, are at additional risk of over-exploitation and

population collapse if they are incorporated into a broader conservation strategy

assuming a meta-population with high genetic mixing (Watson et al., 2016).

Management of a species with an unclear dispersal range, such as those with a free-living

planktonic dispersal mechanism, can be extremely difficult due to limited knowledge of

the extent of links between external influencing factors and dispersal range. Population

structure analysis techniques using genetic markers are therefore an invaluable resource

to provide information relating to population differentiation and dispersal (Watson et al.,

2016).

Molecular analyses of several areas of the H. gammarus range have been performed

previously. There has been an almost complete absence of population structuring detected

in the region around the UK and Ireland (Watson et al., 2016) using microsatellite analysis,

but some moderate structuring apparent at a broader scale, when genotypes from the

British archipelago were compared to other European regions, notably the Skagerrak and

Kattegat off the Swedish and Danish coasts (Ellis et al., 2017). A recent assessment of

the broader European population using SNP markers described a genetic cline across the

European region, supporting evidence from other lobster species that population structure

may be present, albeit potentially on a large scale or as patchy structure not detectable by

studies upon a limited range (Jenkins et al., 2019; Truelove et al., 2013). Given the long-

lived planktonic dispersal of the species, it is possible that genetic mixing is at such a high

level that for conservation purposes, much of the western European population should

be treated as a single panmictic conservation unit. However, it may also be possible

that the absence of any detectable population structuring may represent the technological

limitations of the analysis methods which have so far been implemented.
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Related studies have been performed on other marine species, with a similar mode of

dispersal, with mixed results. For example, an analysis of the genetic population structure

of the great scallop (Pecten maximus), which has a larval period very similar to that of H.

gammarus, was unable to detect any population structuring along the coast of Northern

Ireland using a panel of 13 microsatellites, however the increased power and resolution

afforded by a screen of 10,539 SNPs allowed the detection of several significant pairwise FST

values amongst the sites, and lead to the identification of two genetic clusters (Vendrami

et al., 2017). A microsatellite based analysis of the genetic population structure of the

brown crab (Cancer pagurus) found an absence of genetic structure within the Irish Sea or

at a regional level, and a similar result was found using an allozyme-based analysis in the

Norway lobster (Nephrops norvegicus), sampled in the Eastern Atlantic and Mediterranean

sea (McKeown et al., 2018; Stamatis et al., 2006).

Dispersal in H. gammarus is driven by the relatively extended period of planktonic,

larval development. The development consists of several distinct larval life stages, three

of which are characterised by an omnivorous, pelagic period during which they float freely

in the surface layers of the ocean, for a period of approximately three to ten weeks, before

settling into a benthic life style, with very limited further migration as an adult (Rötzer

and Haug, 2015). This single, time-limited opportunity for dispersal is dictated largely

by currents, with the larvae able to direct themselves modestly in the water column,

mostly in on the vertical axis (Schmalenback and Buchholz, 2010). Despite this, some

larval dispersers (including lobsters) do exhibit some population structuring, apparently

violating the assumption that such a capacity for very broad dispersal would lead to

panmixia (Babbucci et al., 2010).

Larvae are released as eggs hatch during the summer months (Pandian, 1970), when

the currents around the UK and Ireland are dictated largely by the North Atlantic current.

The current arrives at the South West of the region, passes along the Western coast of

Ireland and Northern Ireland, and runs north through the Irish Sea, before turning East

into the North Sea. Limited mixing from the North Sea, back into the Irish Sea occurs

via the English Channel due to a current in the channel which mostly runs West to East

but also the presence of a series of gyres along the coast. Finally, a near-surface gyre in

the Irish Sea is present in the summer which may facilitate larval retention in the region

(Hill et al., 1997; Taylor, 1995; Zheng et al., 2002; Ménesguen and Gohin, 2006). Based

upon these broad observations of seasonal currents and gyres around the UK and Ireland,

our hypothesis regarding any potential genetic structure in H. gammarus is that we are
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most likely to see distinct genetic groups between sites on the West of Ireland and those

on the coast of Cornwall and the Irish Sea. The most mixed sample sites are likely to be

those on the east coast of Scotland and Northern England, as those likely receive larvae

from majority of the other sample sites. Gyre mixing may cause some retention of larvae

in the Irish Sea, isolating those sites from moving north and ultimately mixing with sites

in the east.

Our joint aims were to describe any detectable genetic structure in the samples, and

to compare the results from two types of molecular marker typically used in population

genetics: microsatellites and SNPs. There have been limited tests or direct comparisons

between these two approaches generally (Lemopoulos et al., 2019; Jeffries et al., 2016;

Morin et al., 2012; Roques et al., 2019; Mesak et al., 2014), and none to our knowledge

performing such a comparison in a species with a long-lived planktonic larval stage.

Towards these goals, we have performed parallel population genetic analysis of H.

gammarus samples from around the coasts of the UK and Ireland using both types of

genetic marker and performed statistical analysis of the genotypes to assess the presence

of any genetic structure. Furthermore, we present practical comparisons of the two

methods, taking work-load and cost-benefit into account and present our

recommendations for future population genetics work on this, and similar species.

4.4 Materials and Methods

Samples were collected between 2014 - 2017 from 15 sites around the United Kingdom

and Ireland in accordance with local fishing regulations and restrictions. Samples were

collected by commercial fishers coordinated by either a local fishing conservation authority,

conservation trust, academic or hatchery (Table 4.1 & Figure 4.1).

Wild H. gammarus were caught using lobster pots and a small section of pleopod

removed using clean scissors and forceps. The tissue sample was placed immediately into

100% ethanol for preservation. Upon receipt of samples at Manchester Metropolitan

University, the tubes were stored at -80°C until further processing. Total DNA was

extracted from approximately 25mg pleopod tissue sample using the Wizard® SV 96

DNA purification system (Promega, Wisconsin, USA) according to the manufacturers

protocol except that the lysis incubation was carried out overnight to ensure complete

tissue lysis. Purified DNA was checked for quality and quantity on a NanoDrop 3000

spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA) and a 1% agarose
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electrophoresis gel. Samples were normalised to 20 ng/µl where the elute was originally

at a higher concentration.

4.4.1 Microsatellite Development and Analysis

Fourteen published microsatellite markers (André and Knutsen, 2010; Ellis et al.,

2015) and six novel tetra-nucleotide markers mined from sequence data provided by Dr.

Charlie Ellis (National Lobster Hatchery, UK) were tested in the laboratory. Novel

markers were developed using a Galaxy (Afgan et al., 2018) bioinformatics methodology

(Griffiths et al., 2016), modified to handle single-end, Sanger sequencing reads (Table

4.2). Markers were amplified using six multiplexes, using a universal tail PCR approach

(Blacket et al., 2012), (Table 4.3). Three fluorophores were used (6-FAM, TAMRA and

PET) to fluorescently label PCR products. Reactions were performed using the Type-it

Microsatellite PCR kit (Qiagen, Hilden, Germany). Total reaction volume was 5µl

consisting of 2.5µl Type-it 2x mastermix, 1.5µl molecular biology grade H2O, 0.5µl

primer mix (2µM stock concentration) and 0.5µl template DNA (normalised to 20 ng/µl).

Amplifications were performed using a Techne Prime thermal cycler (Techne, Minnesota,

USA). Cycling conditions were as follows: 95°C - 5 minutes; 35x {95°C - 30 seconds;

58-60°C - 90 seconds; 72°C - 30 seconds}; 72°C - 30 minutes; 4°C - Hold. Annealing

temperature was dependant on multiplex (Table 4.3). Microsatellite PCR products were

run on an ABI 3730 DNA Analyzer (Thermo Fisher Scientific, Massachusetts, USA) at

the University of Manchester DNA Sequencing Facility. Raw fragment sizes were

determined using the R (Team, 2017) package,“Fragman” (Covarrubias-Pazaran et al.,

2016) and alleles binned using the R package “MsatAllele” (Alberto, 2009). Samples

which failed to amplify, produced peaks which were not clearly interpretable or otherwise

were missing >50% data were removed (58 samples). Similarly, markers which failed to

amplify in >33% of samples were removed (2 markers). A random subset of 12% of the

samples were repeat genotyped to estimate the error rate in our allele scoring procedures.

4.4.2 RAD-Seq Library Preparation

Ninety five samples, which had previously been analysed using microsatellites, were

chosen for SNP analysis, encompassing four regions of the UK and Ireland (Table 4.1).

Fresh DNA extractions were performed using same method as previously, extracts

normalised to 3.1ng /µl and fragmented with a Covaris M220 sonicator with Covaris
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microTUBE AFA Fiber Snap-Cap tubes (Covaris, Massachusetts, USA), with a program

optimised for production of an average fragment length of 800bp. A subset of sheared

samples were checked for quality using a high sensitivity DNA bioanalyzer chip (Agilent,

Santa Clara, CA, USA) before being blunt-ended and A-tailed using the NEBNext Ultra

II DNA Library Prep Kit for Illumina (New England Biolabs, Hitchin, UK). Ligation

reagents from the same kit were used to ligate adapters containing the Illumina Nextera

transposase read 2 adapter sequence onto the sonicated DNA, and excess adapter

removed using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA).

Samples were incubated with the restriction enzyme SbfI (cutsite: TGCA–GG; New

England Biolabs, Hitchin, UK) at 37°C overnight to ensure complete digestion, prior to

purification with Agencourt AMPure XP beads. Phased SbfI specific adapters

containing the Illumina Nextera transposase read 1 adapter sequence were ligated onto

sonicated DNA using T4 ligase (New England Biolabs, Hitchin, UK), and excess adapter

was removed using Agencourt AMPure XP beads (Wu et al., 2015). Phased adapters

were biotinylated at the 5′ on the top strand to allow library enrichment using

Dynabeads MyOne Streptavidin C1 beads (Invitrogen, Carlsbad, CA, USA). Samples

were then amplified using the Nextera XT Index v2 (Illumina, San Diego, CA, USA)

primers and the NEBNext Ultra II Q5 Master Mix PCR reagents (New England Biolabs,

Hitchin, UK) to uniquely index each sample, and add sequences required for Illumina

sequencing. Library quality of a subset of samples was confirmed using a high sensitivity

DNA bioanalyzer chip and all samples quantified using the Qubit dsDNA BR Assay Kit

and a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA), prior to

normalisation and preparation to load onto the flowcell.

4.4.3 RAD-Seq Sequence Analysis

Raw sequencing reads were demultiplexed into individual samples, trimmed at the 5′

up to the SbfI cut site, processed with Trimmomatic (Bolger et al., 2014), (LEADING:3,

TRAILING:3, SLIDINGWINDOW:4:10, MINLEN:100) and trimmed at the 3′ to a fixed

length of 100bp. The STACKS software (Catchen et al., 2013) was used to derive a panel of

SNP markers, following a published protocol for optimisation of the parameter space (Paris

et al., 2017). Optimised parameters were used to generate a list of SNPs and generate files

suitable for downstream analysis. Parameters were: m=2, M=1 and n=2, where m is the

minimum number of reads which must be met before a stack (allele) is generated, M is

the maximum amount of nucleotide mismatches between stacks for merging into a single
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locus, and n is the maximum amount of nucleotide mismatches between stacks allowed

during construction of the reference catalog.

4.4.4 Statistical Analysis

All statistical analyses were performed in the R environment (Team, 2017), using the

packages described below, unless otherwise stated. In both data sets, observed

heterozygosity (HOBS) and expected heterozygosity (HEXP) were calculated using

“adegenet” (Jombart, 2008; Jombart and Ahmed, 2011). Likelihood of each pair of loci

exhibiting linkage disequilibrium was calculated using “genepop” (Rousset, 2008) and

deviation from Hardy-Weinberg equilibrium (HWE) calculated with “pegas” (Paradis,

2010), both with false discovery rate under multiple testing corrected using the “B-Y”

method (Benjamini and Yekutieli, 2001). The frequency of null alleles at each locus was

estimated using the standalone software “FreeNA” (Chapuis and Estoup, 2007; Chapuis

et al., 2008) and the implementation of the EM algorithm (Dempster et al., 1977).

F-statistics and rarefied allelic richness (AR) were calculated using “hierfstat” (Goudet,

2005) and rarefied private allelic richness (PAR) calculated with ADZE (Szpiech et al.,

2008), with both AR and PAR rarefied to the lowest sample size (rarefied against the

eight Boscastle samples). Jost’s D estimator of population differentiation was calculated

by the “DEMEtics” package (Gerlach et al., 2010). FST was calculated to attempt to

understand the degree of variation attributable to putative population structure, whilst

D is a more direct measure of the genetic variation present in the data (Jost, 2009).

In the microsatellite data only, the putative number of population clusters (K) required

for Structure (v.2.3.4) analysis (Pritchard et al., 2000) was determined using the “Cluster

Identification Using Successive K-Means” method using the “adegenet” package; a method

independent of geographic information that uses calculations of the Bayesian Information

Criterion (BIC) for each estimate of K until the optimum model is found. Structure

analysis (Pritchard et al., 2000) of the microsatellite data was performed using an initial

burn in length of 5,000 cycles, followed by 500,000 markov chain monte carlo cycles,

using the admixture model, and using both correlated and independent allele frequencies.

Analysis was performed at every value for K from 1 to 20.
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4.5 Results

4.5.1 Genetic Marker Development

Six new microsatellite markers were developed and optimised from Sanger sequencing

reads (Table 4.2).

After the removal of data pertaining to negative controls and four failed samples,

the next-generation sequencing of 91 RAD-Seq samples produced 38,132,997 paired-end,

2*150bp raw sequencing reads (mean: 419,043, 95% CI: +/- 103,881.8). These were

filtered by QC processes to 8,089,314 reads (mean: 90,812.5, 95% CI: +/-19,986.9). The

construction of stacks and detection of SNPs in the population created 597 RAD loci,

consisting of 898 SNPs, for use in further analysis.

4.5.2 Microsatellite Analysis

Using 20 microsatellite markers (14 published markers and six novel markers) we were

able to genotype 389 wild H. gammarus samples from 15 sites (Figure 4.1), (mean sample

number: 25.5 per site, SE: 3.75). After removal of samples and markers which failed to

amplify above the previously specified thresholds we retained 325 (85%) samples and 18

(90%: HGD117 and HGD129 removed) markers, successfully obtaining 90% genotypic

data in this filtered data set. The estimated error rate from this subset was 1.74%, based

on inconsistent genotype calls in the random 12% of the data which was genotyped multiple

times. Every sampling site was found to contain absolute private alleles with the exception

of County Clare and North Shields, however the number of private alleles was found to be

strongly correlated with the number of samples collected at each site (Welch two sample

paired t-test: t=7.62, df=13, pval<0.0001). To handle variation in per-site sample number,

allelic richness and private allelic richness values were rarefied to the lowest sample number

(North Shields, N=10), (Table 4.5). Average rarefied allelic richness was 2.212 (SE: 0.008)

and average rarefied number of private alleles was 0.132 (SE: 0.013). No pair of markers

were found to exhibit significant linkage disequilibrium after B-Y correction for multiple

tests (Benjamini and Yekutieli, 2001). The number of observed alleles per locus ranged

from six (HGC6) to 22 (GF 13). Overall we saw a significant difference between observed

(HOBS) and expected (HEXP) heterozygosity (Bartlett’s test of homogeneity of variances:

t=2.5937, df=17, pval=0.02), but no single site showed significant variation between HEXP

and HOBS. There were 15 incidences where a marker deviated significantly from Hardy-
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Weinberg equilibrium (HWE) within a sampling site, after B-Y correction (Table 4.6),

but the only site with a large number of markers not in HWE was Firth of Forth with

eight. On average no marker had a high (>10%) estimated frequency of null alleles (mean

= 0.02, SD = 0.02), however there were 21 instances where a single marker showed high

evidence of null alleles in a single population (Table 4.7).

Global FST was used as an estimator of population differentiation and was reported

to be 0.002 indicating that very little variation in the genotype data can be explained by

putative population structure. Pairwise FST among populations ranged from 0.005 (little

genetic differentiation) between the sites at Amble and Firth of Forth to 0.098 (moderate

genetic differentiation) between Boscastle and North Shields (Hartl and Clark, 1997).

Jost’s measure of population differentiation showed no significant results after p-value

correction for any pair of sites (Table 4.8). Determination of K using “adegenet” was

unable to give a definitive results, with three, four or five clusters appearing equally

likely. Structure analysis at these values for K indicated no describable population

structure (Figure 4.2). Given the apparent absence of detectable population structuring

by microsatellites among our individual sampling sites, we also classified samples into

one of four broad sampling sites (Table 4.1). This effective increase in per-site sample

number should increase the statistical power of the data, however global FST between

these broader putative populations remained very low (FST=0.002), and pairwise FST

was <0.007 in every instance (Table 4.9).

4.5.3 SNP Analysis

Using the 579 SNP markers designed by the STACKS process (Catchen et al., 2013),

we were able to genotype 91 samples, using markers which were present in ≥40% of

samples. The broader geographical sampling sites (described previously) were used for

SNP analysis, as the sequencing did not provide us with sufficient depth of coverage to

develop and genotype SNP markers at the finer geographic scale. Significant deviation

from HWE was seen in 74 markers, and linkage disequilibrium was detected to be

significant in 2 pairs of markers, which were all subsequently removed from further

analysis. Observed heterozygosity was significantly greater than expected heterozygosity

in all putative populations (Table 4.10). PHRED quality scores in the data were good,

with any very low regions (<10) removed previously. Aligning sequence data into stacks

covering the same region allows even regions with relatively low individual quality scores

to be improved, by the consensus of several reads. After quality control, per-site sample
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numbers ranged from 21-23, and raw reads per-site from 1.4 million to 3.0 million (North

East: mean=65,708.64, SD +/- 9,149.45; South West: mean=66,395.67, SD +/-

18,869.87; Atlantic Ireland: mean=131,192.3, SD +/- 21,055.43; Irish Sea:

mean=96,738.78, SD +/- 25,813.99), (Table 4.10). Average rarefied allelic richness was

31.810 (SD +/- 11.872) and private allele allelic richness was 118.108 (SD +/- 98.908).

Both rarefied allelic richness and private allelic richness were much greater in the

Atlantic Ireland site, compared to the other three sites, likely linked to the greater

amount of sequence data generated for that site (Table 4.10).

To test for population structuring, global FST was calculated and was found to be

extremely low (0.005), indicating an absence of detectable population structuring. Pairwise

FST and D calculations support this, with every pair of populations reporting values of

approximately zero (Table 4.9).

4.6 Discussion

Our first aim was to use molecular markers to investigate the population structure of

the wild Homarus gammarus population(s) around the coast of the UK and Ireland, and

to use our findings to inform conservation strategy of this economically important

species. Of the two genetic data sets we analysed, one derived from microsatellite

genotypes and one derived from SNP genotypes, neither panel of markers were

sufficiently statistically powerful to adequately differentiate any genetic clusters within

the data. We detected very low FST and D values between almost all pairs of sites, at

both geographic resolutions, indicating an almost complete absence of any detectable

genetic structure. During analysis of the microsatellite data set only, pairwise FST

between Boscastle and three other sites (County Clare, North Shields and Waterford)

showed some moderate genetic differentiation. This may suggest some level of genetic

isolation, but is likely linked to the small sample number sourced from Boscastle, with

small sample sizes known to cause over-estimation of FST (Willing et al., 2012). This

moderate genetic differentiation was not recorded in the analysis of broader geographical

sites, or with the SNP marker data which is more suited to smaller sample numbers,

suggesting this is likely an anomalous result (Chapuis and Estoup, 2007).
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4.6.1 Homarus gammarus population structure in the UK

and Ireland

In both data sets we saw high levels of genetic variation within every sample site,

evidenced by high total allelic number and the presence of private alleles in most sites.

Private alleles can be indicative of low levels of genetic mixing, allowing a population

to retain an allele in this fashion, or may be detected in a genetic screen as a result of

undersampling. Given the overall high rates of genetic mixing detected in this dataset, and

correlation between number of private alleles, and number of samples-per-site, we would

suggest that the private alleles detected in this instance are a result of undersampling.

Both SNP and microsatellite data showed high heterozygosity and overall diversity,

in spite of intense harvesting, indicating a large evolutionary potential and low levels of

inbreeding at present (Frankham et al., 2004). All markers were highly variable, with

previous simulation studies on 12 of the microsatellite markers used here, suggesting high

capacity to differentiate genetic structure (Watson et al., 2016). Individual microsatellite

markers were very infrequently out of Hardy-Weinberg Equilibrium (HWE) within, or

among sites, indicating high levels of genetic mixing, generally associated with a panmictic

population (Gillespie, 1998). There was some evidence of null alleles in the microsatellite

data set. The presence of null alleles at a locus can cause an increase in the rate of

homozygotes, where a single allele fails to amplify, or of missing data where both alleles

fail to amplify (in diploid species). A reduction in the rate of heterozygotes, generally

through one or more primers failing to bind due to mutations in the primer binding site

(Rico et al., 2017) can lead to over emphasis on deviation from HWE and F-statistics. The

highest per-marker estimate of the frequency of null alleles across all samples was 0.07,

with just 21 individual site and microsatellite marker combinations showing relatively high

estimated rates of null alleles. Given the low values of deviation from HWE and FST, these

estimates of relatively infrequent null alleles are unlikely to bear significant impact upon

our results, which already show low levels of genetic differentiation.

A common issue with microsatellite genotyping for population genetics is the

under-estimation of measures of differentiation, including FST and GST. This phenomena

is caused by the highly polymorphic nature of microsatellites and their rapid evolution;

namely that even in two completely genetically distinct populations, you will very likely

find overlapping alleles which arose due to evolutionary constraints upon repeat number,

or back mutations. Statistical models built upon the quantification and comparison of
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allelic variation within a sub-population to the total population do not require the

identification of the alleles themselves. In microsatellite datasets, where two distinct

populations may have co-evolved the same alleles (homoplasy) at the locus, this can

cause an order-of-magnitude depression of differentiation measures (Hedrick, 1999;

Balloux et al., 2000). Whilst our microsatellite dataset may well be suffering from this

depression of differentiation metrics, we found strong correlation with differentiation

statistics generated by the SNP dataset, and with other work on the species in the region

(Watson et al., 2016) and as such do not consider this factor to be a major concern.

The very low values of FST detected could be indicative of a population which has

not yet reached equilibrium after a recent disturbance, and is in the process of population

differentiation, ultimately potentially leading to vicariance (Hoorn et al., 2010; Smith

et al., 2014; Barreiro et al., 2008). In an evolutionary timeframe, a large portion of the

UK and Ireland was recently covered with an extensive ice sheet stretching from SW

Ireland to NE Scotland covering Kerry, the English Lake District and Wales. The sheet

peaked in its extent at 27 ka BP (kilo annum before present) and retreated north over the

next 12 ka, resulting in the scenario we have today, which has existed for approximately

the last 15,000 years (Clark et al., 2010). Given the rapid, broad dispersal capability of

H. gammarus, we can assume a relatively rapid colonisation of the northern coasts of the

region following the receding ice sheet as the southern and continental populations spread

north into the new territory. A hypothesis could therefore be argued that western and

northern populations of Europe are in the process of differentiation, however there has not

yet been sufficient generations in this slow growing species for a signal to yet be detectable

by these genetic markers (Rötzer and Haug, 2015; Werner, 2007; Jenkins et al., 2019).

Sampling of wild populations took place over a period of at least three years, but

potentially up to five (some archived samples were used for which sampling dates were

not available), and as such there is scope for allele frequencies to have varied within each

sampling site, and in the population as a whole, year on year. Furthermore there is the

possibility of observing annual changes in allele frequencies as a result of sampling error.

Harvesting is targetted towards mature, male individuals, whilst the females are actively

avoided and in H. gammarus we have a long-lived, late maturing species of overlapping

generations which in the UK and Ireland has not suffered a historic and dramatic

population bottleneck from over-fishing. Allele frequencies are therefore not expected to

vary annually, however further sampling and analysis to fully investigate annual

fluctuations would be illuminating (McPherson et al., 2011; King et al., 1987). Our
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findings are in keeping with several, related studies into larval dispersing marine

organisms in the region. Studies investigating P. maximus and C. pagurus in the Irish

Sea, found an absence of genetic structuring data using microsatellite markers, and a

study into N. Nephrops using allozyme electrophoresis was unable to detect genetic

population structure at a broad scale across the European continent (Vendrami et al.,

2017; McKeown et al., 2018; Stamatis et al., 2006). SNP analysis did however reveal fine

scale structuring in P. maximus, and has been successfully used to discover a genetic

cline in H. gammarus, (Jenkins et al., 2019). It would appear that the majority of

marine species exhibiting a planktotrophic larval life-stage, have similar population

structures, in Europe and the British Isles. A long-lived, larval life stage, whose

movement is dictated largely by oceanic currents, appears to result in an absence of

fine-scale genetic structuring in most cases, and we have evidence of broader scale

structure occurring, which may be a common feature, but has yet to be recorded. It is

highly conceivable that local hydrodynamics produce a barrier to the majority of larvae,

in a system where larval mortality is extremely high. The species compared here all have

similar life history traits in that they all exhibit hatching of eggs in the summer months

and a planktotrophic life stage lasting several weeks. We can assume that species with

larvae released at different times of year, and with a significantly shorter planktotrophic

period, may be more likely to exhibit significantly more genetic population structure

since the opportunity for dispersal is diminished.

Definitions of biological populations vary in the literature but include both

demographic and reproductive interactions, and can be considered to be ecological or

evolutionary definitions, respectively (Wapes and Gaggiotti, 2006). On a scale from

complete isolation at one extreme, to panmixia at the other, there is a point on this scale

where one can satisfyingly define that two (or more) populations have diverged

sufficiently from panmixia to be considered separate populations. This subjective

definition of population differentiation also leads to a lack of clarity upon the definition

of evolutionarily significant units (McElhany et al., 2000). A useful definition relates to

the number of effective migrants (Nem) moving between a pair of putatively distinct

populations (Wright, 1931). Even a small number of migrants per generation (Nem=1)

will reduce the random effects of genetic drift and cause increasing population cohesion

through gene flow and decreasing values of FST (Mills and Allendorf, 1996; Wang, 2004).

This very low number of effective migrants required to depress FST and increase

population cohesiveness in the evolutionary sense, is in contrast to the relatively high
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number of effective migrants required to maintain demographic homogeneity, which has

been estimated to be around 10% of the population size (Hastings, 1993). With regards

to the recovery of a stock experiencing high fishing pressure, the very low numbers of

migrants (Nem≈1) required to cause depression of FST will have a negligible effect upon

population recovery, however those sufficient to cause maintain demographic similarities

(estimated at Nem>500) are more likely to influence stock recovery. Based on the

present calculations of pairwise FST between putative populations indicate that that the

H. gammarus fisheries around the UK and Ireland are best considered to be a large,

well-mixed population, at the western edge of their range. However, the translation of

genetic/evolutionary isolation to demographic dispersal rates is complex (Spies et al.,

2018). Migration rates are likely to be high in these H. gammarus fisheries (Rötzer and

Haug, 2015), and both ecological and evolutionary homogeneity are likely in this case.

Our findings are in keeping with other studies which have attempted to estimate both

local population structure (Ellis et al., 2017; Watson et al., 2016) and broader

structuring across the continent (Jenkins et al., 2019) using genetic markers.

Management should be driven by legislation at an effective spatial scale. Our data

suggests a well-mixed population around the UK, with high levels of gene flow between

regions. Management should therefore be focused upon both a national scale as well as

upon a regional scale, since recruitment and stock recovery between regions appear to be

very closely linked with relatively high rates of migration.

4.6.2 Marker Choice for Population Genetics of Homarus

gammarus.

The secondary goal of this study was to perform a comparison into the effectiveness

of two types of marker for population genetics, specifically for research into the

population dynamics of a species with a long-lived larval mode of dispersal. Both marker

types tested gave almost identical results, both describing an absence of population

structure. As such, we are unable report a preferential marker type for analysis of the

population structure of H. gammarus with reference to statistical power, or suitability

for analysis of a highly mixed population. Comparisons in the practicality and cost of

each marker show that whilst microsatellites are likely to be a cheaper method of

studying population genetics (considering reagents and consumables costs), methods

using SNPs are much quicker allowing ecological questions to be answered more

efficiently. Microsatellite analysis followed an established workflow, requiring a
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significantly less intense workload but over a much more prolonged period. In total we

analysed 383 DNA samples, using six multiplex primer mixes. These 2,298 unique PCR

reactions were all synthesised and analysed manually, however this conservative estimate

of the number of PCR reactions does not include any optimisations or repeats that were

included in the study and as such we would estimate that the true number of unique

reactions was closer to 4,000. In comparison, RAD-Seq and SNP analysis of 95 DNA

samples required a more intense period of lab work over approximately three weeks,

followed by a far less intense course of computer data analysis, characterised by running

long computational jobs rather than scrutinising plots by eye. Given that both methods

gave very similar outputs in the present study, we would suggest that in this case,

RAD-Seq and SNP analysis would be the preferred method, primarily for the improved

speed of statistical analysis and generation of results. An analysis of cost estimates

associated with both microsatellite and SNP analysis of 96 DNA samples (Appendix 4:

Table S1), shows a higher cost for a typical RAD-Seq type analysis, but does not include

staff-time, which if included would render microsatellite analysis the more expensive

option.

4.6.3 Appraisal of Methods

Using the methods described here we achieved very high rates of successful

microsatellite genotyping, and generated high quality restriction site associated

next-generation sequence data. Our multiplex PCR conditions for the 20 microsatellite

markers were optimised over several iterations and consistently performed very well with

no issues relating to spectral overlap, or stutter peaks which can cause issues with

genotyping. The RAD-Seq library preparation performed well but generated less

sequence data than anticipated, leading to the generation of relatively few SNP markers,

in comparison to some SNP studies with a very high marker count (Berihulay et al.,

2019; Cai et al., 2018). This resulted in a reduction in our statistical power to detect

population structure. The threshold of only using markers which occurred in 40% of

individuals is low for an SNP study of this type. This decision was made as a direct

result of lack of sequence depth of coverage, relating to under-clustering on the flowcell.

However, given that our results are consistent with those derived from the microsatellite

component of this study, and other studies into the species, this does not appear to have

negatively affected the validity of our results. Conservation decisions are often based

upon low resolution data and any contribution that genetic data can make to species
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conservation is always beneficial (Fox et al., 2018). There have now been several

investigations into the H. gammarus population structure in several regions of the UK

and Ireland, all of which have concluded that the population is panmictic, to a large

degree (Watson et al., 2016; Ellis et al., 2017). Further increases in sample or genetic

marker number are attractive. However, given our knowledge of the broad dispersal

potential of H. gammarus (Rötzer and Haug, 2015; Werner, 2007), we argue that

sufficient resolution has been achieved to provide conservation authorities with the

required information to adequately manage the fisheries in the region.

Alternative, or complementary sampling strategies and analytical approaches may be

required to provide the power, or diversity of information to confidently describe the

population in the region, such as particle tracking or plankton tows. Many planktonic

organisms have very little control over their movement in the oceans. Particle tracking

approaches seek to model the oceanographic currents and track the movement of in silico

larvae for the duration of the larval life stage in the target species and have been used

alongside genetic data to identify broad migratory patterns, source and sink populations

and identify physical barriers to gene flow (North et al., 2008; Stuckas et al., 2017).

Plankton tows can also be employed to capture actively migrating plankton and perform

a direct measure of dispersal distances, as opposed to metrics calculated by analysis of

the settled adult population (Andrews et al., 2014). Provided a captured larvae can be

assigned to a source population with high confidence using genetic markers, this provides

a method of direct sampling of migrating larvae, and does not assume that all larvae

which successfully migrate, survive and colonise (Salinas-de Leon et al., 2012). Finally,

large sample size is often employed as a method to increase statistical power, and enable

the detection of fine-scale, or weak genetic structure (Andrews et al., 2014; Holland

et al., 2017). These are some examples of well-established alternative methods to

complement genetic population analyses, and given the consensus of very low genetic

differentiation in the H. gammarus populations of the UK and Ireland, some application

of these methods may be required for any further enlightenment.
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4.9 Tables and Figures
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Table 4.1

Sampling site, sampling site ID, broader site ID (NE=North East, SW=South West, IS=Irish Sea, AI=Atlantic Ireland), approximate latitude and

longitude, N (µSAT): number of samples successfully genotyped with microsatellite markers and used in analysis, N (SNP): number of samples

analysed using SNP markers, year of sampling, Sampling coordinator (see acknowledgements).
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Table 4.1

Map ID Site ID Broad Latitude Longitude N N Year Sampling

Site (µSAT) (SNP) Coordinator

1 County Clare CCL IS 52.895294 -9.532182 12 12 2015 OT

2 Donegal DON AI 54.555871 -8.377615 25 12 2015 OT

3 Waterford WAT IS 52.169763 -6.936047 9 0 2015 OT

4 Wexford WEX IS 52.316916 -6.325791 16 0 2015 OT

5 Mid-Irish Sea MIS IS 53.332399 -5.302501 25 12 2015 OT

6 St. Bees BEE IS 54.514077 -3.651970 37 12 2016 JS & JH

7 Isles of Scilly IOS SW 49.935254 -6.321319 30 0 Pre-2014 CE

8 Portreath POR SW 50.286217 -5.308941 30 12 Pre-2014 CE

9 Boscastle BOS SW 50.718634 -4.741606 8 12 Pre-2014 CE

10 Lizard Point LIZ SW 49.956634 -5.205915 29 0 Pre-2014 CE

11 Firth of Forth FOF NE 56.130284 -2.763474 66 0 2014-2017 JM

12 Seahouses SEA NE 55.585092 -1.650097 33 0 2015, 2016 CE

13 Craster CRA NE 55.474056 -1.590104 28 0 2015, 2016 SSM

14 Amble AMB NE 55.337737 -1.579213 24 12 2015, 2016 SSM

15 North Shields NSH NE 55.009177 -1.415975 11 11 2015, 2016 SSM
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Table 4.2

Locus Primer Sequence (5′- 3′) N A TA°C Motif Range (bp)

GFHG01 F: ATTACTGCTGGGTAGACAGAGG 277 16 60 ATAC 451-509

R: GTTAAGGAGGAGGTAAAAGGTAGG

GFHG09 F: ACCTCAGTCTAGATCATACACTGG 308 13 60 ATAC 167-204

R: GTGTGTGACTAGCAGATAGATGC

GFHG11 F: AGGAGTAAGACATCTCCATACACC 290 8 60 ATAC 410-430

R: TTCTGATCCCAGCAATACTCC

GFHG13 F: GTCCTCGTGTACAATAGTGGG 277 22 60 ATCT 233-307

R: GAGATAATGTTGAGGAAGAGGG

GFHG16 F: GTGTAGGTGACGTATGACTGTCG 279 18 60 ATGT 422-472

R: AGAGAAGTAGACAGATAGGATGGC

GFHG30 F: ACACTAAACGCTACCACACTAGACG 296 6 60 ATCT 488-512

R: ATGACTTTATTACGCGGGACC
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Table 4.3

Multiplex ID Marker Tail Dye TA°C

Mplex1

HGC129 M13 A TAMRA 58

HGC103 M13 B PET 58

HGB6 Blkt C FAM 58

HGD111 Blkt C FAM 58

Mplex2

HGC118 M13 A TAMRA 58

HGA8 Blkt C FAM 58

HGC131b M13 B PET 58

HGD106 M13 B PET 58

Mplex3

HGB4 Blkt C FAM 58

HGC6 Blkt C FAM 58

HGC120 M13 B PET 58

Mplex4

HGD110 Blkt C FAM 58

HGD117 M13 A TAMRA 58

HGD129 M13 B PET 58

Mplex5

GFHG13 M13 A TAMRA 60

GFHG09 Blkt C FAM 60

GFHG01 Blkt C FAM 60

Mplex6

GFHG16 M13 A TAMRA 60

GFHG11 M13 B PET 60

GFHG30 Blkt C FAM 60
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Table 4.4

Locus Mean NA HOBS HEXP FST

HGC120 0.008 0.858 0.861 0.002

HGB4 0.013 0.662 0.640 0.003

HGD106 0.010 0.702 0.709 0.003

HGC6 0.002 0.347 0.338 0.002

HGA8 0.074 0.655 0.803 0.000

HGC103 0.021 0.690 0.702 0.001

HGC118 0.016 0.614 0.612 0.000

HGC131b 0.007 0.826 0.820 0.000

HGC129 0.046 0.680 0.756 0.001

HGD111 0.033 0.535 0.567 0.002

HGB6 0.015 0.736 0.711 0.006

HGD110 0.012 0.800 0.806 0.003

HGD117 0.039 0.497 0.574 0.000

HGD129 0.018 0.598 0.615 0.002

GFHG01 0.022 0.590 0.621 0.002

GFHG09 0.035 0.684 0.708 0.001

GFHG13 0.030 0.771 0.883 0.001

GFHG30 0.017 0.390 0.422 0.001
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Table 4.5

Sampling location, N: Sample number (after removal of failed samples), AR (SE): average

rarefied allelic richness (SE), PA: absolute number of private alleles, PAR (SE): average

rarefied private allelic richness (SE), HOBS: observed heterozygosity, HEXP: observed

heterozygosity, FIT (SE): average inbreeding coefficient (SE).
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Table 4.5

Site N AR (SE) PA PAR (SE) HOBS HEXP FIT (SE)

Amble 15 2.188 1 0.153 0.643 0.653 0.168

(0.073) (0.023) (0.023)

Boscastle 8 2.195 2 0.119 0.636 0.631 0.163

(0.086) (0.037) (0.016)

County Clare 11 2.141 0 0.080 0.626 0.619 0.188

(0.088) (0.010) (0.034)

Craster 18 2.205 4 0.154 0.659 0.661 0.161

(0.082) (0.032) (0.016)

Donegal 25 2.217 3 0.140 0.662 0.677 0.154

(0.069) (0.033) (0.009)

Firth of Forth 42 2.185 5 0.154 0.638 0.664 0.176

(0.079) (0.019) (0.010)

Isles of Scilly 28 2.223 2 0.130 0.684 0.679 0.153

(0.077) (0.024) (0.012)

Lizard Point 29 2.197 2 0.149 0.638 0.668 0.166

(0.076) (0.022) (0.011)

Mid-Irish Sea 19 2.229 2 0.162 0.696 0.672 0.146

(0.086) (0.027) (0.015)

North Shields 5 2.273 0 0.190 0.706 0.634 0.134

(0.091) (0.045) (0.033)

Portreath 30 2.201 6 0.169 0.659 0.666 0.159

(0.088) (0.027) (0.011)

Seahouses 25 2.240 3 0.155 0.671 0.687 0.164

(0.066) (0.029) (0.013)

St. Bees 37 2.206 1 0.138 0.659 0.675 0.166

(0.073) (0.026) (0.011)

Waterford 9 2.216 1 0.156 0.655 0.653 0.149

(0.074) (0.018) (0.016)

Wexford 16 2.265 2 0.144 0.695 0.695 0.151

(0.058) (0.038) (0.015)

136



Table 4.6

Probability of departure from Hardy-Weinberg equilibrium for each H. gammarus population and locus. Significant P-values after ”B-Y” false

discovery rate correction highlighted in bold.
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Table 4.6
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AMB 1.000 1.000 1.000 0.109 1.000 1.000 1.000 1.000 1.000 1.000 0.650 1.000 1.000 1.000 1.000 1.000 1.000 1.000

BOS 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NA 1.000 1.000 NA 1.000

CCL 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

CRA 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.568 1.000 0.471 1.000 1.000 1.000 1.000 1.000 0.568 1.000 NA

DON 1.000 1.000 1.000 1.000 0.1000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.195 0.000 1.000 1.000 1.000 1.000

FOF 1.000 0.002 0.000 1.000 1.000 1.000 0.023 0.000 0.207 0.000 0.005 0.005 1.000 0.000 1.000 1.000 1.000 1.000

IOS 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.000 0.109 1.000 1.000 1.000 1.000 1.000 0.334 1.000 1.000

LIZ 1.000 1.000 1.000 1.000 0.129 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.002 1.000 1.000 1.000 1.000 1.000

MIS 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

NSH 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 NA

POR 1.000 1.000 1.000 1.000 1.000 0.033 1.000 1.000 1.000 1.000 1.000 1.000 0.328 1.000 0.354 1.000 1.000 1.000

SEA 1.000 1.000 0.139 1.000 0.102 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.201 1.000 1.000

BEE 1.000 1.000 1.000 1.000 1.000 1.000 0.000 1.000 0.000 1.000 1.000 1.000 0.863 1.000 1.000 0.210 0.014 1.000

WAT 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.423

WEX 1.000 1.000 0.119 0.421 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.421 1.000 1.000 1.000 1.000 1.000
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Table 4.7

Locus Population Estimated Null Allele

Frequency

HGA8 Wexford 0.10009

HGC103 Boscastle 0.10032

HGD129 Donegal 0.10325

GFHG13 Lizard Point 0.10365

GFHG11 Amble 0.10437

GFHG11 North Shields 0.10539

GFHG13 Boscastle 0.10539

GFHG30 Isles of Scilly 0.10711

HGC131b Firth of Forth 0.11280

HGC103 Donegal 0.11293

HGA8 Boscastle 0.12139

HGD117 St. Bees 0.12385

HGD117 Craster 0.12862

HGC129 Craster 0.13354

HGB6 County Clare 0.13645

HGA8 Mid Irish Sea 0.13649

HGD117 Donegal 0.13707

HGA8 County Clare 0.15234

HGA8 Portreath 0.15321

GFHF09 Boscastle 0.16625

HGD111 North Shields 0.29029
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Table 4.8: Pairwise FST and D for each pair of sampled H. gammarus sites. FST (above diagonal) values 0.05-0.15 highlighted in bold typeface.

Hartl & Clark (1997) define a FST value in the range 0.05-0.15 as describing moderate genetic differentiation. Jost’s D (below diagonal, shaded

gray) showed no significant values.
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Table 4.8

AMB BOS CCL CRA DON FOF IOS LIZ MIS NSH POR SEA BEE WAT WEX

AMB 0.037 0.016 0.017 0.015 0.005 0.014 0.011 0.012 0.028 0.010 0.009 0.011 0.023 0.021

BOS 0.080 0.053 0.038 0.032 0.019 0.025 0.028 0.036 0.098 0.023 0.029 0.023 0.065 0.047

CCL -0.020 0.080 0.017 0.020 0.010 0.011 0.009 0.014 0.031 0.010 0.012 0.011 0.028 0.027

CRA 0.001 0.075 -0.004 0.019 0.011 0.015 0.014 0.016 0.021 0.009 0.012 0.012 0.020 0.022

DON 0.006 0.101 0.019 0.031 0.013 0.014 0.015 0.013 0.024 0.013 0.011 0.015 0.019 0.021

FOF -0.009 0.055 -0.002 0.007 0.017 0.013 0.010 0.007 0.016 0.007 0.009 0.008 0.014 0.018

IOS 0.011 0.086 -0.012 0.018 0.014 0.021 0.011 0.010 0.018 0.010 0.011 0.011 0.012 0.016

LIZ -0.008 0.089 -0.020 0.014 0.020 0.008 0.006 0.009 0.020 0.011 0.011 0.012 0.015 0.015

MIS -0.002 0.088 -0.011 0.004 0.016 0.000 -0.002 -0.002 0.020 0.010 0.011 0.007 0.016 0.014

NSH -0.007 0.105 -0.036 -0.030 0.038 0.013 -0.010 0.022 -0.013 0.017 0.017 0.013 0.035 0.023

POR -0.001 0.056 -0.011 -0.006 0.020 0.000 0.008 0.007 0.001 -0.002 0.007 0.008 0.016 0.015

SEA -0.012 0.079 -0.018 -0.002 0.005 -0.002 0.001 0.004 -0.005 -0.019 -0.010 0.008 0.016 0.016

BEE 0.005 0.094 -0.002 0.013 0.021 0.005 0.008 0.013 -0.006 -0.006 0.004 -0.002 0.013 0.015

WAT 0.009 0.072 -0.008 0.002 0.021 0.008 -0.011 0.006 -0.001 -0.024 0.016 0.002 0.006 0.024

WEX 0.013 0.109 0.022 0.021 0.033 0.028 0.015 0.016 0.005 -0.032 0.017 0.011 0.020 0.018
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Table 4.9

Microsatellite Analysis SNP Analysis

NE SW AI IS NE SW AI IS

NE 0.005 0.007 0.002 NE 0.001 -1.466 -2.153

SW 0.001 0.007 0.002 SW 0.001 -1.933 -2.153

AI -0.000 0.003 0.007 AI -0.000 0.003 -1.951

IS 0.001 0.000 0.002 IS 0.001 0.000 0.002
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Table 4.10

Microsatellite Analysis SNP Analysis

Site N AR PA PAR HOBS HEXP N Reads AR PA PAR HOBS HEXP

(SE) (SE) (SE) (SE)

North East 105 2.162 14 0.644 0.653 0.681 22 1,445,591 30.410 128 41.182 0.160 0.582

(0.074) (0.132) (0.406) (0.094)

South West 95 2.151 9 0.560 0.658 0.680 21 1,394,481 15.048 37 5.381 0.111 0.780

(0.076) (0.137) (0.513) (0.029)

Atlantic Ireland 55 2.158 3 0.385 0.667 0.680 23 3,017,422 65.826 931 413.913 0.178 0.242

(0.074) (0.101) (0.289) (0.272)

Irish Sea 62 2.183 2 0.427 0.670 0.693 23 2,225,005 15.957 66 11.957 0.116 0.755

(0.063) (0.106) (0.550) (0.054)
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Chapter 5

An Analysis of Bias in Plant

Barcoding Markers Using

Next-Generation Sequencing.
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Comparisons between plant metabarcoding

markers for honey analysis.
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5.2 Abstract

Understanding the diet of pollinating insects is critical to manage the ecological threats

facing them. Metabarcoding of plant DNA from honey can provide information on the

community of forage plants utilised over a period of time. While an effective method for

acquiring community level data in many ecosystems, the list of factors affecting community

analysis by metabarcoding is long and must be properly understood for confidence in data

interpretation. Here we investigate the relative biases in two plant metabarcoding markers

(rbcL and ITS2 ), using them in parallel to characterise the pollen in honey sampled

from hives in Greater Manchester. We use a bespoke bioinformatics pathway to analyse

data, assigning species taxonomy to as many reads as possible. Comparison of assigned

taxonomies to a custom database of species plausibly detected in the UK allows analysis

of the false-positive rate of species detection, which we found to be extremely high. We

observe high levels of variation between descriptions of the honey derived plant DNA from

rbcL and ITS2 with communities described by each marker significantly different from one

another. We conclude that each marker individually does not allow one to make confident

species level assignments in many instances. By using two markers in parallel, we are able

to increase the confidence with which we can assign species, and increase the scope of taxa

detection through the use of divergent markers. We highlight the caution which much be

exercised when performing metabarcoding of plant samples, but our results are applicable

to any metabarcoding experiment.

5.3 Introduction

The highly publicised decline in bees and other pollinating insects is an emotive and

politically active subject, the importance of which has been brought into sharp focus with

policy makers and the general public in recent decades (Department for Environment Food

and Rural Affairs, 2014). Pollinating insects play a crucial role in the production of food

crops (Hung et al., 2018; Gallai et al., 2009), and habitat loss, widespread pesticide use

and adverse climatic conditions are known to be among the most powerful drivers of their

decline (Potts et al., 2010; Pound et al., 2017; Schultz and Dlugosch, 1999; Goulson et al.,

2005). Pollution from the use of agro-chemicals, including pesticides and insecticides,

and in particular the systemic neonicotinoids, have well documented links to pollinator

declines. The broad-spectrum effectiveness and persistence of neonicotinoids in soils, and
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their water solubility have lead to them also being responsible for the destruction of many

beneficial arthropods, and bioaccumulation also leads to mortality in birds and mammals

further up the food chain (Maini et al., 2010; Goulson, 2013; Godfray et al., 2014). The

widespread adoption of neonicotinoids in the agricultural industry quickly lead to the

discovery that toxic residues of the active ingredient were being carried into bee colonies

through the ingestion of pollen and nectar from treated crops (Sgolastra et al., 2020).

Affected colonies experienced foraging bees losing their ability to return to the hive, and

overall reductions in colony growth and production (Henry et al., 2012; Gill et al., 2012).

Analysis of the pollen and nectar diet of foraging bees enables analysis of the importance

of agricultural crops to the diet of hives, and their risk of carrying toxins back to the

colony.

As intensification of farming processes continues, and globally more habitat is lost to

agriculture (Kienast et al., 2019), bees and pollinators are under threat by the resulting

reductions of quality, quantity and diversity of floral resources (Bloom et al., 2019; Goulson

et al., 2015). Agricultural intensification has been closely linked with loss of diversity of

plant species, and a reduction in abundance and diversity of bees, in particular where

production is focused upon animal husbandry (Féon et al., 2010). Quality nutrition,

through collecting an abundance of diverse pollen, the main source of protein for honey

bees, is vital for healthy colonies to persist and thrive (Topitzhofer et al., 2019). Increasing

our understanding of the interactions between bees and the flowering plants they visit is

vital to inform their conservation, and by using the isolation and identification of pollen

extracted from honey, we are able to analyse their diets in a relatively non-invasive manner.

The development of pollen analysis methods have been particularly important to the study

of pollinator ecology as these methods allow researchers valuable insight into the forage

characteristics of a hive (Carvell et al., 2006). The type and quantity of pollen and nectar

gathered is indicative of the quality of the surrounding habitat and the importance of the

codependent relationship between pollinators and the floral ecosystem (Dicks et al., 2015).

As with any type of foraging behaviour, some food sources are preferable to others, be it

as a result of ease of availability (Sipes and Tepedino, 2005) (complementarity of flower

and pollinator morphology, for example), time and distance to forage, or the relative

nutritional values (Liolios et al., 2015).

In order to characterise the plant species visited by pollinating bees, plant taxa

contributing to the forage of a hive are generally identified by analysis of pollen in the

resulting honey, or through physically tracking foraging bees over a set time period
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(Carvell et al., 2006; Valentini et al., 2010). Molecular forage identification methods were

popularised as DNA barcoding became more prevalent in plants (Newmaster et al.,

2006), and were first driven, in part, by the validation of honey quality (Sivakesava and

Irudayaraj, 2006) and identification of the region from which the honey was sourced

(Burns et al., 2018). For example, honey sourced from specific plant forage, such as

manuka honey from the tea tree plant (L. scoparium), can be sold at a much higher price

than a non-specialist honey and as such validation methods are important to help reduce

food fraud (Prosser and Hebert, 2017).

Until relatively recently, morphological identification of a subsample of pollen grains

by microscopy was the preferred method of plant identification from honey (Von

Der Ohe et al., 2004). The development of metabarcoding approaches, known

colloquially as DNA barcoding (species identification through the analysis of DNA),

(Hebert et al., 2003; Statnikov et al., 2013; Deiner et al., 2016), has benefits over

methods based on morphology alone (Kohler, 2007). DNA barcoding methods have been

used to identify organisms in diverse taxonomic groups including the bacteria, fungi,

animals and plants (Janda and Abbott, 2007; Schoch et al., 2012; Hollingsworth et al.,

2009; Hebert et al., 2003) and have been demonstrated to detect much greater diversity

than morphological analysis of the same samples (Cowart et al., 2015) whilst providing

comparatively accurate descriptions of a community (Lejzerowicz et al., 2015;

Zimmerman et al., 2014). Where complex, mixed communities of microscopic, degraded,

or otherwise cryptic taxa are considered (such as pollen in honey), metabarcoding using

high-throughput, short-read sequencing technologies and associated computational

analyses often provides the only tractable technique of describing the community (Deiner

et al., 2017). Incremental improvements in affordability, computational methods and

speed of data generation have allowed metabarcoding by next-generation sequencing

(NGS) to become a mainstay of a wide variety of important analyses (Galan et al., 2017;

Deurenberg et al., 2017; Borrell et al., 2017; Arulandhu et al., 2017).

The premise of DNA barcoding is of the rapid identification of a species or taxa by

molecular comparison of a barcoding gene to a known reference sequence (ideally linked

with a voucher specimen), based upon a quantifiable metric: similarity to the reference

sequence (Pompanon et al., 2011; Coissac et al., 2012). The logical progression is from

the barcoding of a single unknown template to DNA metabarcoding where the DNA of

a mixed community, sometimes referred to as environmental DNA, is analysed in parallel

ultimately generating a list of the taxa which have been detected in the sample (Moritz
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and Cicero, 2004). One of the main advantages of this metabarcoding method is that

after isolation of the target material (which would also apply to morphological methods

of identification), and sequencing, the analysis is largely automated and computationally

driven, rather than requiring expert, manual analysis of samples. This allows for the high-

throughput analysis of samples, vastly increasing the data available for researchers, the

speed of generation of results, and also for the standardisation of sample analysis improving

repeatability between laboratories (Collins and Cruickshank, 2013). By making these sorts

of community level analyses tractable to the conservation community, it is now possible to

monitor, for example, the effect of pollution on marine sediment communities, survey the

amphibians or fish present in freshwater ecosystems, or perform the parallel identification

of the hundreds or thousands of individuals caught in an insect trap (Chariton et al., 2015;

Ji et al., 2013; Valentini et al., 2015; Coissac et al., 2012).

There are many variables associated with metabarcoding NGS analysis that are

known to bias the data produced. Sequencing technology, barcoding gene, taq DNA

polymerase, number of PCR cycles, single or paired-end sequencing, and concentration of

DNA template are all demonstrated to affect the sequencing error rate, rate of chimera

production, taxa identified and relative proportions of taxa in sequence data (D’Amore

et al., 2016; Dopheide et al., 2018; Nichols et al., 2018; Ramirez et al., 2018). Interspecies

introgressions through backcrossing of hybrids can distort the taxa identifications

generated by metabarcoding, and recent speciation events (on an evolutionary time

frame), may generate two species which have not yet diverged sufficiently at a genetic

level to achieve variability at the barcoding gene. Combined with copy number variation

between the various genomes, taxonomic resolution of a marker varying between different

taxa and interspecies imbalances in the rate of PCR amplification of a marker (based on

size variation), these additional factors can cause inaccuracies in both taxa

identifications, and also any inferences regarding the relative abundances of taxa within

a sample (Ma and Li, 2015; Veltri et al., 1990; Coissac et al., 2012; Deiner et al., 2016).

Furthermore, there is not a standardised methodology for analysis of metabarcoding

data; a particular problem for non-bacterial communities. Whilst different analysis

packages should give similar outcomes, there are several very highly cited metabarcoding

analysis packages, each built upon different fundamental methodologies (operational

taxonomic units vs. exact sequence variants, for example) and the choice of analysis

method likely introduces bias as significantly as any of the other variables described

previously (Caporaso et al., 2010; Schloss et al., 2009; Callahan et al., 2016; Keegan
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et al., 2016). As such, each of these biasing factors must proactively be considered and

controlled, where possible, during the experimental design. Where control is impractical

(controlling for sequencing technology would be prohibitively expensive in most cases),

better understanding of the influence of the factors described here is invaluable. Whilst

metabarcoding may hold great potential as a universal method of characterising the

biota in a population from which a sample is drawn (Arulandhu et al., 2017), there is

still a great deal to learn regarding taxa specific optimisation of variables in library

preparation to produce the most reliable data.

A universal DNA barcode for plants has so far proved to be elusive, with a consensus

emerging that multiple barcodes are required to obtain high confidence in taxa

assignment (Newmaster et al., 2006; Bell et al., 2016). The Barcode of Life Data System

(Ratnasingham and Hebert, 2007), an initiative designed to standardise barcoding

approaches, endorses two DNA barcodes for use with plants: the chloroplastic ribulose

bisphosphate carboxylase large chain gene (rbcL) and the plastidial maturase K (matK ),

(Bell et al., 2017; Yu et al., 2011). The rbcL barcode was chosen for the ease with which

it can generally be amplified by PCR and matK for the resolution it affords due to rapid

sequence changes in relatively recent evolutionary history (Hollingsworth et al., 2011).

At >750bp, the amplified region of matK used for DNA barcoding is generally

considered too large to be sequenced in its entirety, with suitable overlap for

high-confidence assembly, by the current generation of next-generation high-throughput

sequencers and is thus is more suited to Sanger sequencing approaches at present

(Selvaraj et al., 2008). Advances in sequencing technology which are not read-length

limited (for example devices from Oxford Nanopore Technologies) are now allowing

longer DNA barcodes to be used, and non-targeted methods of metagenomics are also

becoming common (Peel et al., 2019). For use on Illumina type sequencers, the nuclear

Internal Transcribed Spacer 2 (ITS2 ) marker is rapidly becoming recognised as a

suitable alternative for plant metabarcoding due to its discriminatory power and suitable

length for high-throughput sequencing (Fahner et al., 2016; Laha et al., 2017). DNA

barcodes from different genomes within the same organism (for example, the nuclear

ITS2 vs. the chloroplastic rbcL, both used for plant metabarcoding), are present in

different quantities depending on the copy number variants (CNVs) present at each

barcoding locus, which in turn vary by species, tissue type and physiological state (Ma

and Li, 2015; Veltri et al., 1990). The proportions of chloroplastic and nuclear DNA vary

within a sample meaning that each barcoding gene is effectively describing a different
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community within the DNA extraction (D’Amore et al., 2016), and therefore

inconsistencies in relative abundance of taxa between these competing descriptors are

likely. Given the inherent biases in NGS metabarcoding, here we refer to the debate

(Mallott et al., 2018; Hollingsworth et al., 2011; Sickel et al., 2015) on the most suitable

plant barcoding gene, and provide some empirical evidence of the performance of three

markers. We perform direct comparisons between two barcoding genes, consisting of an

rbcL marker and two variants of ITS2, taken from the literature. These three markers,

represent two plant specific barcoding markers and one general barcoding marker, and

allow us to investigate the impacts of marker choice on the confidence and validity of

honey metabarcoding results.

The aim of our study is to answer the following core questions:

1) How confidently are we able to identify plants from a pollen sample?

2) How similar are the results from the three markers and two marker families?

3) Does a pair of markers allow for greater confidence in the description of a community?

4) Which pair of markers provides the highest confidence in community description?

5.4 Materials and Methods

5.4.1 Sampling and Molecular Biology

Honey samples were collected from 15 Apis mellifera hives in Greater Manchester

and the surrounding area; the majority being urban hives (Figure 5.1 and Table 5.1).

Following a published methodology (Hawkins et al., 2015), DNA was extracted from 40g

honey (four parallel extractions of 10g each, where possible) using a modified protocol for

the DNeasy Plant Mini Extraction Kit (Qiagen, Hilden, Germany). Briefly, four sets of 10g

honey were each diluted in 25ml molecular biology grade H2O and incubated at 65°C with

periodic shaking. Once completely dissolved, the honey was centrifuged at 15,000 x g for

30 minutes with the supernatant discarded and the pellet suspended in 400µL AP1 buffer

(DNeasy Plant Mini Extraction Kit) with proteinase K (Bioline, London, UK) added at

a concentration of 20mg/ml. Samples were processed with a Retsch MM400 mixer mill

(Retsch, Haan, Germany), (3mm tungsten carbide beads, four one minute cycles at 30 Hz)

before a further incubation at 65°C. Each set of four parallel extractions were pooled in

a single DNeasy Plant Mini kit spin column and the extraction continued as directed by

the manufacturer’s manual with the exception of omissions of the QIA shredder column
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step and the second wash stage. Extracted DNA was frozen for long-term storage at -

80°C. For amplification, extracted DNA was diluted 1:5 in molecular biology grade H2O.

Three barcoding regions were amplified using PCR: the chloroplastic rbcL gene (Hawkins

et al., 2015; de Vere et al., 2012) and two variants of the nuclear, internal transcribed

spacer 2 (ITS2 ) gene (Cheng et al., 2016), (Table 5.2). One ITS2 marker was selected for

plant specificity and one for universal ITS2 amplification. Herein they are referred to as

ITS2 plant (ITS2p) or ITS2 universal (ITS2u), respectively. Amplifications were carried

out using a modified version of the standard two-step Illumina 16S library preparation

protocol. The first round of PCR amplifies the locus of interest and adds Illumina specific

sequencing adapters to the 5′ end of each strand of the amplicons. Reactions consisted of

2µL template DNA, 12.5µL 2x KAPA HotStart Ready Mix (Roche, Basel, Switzerland),

0.5µL of each primer (10µM) and 9.5µL molecular biology grade H2O. Purified amplicons

had Illumina sequencing adaptors (Illumina, California, USA) added in a second round of

PCR. This further amplification and the next-generation sequencing were performed at the

Centre for Genomic Research at The University of Liverpool. Sequencing was performed

using an Illumina HiSeq 2500 platform (Illumina, California, USA) with the 2x 250bp

rapid, V2 chemistry.

5.4.2 Sequence Data Analysis and Quality Control

Raw sequence data was demultiplexed by Illumina index sequence into individual

sample/barcoding gene combinations (three data sets per biological sample). Primer

sequences were removed from sequencing reads using the program Cutadapt (Marcel,

2011), accounting for degeneracies within primer sequences. Up to two instances of each

primer were removed from each read and pairs of reads which did not contain both

primer sequences were discarded. Pairs of reads were assembled using the QIIME2

(Caporaso et al., 2010) tool “join paired ends.py”, with the default settings. Operational

taxonomic units (OTUs) were picked using the QIIME clustering tool

“pick open reference otus.py” with either an ITS2 (Sickel et al., 2015) or rbcL (Bell

et al., 2017) curated sequence database provided as appropriate, and clustering

performed around 97% sequence similarity, for all markers. Analyses of species

discrimination at various clustering similarity thresholds, show that in UK flora, 97%

clustering of ITS2 sequence data gives high to moderate species level discrimination in

the majority of orders of plants (Moorhouse-Gann et al., 2018) compared to more

stringent thresholds. Clustering of rbcL data does not require such stringent similarity,
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with 91%-92% sequence similarity discovered to give the best species level discrimination

in diatoms, and 97% sequence similarity a commonly used threshold (Tapolczai et al.,

2018; Erickson et al., 2017). To minimise further confounding factors in our comparison

of the two markers, we elected to use the same similarity threshold for both markers, and

chose a value representing an acceptable middle-ground for both datasets. Binary

“biom” files were converted to text format using biom-format (McDonald et al., 2012).

Taxonomy assignment was performed via the default QIIME methodology that

implements the UCLUST algorithm (Edgar, 2010) to find the closest match for an OTU

in the reference database. For comparison, unassigned OTUs were further processed

using the BLAST algorithm against the curated database (100% sequence match along

75% of the OTU sequence required for assignment), but these secondary assignments

were not subsequently used for the current community analysis (Table 5.3). The

removal of chimeric sequences from the raw data was initially found to be prohibitively

computationally intensive. Therefore the OTU clustering process was first performed on

raw data containing potential chimeric sequences and the relevant reference database

filtered to just those entries which were found in the resulting data set after taxonomy

had been assigned. Chimera detection using UCHIME2 (Edgar, 2016) was then

performed on the raw data against these reduced databases, allowing chimera removal to

run in an acceptable time frame. The ITS2 database was reduced to 629 species and the

rbcL database reduced to 771 species. As expected, the ITS2u marker amplified both

plant taxa and non-plant taxa with the majority of data classified in the fungal kingdom.

Any OTUs which were not assigned a taxonomy within the plant kingdom, in any

marker, were removed from further analysis. Relative abundance counts were calculated

and very low frequency OTUs (<0.001%) removed.

Plant species assignments were checked for plausibility of their presence in the UK

against several databases: the Royal Horticultural Society Horticultural Database

(Royal Horticulutural Society, 2014) based upon the BG-BASE database (version 7.3,

accessed 2018), the Biological Records Centre Atlas of the British and Irish Flora (2018

version, accessed 2018) (Biological Records Centre, 2019), and the Plants For A Future

database (Plants For A Future, 2019), (2018 version, accessed 2018). Species missing

from plant databases were checked for availability in online, UK based garden centres

and assigned UK plausibility accordingly. As the sampling sites were mainly in urban

and suburban areas, forage was expected to be sourced primarily from gardens.

Therefore, databases of natural flora in the UK were unlikely to be sufficient to
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categorise the full range of plant diversity encountered by the bees (de Vere et al., 2012).

This extensive, but intrinsically non-exhaustive, list of plausible UK plant species was

used in the analysis of all three metabarcoding markers.

Given well documented difficulties in achieving species level resolution with plant

metabarcoding markers (Fahner et al., 2016) we implemented a method to increase our

confidence in species level assignments. Assuming the logical position that a species

appearing in the data sets of two independent markers (rbcL and an ITS2 marker)

constitutes a higher quality assignment, we implemented a system of taxa

cross-validation for species level assignment. Two markers, rbcL and ITS2u were chosen

due to this pair of independent markers targeting the most diverse group of plant taxa,

and thus being likely to capture the most diversity in the sample. Genus level

assignments were retained in all three markers, with no cross-validation performed.

Therefore, confidence of taxonomic assignment was categorised and determined by the

following method:

1) If a species was identified by both the rbcL marker and the ITS2u marker, it was

assigned species level identification.

2) If a species was identified by either rbcL or ITS2u marker and it was the only species

in that genus in the entire data set, it was assigned species level identification.

3) Otherwise, it was assigned genus level identification.

Those OTUs that were plausible in the UK and achieved confident species level

assignment were retained in the species level data set. Plausible genera which did not

contain any plausible species were removed. All OTUs were collapsed into genus, family

and order and the total for each taxonomic classification calculated. Provided a genus

contained ≥1 species plausible as being present in the UK, every OTU in that genus was

retained in the genus level data set and data sets at higher taxonomic levels.

5.4.3 Statistical Analyses

Relative abundance counts were transformed using the Wisconsin double

standardisation method in R 3.4.4 (R Development Core Team, 2008). The R package

“vegan” (Oksanen et al., 2018) was used to calculate Bray-Curtis (BC), (Bray and

Curtis, 1957) dissimilarity indices between community matrices, perform ANOSIM

analysis and to calculate measures of alpha diversity. Dissimilarity indices were also

calculated between the three distinct descriptors of each plant community (biological

sample) at order, family and genus, and between rbcL and ITS2u at species levels.
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Pairwise Mantel (Mantel, 1967) tests were performed upon the genetic distance matrices

of the three marker data sets, encompassing all 15 samples. Calculations were again

made at four taxonomic levels for comparison. Bonferroni correction for multiple tests

was performed using the p.adjust function in R.

5.5 Results

5.5.1 Quality Control and Taxon Assignment

The rate at which raw reads were removed by quality control filters was similar between

the three markers, but deviated at the point where OTUs were generated. At a 97%

similarity threshold, the number of OTUs generated in the ITS2 markers (ITS2p: 1141,

ITS2u: 1133) was much greater than in rbcL (231), (Figure 5.2). When 97% OTUs which

had been assigned identical taxa were collapsed to unique taxa, rbcL retained 87.4% of

the original OTU count whilst ITS2u retained just 60.5%, indicating that analysis of

ITS2 data may benefit from a lower similarity threshold during clustering. Whilst rbcL

produced many fewer 97% OTUs, it retained a greater proportion after filtering for UK

plausibility. On average rbcL retained 88.6% of unique OTUs after filtering to plausible

genera, compared to 75.4% in ITS2u and 77.0% in ITS2p.

Our assignment algorithm allowed us to assign 42.9% of total rbcL, and 45.3% total

ITS2u reads to the species level, and 43.9% rbcL reads and 42.9% ITS2u reads to genus

level only. Of the two markers studied here, rbcL appears to have the lowest rate of false

positive identification, based on our methods of taxa confirmation. In rbcL, 11.4% OTUs,

and in ITS2u, 24.6% of OTUs were removed as they were assigned to implausible taxa.

These OTUs accounted for 13.1% of rbcL, and 12.4% of ITS2u raw sequence reads. Of all

false-positive OTUs filtered from the data set, 91.1% were at a relative abundancy of <1%

and 75.1% were at a relative abundance of <0.1%, indicating that low frequency OTUs

were very likely to be generate false positive assignments.

5.5.2 Sample Diversity

Shannon’s diversity index was higher in rbcL than either ITS2 markers, which were

very similar (mean Shannon’s diversity index: rbcL: 1.22 [95% CI: 0.93;1.50], ITS2p: 0.75

[95% CI: 0.35;1.14], ITS2u: 0.76 [95% CI: 0.45;1.07]), with the two ITS2 descriptions

highly correlated (Spearman’s rank correlation R=0.83), and rbcL and ITS2 descriptions
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less so (rbcL vs ITS2u R=0.45, rbcL vs ITS2p R=0.69), (Figure 5.3.) Species evenness

results also gave the same descriptions of alpha-diversity, and correlation between markers:

rbcL species evenness: 0.56 [95% CI: 0.45;0.67], ITS2p species evenness: 0.20 [95% CI:

0.11;0.29], ITS2u species evenness: 0.21 [95% CI: 0.14;0.28]), with the pair of ITS2 again

the most highly correlated: Spearman’s rank correlation: ITS2u vs. ITS2p R=0.75, rbcL

vs. ITS2u R=-0.18, rbcL vs. ITS2p R=-0.25, (Figure 5.4). Analysis of relative counts

of genera detected in each family identified, shows distinct variation between the markers

(Figure 5.5) indicating fundamental differences between the plant communities described

by each marker. The ITS2u marker is seen to identify many more unique genera than both

rbcL and ITS2p, across a broader range of families. However the most apparent difference

in family representation is between rbcL and ITS2u. This analysis shows some familial

bias inherent in marker choice with many families relatively highly represented in one or

more markers, but much lower, or absent, in others. The average number of genera per

family in each marker was 2.24 in (rbcL), 4.65 (ITS2p), and 5.30 in (ITS2u).

5.5.3 Statistical Comparison of Communities

Both the Bray-Curtis (BC), (Bray and Curtis, 1957) and Jaccard (Jaccard, 1908)

dissimilarity indices were used to compare pairs of community matrices describing each

plant community, at order, family and genus taxonomic levels. Only rbcL and ITS2u

data was compared at the species level, due to our taxon assignment method (Figure

5.6 and Figure 5.7). Ranging from zero (containing the same taxa) to one (containing

different taxa), the results show that these barcoding genes describe increasingly dissimilar

communities as greater taxonomic resolution is achieved, with the most notable increase

in dissimilarity occurring when genus level identifications are made. Mantel tests on both

BC and Jaccard values (Table 5.4) among community matrices showed that the pair

of ITS2 markers produce the most similar community descriptions with other pairs of

markers differing significantly, with rbcL and ITS2u being the least similar. The BC

dissimilarity index considers relative abundance counts, whilst the Jaccard dissimilarity

index counts presence-absence data only. We have established that the different barcoding

genes used appear to have familial biases (Figure 5.5) in terms of taxa amplified (rbcL

vs ITS2 ), and this variation is seen in calculations of Jaccard’s index, where these pairs

of markers describe quite different communities. We would expect the BC index between

the pair of ITS2 markers to be less impacted by variation in relative abundance of taxa

as both markers target the same gene, and so copy number variation will have less of
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an effect. We do see less of an increase in dissimilarity in the BC index, compared to

Jaccard, however both measures still describe quite dissimilar communities, pointing to

other factors impacting variation in taxa assignment and relative abundances, possibly

linked to variation in PCR efficiency across taxonomy or other stochastic factors.

Analysis of similarities (ANOSIM) analysis also revealed a congruent result: significant

differences in community composition between rbcL and ITS2p (ANOSIM R statistic =

0.3083, p = 0.001) and rbcL and ITS2u (R = 0.2085, p = 0.002), but marginally significant

between the pair of ITS2 markers (R = 0.0538, p = 0.055). Core species or genera in

each biological sample (defined as species/genus which occurred in the rbcL data set and

ITS2u data set), in many cases was limited to just a single species and ranged from one

to five genera.

We recorded notable variation in the proportion of reads per marker which were able

to be assigned a taxonomy using each of two methods tested. For both rbcL and ITS2u,

most reads were assigned using the UCLUST algorithm (74.8% and 76.5%, respectively).

Conversely, most ITS2p reads were able to be assigned a taxonomy using the BLASTn

method (Table 5.3). There is very clear, marker specific variation in the effectiveness of

different algorithms to match OTUs to their respective reference databases.

5.6 Discussion

We have used next-generation DNA sequencing and a bioinformatics workflow to

describe plant taxa in DNA extracted from pollen in honey. We saw extremely high rates

of false positive results, highlighting the ease with which over-interpretation of plant

metabarcoding data can occur. We recommend the implementation of a method by

which the plausibility of results are tested, particularly if attempting to establish species

level identifications. A database of plausible taxa in the ecosystem is extremely valuable

for quality control and should be generated, and/or evaluated with the highest possible

level of stringency (Schloss and Westcott, 2011; Holovachov et al., 2017). Through the

parallel analysis of data sets generated by three plant metabarcoding markers, we were

able to compare their community descriptions, and devise a method of validating taxa

assignments. We found that competing descriptions of a plant community were highly

divergent, with statistical tests showing significant differences in many instances.

Utilising a pair of divergent DNA markers increases the range of taxa which can be

amplified, maximising the diversity of plants able to be described in the sample (Fahner
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et al., 2016). Furthermore, taxa which appear in two divergent markers can be assigned

a higher level of confidence, and a higher taxonomic resolution. For these purposes, we

recommend parallel analysis of plant community samples with rbcL and ITS2u markers.

This pair of markers were chosen as they are amplified regions of two independent genes

and therefore the diversity of taxa amplified, and the confirmatory power of taxa

identified by both markers, is maximised. Of the two ITS2 variants tested here, the

universal variant ITS2u had a lower rate of false positive identifications, indicating fewer

incorrect assignments, however further investigations into the accuracy of the plausible

assignments will be required. Presently, we are not able to say whether a plausible

taxonomic result is a true-positive, however taxa identified by these two independent

markers are logically the most likely. The amplicon size variation in ITS2p, is slightly

greater than in the universal variant and may, in some taxa, produce an amplicon which

cannot be sufficiently assembled after paired-end sequencing using 2 * 250bp chemistry.

This would result in the technical exclusion of taxa with the longest section of ITS2

which falls between the two primers. As the ITS2u PCR amplicon is shorter, and falls

more comfortably within the size of product suitable for sequencing using 2 * 250bp

sequencing, we would further argue for its utility as the more suitable barcoding marker.

The speed and relative ease by which mixed biological samples can be “barcoded”

using next-generation molecular techniques has been revolutionary to many fields of

biology (Cristescu, 2014). Metabarcoding provides a much needed high-throughput

method of taxonomic assignment but is susceptible to mis- or over interpretation

without due care (Elbrecht et al., 2017). It is well established that almost every stage of

the preparation of a DNA library for NGS metabarcoding introduces bias into the results

(D’Amore et al., 2016), however there is more to be done to better understand how these

biases can be controlled to provide greater confidence in taxonomic assignments.

Experiments allowing direct comparisons between library preparation treatments are

therefore invaluable. In the present study we performed parallel analysis of pollen

communities using three barcoding markers from the literature (Hawkins et al., 2015;

Cheng et al., 2016) to better understand the variation in results attributable to

barcoding gene. Our study tested just three potential plant metabarcoding markers

which amplify regions of two genes. rbcL and ITS2 are both popular markers for plant

metabarcoding due to their properties making them suitable for analysis upon the

current generation of short read sequencers (Hawkins et al., 2015; de Vere et al., 2012),

however there are several other highly cited metabarcoding markers in the literature
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including matK and trnL. Further comparisons between metabarcoding markers, across

a range of types of flora will continue to be useful to and informative to the plant

metabarcoding community (Fahner et al., 2016; Mallott et al., 2018).

Our results suggest that a single DNA barcoding marker does not provide a reliable

method of identifying plant species in a mixed sample. This conclusion is driven by the

high variability seen between community data sets generated by pairs of markers. We

have concluded that using two divergent markers for analysis allows for higher confidence

calls to be made where a taxon is identified by both markers, although resolution of

taxonomic assignment remains an issue (Fahner et al., 2016). However, not all

combinations of cross-verification are equal. Complementarity of pairs of DNA markers

has been discussed widely in respect to analysis of plant communities, with breadth of

amplification an important factor. Length of DNA barcode, limited by degradation of

target DNA and the read-length limitations of DNA sequencers, limits the resolution

afforded by a single marker. Additional power, through the use of complementary

markers has been shown to be an effective method. For example, the addition of a second

short marker (a region of ITS combined with the trnL P6 loop) allowed for greater

resolution in the Sapotaceae family, beyond that which was available using plastid

markers only (Yoccoz et al., 2012). A promising strategy for the combination of markers

is to use a marker with high accuracy and taxonomic performance with a second marker

chosen for the wide breadth of amplification. Using such a strategy allows for an increase

in the likelihood of detecting, and identifying the broadest range of taxa in a sample. For

analysis of plant communities rbcL and ITS2 are strong candidates for this approach and

have the added benefit of being supported by the development of high quality reference

databases (Fahner et al., 2016; Laha et al., 2017). Taxonomic assignments generated by

each of the ITS2 markers are more closely correlated with one another due to them

being variants of the same marker. They each amplify the same region of the ITS2 gene

and differ only in their use of degenerate bases in the primer design to widen the range

of amplifiable taxa, in the case of the universal variant. As such cross-verification

between these two markers is not as robust as cross-verification between rbcL and either

ITS2 marker. To avoid introducing a bias towards rbcL classifications, only rbcL

assigned taxa which were confirmed in the universal variant of ITS2 (ITS2u) were given

confident species level status. During community analysis, this pair of markers were

found to be the most divergent, giving the widest scope for possible taxa identification.

This divergence also means we can imply higher confidence in their complementary taxa
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assignments, which also informed their selection as the optimum pair. The logic of this

cross-validation method is in line with other studies which recommend that for

metabarcoding of plants, multiple barcoding genes should be used concurrently

(Newmaster et al., 2006; Ratnasingham and Hebert, 2007; Fahner et al., 2016).

The different barcoding markers investigated did not produce similar descriptions of

the same biological sample, with increasing dissimilarity at greater taxonomic resolution.

The universal nature of the ITS2u marker resulted in the amplification and sequencing

of the fungal component of the honey, data from which was removed during the

bioinformatics analysis. In this instance, a large capacity sequencer was used (Illumina

HiSeq) and this generation of data not useful to the present study, did not represent a

significant set back as the quantity of plant data generated alongside the fungal, was of a

sufficiently large volume to detect even relatively low abundance plant taxa. However, if

either a smaller capacity sequencing platform were used, species rich samples analysed

(particularly those with a large fungal component) or research was directed particularly

towards low frequency plant taxa, then the co-generation of fungal sequence data may

present an issue in the analysis of those samples. After the removal of non-plant taxa

from the ITS2u data set, rbcL was consistently very different from the ITS2u data, as

exhibited by very high BC dissimilarity indices and Mantel tests upon community

matrices. Cross-validation allowed higher confidence in some taxonomic assignments,

allowing some species level identifications to be made. However, given the high levels of

disparity between results generated by pairs of markers, this results in very few high

confidence species assignments per sample. In some samples we recorded that very high

proportions of sequence reads (sometimes >99%) could be attributed to a single species

(often Impatiens glandulifera). However, low plant diversity in bee forage is common

(Donkersley et al., 2017) and low diversity in data is not therefore necessarily indicative

that taxa are being missed. There are several possible explanations as to why these two

barcoding markers would give significantly different community descriptions of the same

biological sample. As rbcL is a chloroplastic gene and ITS2 a nuclear gene, it is likely

that the relative proportions of total chloroplastic DNA and total nuclear DNA differ

significantly in the DNA extractions (Rauwolf et al., 2010). The ratio between

chloroplastic genomic DNA and nuclear genomic DNA also likely varies for each plant

species in the community. This results in variation in starting template concentration

(D’Amore et al., 2016), and also an imbalance in the “true” pollen communities

represented by each type of genome. Furthermore, inheritance of the chloroplast is
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bi-parental in some species and occurs through a single parent in others; however it is

most commonly inherited through the maternal lineage (Ellis et al., 2008; Bell et al.,

2016). We found a high rate of false positive errors overwhelmingly associated with large

numbers of very low frequency OTUs being attributed to non UK plausible taxa. From

our own analysis, we argue that a minimum OTU threshold of 1% relative abundance

would be advisable as the false positive taxa were generally those present in abundances

below this threshold. These low frequency false positive OTUs may be associated with

nucleotide errors generated during sequencing or statistical artefacts associated with

clustering reads in highly divergent marker genes (Ma et al., 2019; Hathaway et al., 2018;

Callahan et al., 2016). Alternatively, software packages are available which facilitate a

different method of analysing metabarcoding data, which does not require clustering

around a similarity threshold. One of these, DADA2 (Callahan et al., 2016), includes a

method of correcting sequencing errors (the Divisive Amplicons Denoising Algorithm) in

the data, and may be an alternative, or preferable, method of analysing data of this sort.

Alternatively the high false positive rate may be due to discriminatory resolution being

limited by the length of sequencing read currently available (Maloukh et al., 2017;

Moorhouse-Gann et al., 2018). We used the 2 * 250bp sequencing chemistry to sequence

amplicons, giving a theoretical maximum read length of approximately 450 bp, once

paired-end read assembly has occurred (which requires a significant amount of sequence

overlap for high quality assemblages to be generated). This limitation of read length to a

relatively short amplicon (compared to Sanger sequencing which may give at least

1,500bp in high quality, assembled data, or third generation sequencers which do not

have a maximum read-length) will very likely have restricted the taxonomic resolution of

each marker. A trade off must be found where one is able to use high-throughput

sequencing methods (I.e. as opposed to Sanger sequencing), but still find molecular

markers with sufficient power to resolve taxa at an appropriate level.

The majority of OTUs removed were found to be in plausible genera, but were

assigned to implausible species. Thus indicating that these markers may provide

sufficient accuracy to perform genus level assignment, but caution should be exercised

where species level results are to be interpreted. Attempting genus level assignment only

would therefore reduce the false positive rate significantly. Where species within a genus

are separated by a very small percentage of nucleotide substitutions, the read-length and

divergence of markers may make species resolution impossible using these markers and

current generation of sequencers (Fahner et al., 2016). Whilst we recommend the
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removal of very low frequency OTUs, as they are the most likely to be false-positives,

this does however raise the chance of removing very low frequency taxa actually present

in the sample. Using the markers in this study, metabarcoding of plant DNA in honey is

not currently sufficiently developed to confidently detect very rare taxa.

Sequence redundancy is inherent in a large NGS metagenomics data set and is a

strength often harnessed via sequence clustering and the production of OTUs (Caporaso

et al., 2010). The error rate of modern sequencing platforms varies by technology (Quail

et al., 2012), but clustering allows the removal of sequencing artefacts and errors through

the generation of consensus sequences (Li et al., 2012). However, there is the potential

to miss fine scale variation in sequence which is masked by the similarity threshold used

for clustering (Callahan et al., 2016). In this comparative study, the generation of OTUs

around a 97% sequence similarity threshold revealed a greater level of sequence variation in

the ITS2 region compared to rbcL, as evidenced by the greater number of OTUs produced

using ITS2 markers. This reflects the fact that the amplified section of the rbcL gene shows

much less sequence variation than ITS2, as expected due to rbcL being under high selective

pressure due to its role in photosynthesis, and ITS2 being a non-coding region (Kress

and Erickson, 2007). The optimal similarity threshold around which sequences should be

clustered appears to be barcoding gene dependent (Schloss and Westcott, 2011; Holovachov

et al., 2017). Duplication of taxonomically identical 97% OTUs was very high in all both

markers but was much higher in ITS2u. After removal of false positive assignments, rbcL

retained a higher proportion of OTUs than ITS2u, and therefore in this instance has

the lowest effective false positive rate when considering 97% OTUs. Relatively recently,

metabarcoding bioinformatics methods which do not rely upon the clustering of similar

sequences into OTUs, but rather employ analysis of exact sequence variants (ESV) have

been developed (Callahan et al., 2016). Such methods potentially have greater taxonomic

resolution due to the ability to detect low frequency nucleotide substitutions in sequence

data, as every sequence is analysed individually (Callahan et al., 2017). Drawbacks to the

ESV methodologies include a greater sensitivity to sequence error and sequencer generated

error, and the production of excessive variation in otherwise low diversity samples. Our

recommendations to remove any OTUs with less than 1% relative abundance demonstrate

that in this instance, detecting low frequency variants in the data was not a priority. The

benefits of the generation of consensus sequences and data reduction are a valid approach,

with the optimum data analysis method likely depending upon sample diversity and the

aims of the study.
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We have established that the validation of taxa assigned by the chosen analysis method

against a high quality, appropriate database is critical. In the British Isles we have an

extremely well characterised and barcoded native flora (Ratnasingham and Hebert, 2007),

but in reality the range of plants visited by bees and other pollinators is often much

more diverse. Gardens stocked with exotic plants very often provide valuable resources to

pollinators at times of the year when native plants are less productive (Donkersley et al.,

2017). For studies which are particularly focussed on urban and suburban ecosystems, it is

important to adjust the criteria by which false positives are identified. Where bees access

cultivated gardens, a simple filter which only passes native plant species will not suffice.

A comprehensive database of both native, and non-native cultivars plausibly detected in

the ecosystem is essential.

Our taxonomy assignment method was designed to allow taxonomic assignment of

as many OTUs as possible, by initially utilising the UCLUST method and secondarily

applying BLAST. We ultimately decided against using these secondary assignments as

they would have introduced an extra variable (assignment method). There is a very clear

discrepancy between the two ITS2 markers as to which assignment method was able to

assign the most OTUs This highlights the need for an informed decision to be made

as to the choice of classifier, and is in line with other studies which have investigated

classifiers in more details (Holovachov et al., 2017). It is therefore important that multiple

methods are tested and compared, and that in the case where multiple markers are used

in an experiment, a uniform analysis approach is not necessarily applied to every marker

without consideration of this variation.

The different markers we employed here, and other metabarcoding markers, vary in

their ability to report the correct taxonomy of a sample. The resolution of a marker is

influenced by the inter-taxa variation, within the amplified region of the gene and the

ability of the sequencer and bioinformatics processes to detect that variation. Whilst

species level identifications are clearly the goal, the resolution of metabarcoding markers

and the current generation of next-generation sequencers do not easily give species level

identifications in plants. Attempting family or genus level identifications only, may give

greater confidence in the taxonomic results, by trading off against specificity. Markers

which amplify genes from different genomes (nuclear, chloroplastic, plastidial) are

effectively describing different communities, despite the DNA being extracted from the

same sample. Variation in the concentration of starting template, or copy number

variation, differs between each of these genomes and is altered by various physiological
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factors, meaning that variation in community descriptions of taxa, and of their relative

abundance, are to be expected as a technical factor associated with plant metabarcoding

(Bell et al., 2017; Yu et al., 2011; Hollingsworth et al., 2011; Ma and Li, 2015; Veltri

et al., 1990).

The results generated here clearly demonstrate difficulties which face researchers

interested in metabarcoding of pollen, and analysis of communities more generally, and

will be useful for anyone considering the choice of which barcoding genes to use in their

research. We were able to confidently assign taxa to plants detected in pollen samples,

giving higher confidence assignments based upon our cross-validation method. The

results from the three markers, and two marker families, which we employed for this

analysis were dissimilar, however we were able to use this divergence as a strength to

imply higher confidence in taxa assignment generated by a pair of highly divergent

markers. By choosing the most divergent pair of markers for the cross-validation

method, we were able to access both the broadest range of amplified taxa, and assign

them the highest confidence.
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5.9 Tables and Figures

Table 5.1

Details of honey samples. Site (Postcode): the locations of the 15 bee hives sampled, Quantity (g): the amount of honey which was used for DNA

extraction (40g where available), Conc. (ng/µL): concentration of purified DNA, Sample Type: descriptions of the honey material sampled from

each hive.
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Table 5.1

# Site (Postcode) Quantity (g) Conc. (ng/µL) Sample Type

1 The Printworks, Manchester (M4 2BS) 40.00 1165.7 Honey

2 Manchester Cathedral, Manchester (M3 1SX) 40.00 806.2 Honey

3 Chorlton Meadow, Manchester (M21 9ET) 40.00 607.5 Honey

4 Warrington, Cheshire (WA5 0DJ) 40.00 452.5 Honey

5 Manchester Art Gallery, Manchester (M2 3JL) 40.00 1534.9 Honey

6 Manchester Museum, Manchester (M13 9PL) 40.00 521.1 Honey

7 Heaton Park, Manchester (M25 2SW) 40.00 732.7 Honey

8 Chorlton, Manchester (M21 9DF) 40.00 1191.5 Chunk honey

9 Ashton-under-Lyne, Manchester (OL7 9NY) 1.51 33.7 Unfiltered

10 Northenden, Manchester (M22 4WS) 5.96 236.3 Honey

11 Swinton, Manchester (M27 4FY) 40.00 670.3 Honey

12 Rossendale, Lancashire (BB4 7DQ) 28.23 182.7 Honey

13 Bolton, Greater Manchester (BL2 5BF) 9.82 30.8 Honey

14 Stockport, Greater Manchester (SK6 1EJ) 15.46 358.4 Honey

15 Ashton, Manchester (M33 5PE) 30.00 156.8 Comb
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Figure 5.1
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Table 5.2

Primer Marker Primer Sequence (5′- 3′) Amplicon Size (bp)

rbcLa-F9 rbcL (forward) ATGTCACCACAAACAGAGACTAAAGC 500-600

rbcLR590 rbcL (reverse) AGTCCACCGCGTAGACATTCAT

S2F10 ITS2 plant (forward) ATGCGATACTTGGTGTGAAT 450-550

S3R ITS2 plant (reverse) GACGCTTCTCCAGACTACAAT

ITS2-u3-F11 F ITS2 universal (forward) CAWCGATGAAGAACGYAGC 450-500

ITS2-u4-R ITS2 universal (reverse) RGTTTCTTTTCCTCCGCTTA
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Table 5.3

Assignment Method rbcL ITS2u ITS2p Mean (+/- 95% CI)

UCLUST 74.8% 76.5% 12.6% 55% (45.2% - 64.4%)

BLASTn 25.1% 21.9% 87.1% 45% (35.6% - 54.8%)
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Table 5.4

Species rbcL ITS2u

rbcL 0.001 (0.601)

ITS2u 0.006 (0.756)

Genus rbcL ITS2u ITS2p

rbcL 0.002 (0.612) 0.100 (0.011)

ITS2u 0.008 (0.794) 0.153 (0.005)

ITS2p 0.048 (0.035) 0.112 (0.01)

Family rbcL ITS2u ITS2p

rbcL 0.010 (0.213) 0.115 (0.019)

ITS2u 0.002 (0.323) 0.143 (0.004)

ITS2p 0.061 (0.035) 0.098 (0.014)

Order rbcL ITS2u ITS2p

rbcL 0.001 (0.428) 0.088 (0.015)

ITS2u 0.000 (0.528) 0.101 (0.006)

ITS2p 0.067 (0.012) 0.074 (0.012 )
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Figure 5.2
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Figure 5.3
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Figure 5.4
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Figure 5.5
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Figure 5.6
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Figure 5.7
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Chapter 6

General Discussion.

189



6.1 General Discussion

Across the globe, ecosystems are being damaged, in many cases irreparably, by the

actions of humans through population increase and the associated consumption of

resources. Effects including the loss of ecosystem services, destruction of available

habitat and reduction of biodiversity have been recorded in every type of ecosystem

whether marine, terrestrial, montane, arboreal or any other ecosystem classification

(Frankham et al., 2004; Sodhi and Ehrlich, 2010). In 2019 alone, we have recorded

unprecedented fires in the arctic and the Amazon rainforest, had the outlook for the

Great Barrier Reef downgraded to very poor, and in the UK recorded the hottest ever

temperature and second wettest summer, all of which can be directly linked to the

actions of humans (Vautard et al., 2019; Escobar, 2019; Ley, 2019).

The understanding of the functioning of species and ecosystems is critical to their

management, conservation and restoration. The development of molecular forms of

analysis, from marker based studies to the development of true genomic approaches

contribute valuable information towards these goals. This thesis presents research

intended to exhibit the value and power of molecular analysis methods to answer

important ecological questions, and also to demonstrate some limitations which are

equally important. Since the development of next-generation sequencing (NGS)

technologies, a revolution has occurred in the scale and availability of nucleotide

sequence data with almost no area of biological sciences untouched by the developments.

For questions of ecology in particular, this revolution in the availability of sequence data

has been particularly powerful.

Chapter two involved performing shotgun, whole genomic sequencing (WGS) of the

genome of the endangered skate (Raja undulata) and the subsequent development and

characterisation of a novel panel of microsatellite markers. I used Illumina Nextera

sequencing and a bioinformatics pipeline, to design a panel of microsatellite markers

(Griffiths et al., 2016). This was the first time that WGS had been performed, and

microsatellite markers had been developed in this species. Once developed these PCR

markers were used to assess a population of the species spread throughout an aquaria

network in the UK, which were being actively managed. The data generated in this

chapter was used to inform the breeding strategy employed by the aquaria, and the

markers are available for assessment of future generations, and other closely related

species. Calculations of linkage disequilibrium (LD) in the captive animals revealed an
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interesting characteristic. Across the whole captive population, 48% of pairs of

microsatellite markers showed significant rates of LD, but no pair of markers had

significant values when just the wild-caught individuals were analysed. An admixture

event in a populations recent history is known to cause an associated increase in LD

(Slate and Pemberton, 2007) due to animals being recent descendants of common

ancestors. As wild animals were caught from different regions of the UK, we can assume

relatively low relatedness between them, and therefore the establishment of the captive

population likely represents an admixture event. This effect upon rate of LD will likely

decrease in future generations. I also recorded high rates of heterozygosity in the captive

population, both in the wild-caught and the captive bred individuals, with no significant

difference between either cohort. This result indicates a maintenance of high allelic

diversity into this first generation of captive individuals. I established that in this early

stage of the management of the captive population (there had only been a single captive

generation at the time the study was performed), that there were no detectable signs of

any negative genetic effects associated with the small population size. Furthermore, I

made the case for the inclusion of genetic data in the management of any small

population such as this, and explain the benefits and limitations of genetic markers of

this type. I have shown the feasibility and benefit of generating a panel of bespoke

microsatellite markers for the analysis of a population. The methods employed, including

the bioinformatics methods to mine sequence data for microsatellite regions, and to

design and optimise PCR markers are extremely useful wherever non-model species

require markers. I demonstrated a now well-documented molecular and bioinformatics

workflow for marker development which is applicable to any species of conservation

concern.

The development of new microsatellite markers for use with a species is extremely

common, and microsatellites remain an extremely popular and powerful marker for many

types of analysis (Vieira et al., 2016; Ribout et al., 2019). In chapter three I used NGS data

to develop a new bioinformatics approach, and method by which microsatellite markers can

be developed in species. This is of particular importance to non-model species where there

is currently not sequence data, or an assembled genome available. The novel method allows

researchers to choose the optimum potential microsatellite markers by allowing the in silico

detection of polymorphic loci, loci with high levels of PCR primer conservation and the

avoidance of markers likely to result in null alleles, or those that break assumptions of the

microsatellite evolution model. This novel method replaces several of the laboratory based
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quality control processes which much be performed on new markers with an automated

computer program, and has the potential to streamline the design process. My results

demonstrate that the application of this new method, results in the filtering of a list of

potential markers in the tens of thousands, down to a list of hundreds of high quality

markers. The development of these markers can then continue with significantly increased

rate of success, reducing wasted investment in failed markers and streamlining the entire

microsatellite marker development process. This process makes the production of a panel

of markers quicker and cheaper, and therefore more widely available to ecologists. The

new method has already been used to develop several novel microsatellite marker panels in

our lab group and is now available for ecologists everywhere to use in their marker design

workflows.

The fourth chapter contains a study of the population structure of the European

lobster (Homarus gammarus) around the coasts of the UK and Ireland. I used

microsatellite markers to genotype samples from 15 sites, and performed statistical

analysis to measure gene flow and connectivity. In a parallel study, I used a restriction

site associated DNA sequencing methodology (RAD-Seq) to develop a panel of SNP

markers, which were also used for an analysis of the genetic population structure. Using

two types of genetic marker allowed me to conclude that there is very little genetic

structure in H. gammarus at a national scale around the UK and Ireland. This is an

important result for the management strategy of the species, which is at risk of

over-exploitation due to the high value associated with lobster. Our results have been

transmitted to the various conservation authorities managing the fishing stocks and will

be used to help inform future conservation. The marker comparison was the first direct

comparison in the statistical power and ease of application of microsatellite and SNPs in

a larval dispersing organism. This work contributes to the current debate regarding the

suitability of different types of molecular marker for population genetics, and is useful to

researchers planning such a study.

As well as investigating intra-species variation, such as the pedigree analysis and

population genetics I have discussed previously, NGS is also an extremely powerful tool

for species identification. It is particularly effective in the analysis of mixed, complex or

cryptic communities. In chapter five I investigated some of the biases inherent in

metabarcoding analysis, with specific reference to the analysis of the plant community

detected in pollen from the honey of Apis mellifera hives from Greater Manchester, UK.

We are increasingly aware that every stage of a standard metabarcoding workflow
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increases biases into the results (D’Amore et al., 2016). One of the major components of

the library preparation is the choice of barcoding gene which is chosen, as it is variation

at this particular region of the genome taken to be representative of the wider

community. In this chapter I performed parallel analyses of the plant communities using

three barcoding markers and assess the variability between results, highlighting the

caution which researchers should have whilst interpreting results. This then allowed me

to make recommendations regarding the analysis of metabarcoding data generally, the

importance of using multiple markers with specific reference to the analysis of a mixed

plant community, and the importance of using a high quality reference database. There

are an abundance of tools and databases available for metabarcoding of microbial

communities, however the resources are not as developed for research into mixed plant

communities. The methods developed, and results described in this chapter are intended

to combat some of these limitations, and to progress the confidence in plant

metabarcoding.

6.2 Thesis Achievements

The aim of the thesis was to use DNA analysis methods alongside computation

techniques to answer several ecological questions. An assessment as to how well each of

the goals stated in section 1.5 follows:

(A) I was able to successfully use next-generation sequencing, and bioinformatics, to

develop and optimise a panel of microsatellite markers. I subsequently used these

markers to perform an assessment of the genetic health of a population of R. undulata.

Using limited markers I was able to demonstrate the utility of developing novel markers

and rapidly applying them to a population of conservation interest. I recorded no

evidence of negative genetic effects as a result of the small population size, and provide

PCR primers and conditions for further assessments and population genetic studies of

the species to further aid their conservation.

(B) The development of novel microsatellite markers is now a very common process

where previously published markers are not available. In this study I was able to

conceive a novel approach to bioinformatics driven microsatellite marker design; one

which streamlined the laboratory testing of markers by performing as much quality
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control in silico as possible. I designed and programmed a new bioinformatics tool, and

demonstrated the utility in two species.

(C) Using genetic markers (both microsatellites and single-nucleotide

polymorphisms) I was able to genotype several hundred wild H. gammarus samples,

from sites around the coast of the UK and Ireland. Both parallel studies gave a

congruent result: that of an almost complete absence of detectable population structure

in the species, in the region. This result is in keeping with other similar studies and is

informative to the management of the fisheries by the conservation authorities

responsible.

(D) After the parallel analysis of wild H. gammarus samples using microsatellite and

single-nucleotide polymorphisms (SNPs), I was able to show that in this instance, both

marker types gave the same result. The benefit of SNPs over microsatellites is one of

ease and time of application, whilst the overall cost was similar. Given that neither

marker was able to provide more statistical power to describe structure than the other,

in this instance our comparative study suggests that SNPs would be the preferable

marker type for population genetic analysis of a larval dispersing marine organism, such

as H. gammarus.

(E) I successfully used next-generation sequencing and bioinformatics methods to

implement a metabarcoding experiment upon DNA extracted from pollen in honey. By

analysing three different plant metabarcoding markers in parallel I investigated variation

in the resulting community descriptions, considering the generation of false positive

results, the limits to their taxonomic resolution and the potential power of using multiple

molecular barcodes to increase the confidence in taxonomic assignments.

6.3 Evaluation of Methods

The implementation and assessment of methods have formed an integral part of the

research in this thesis. As well as providing answers to ecological questions, I have

demonstrated the power, and pitfalls of just some of the wide-range of molecular tools

available to ecologists. The work presented across the four data chapters use several
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technologies and methodologies.

6.3.1 Application and Analysis of Microsatellite Markers

In molecular ecology and conservation, microsatellites are known primarily for their

function as useful genetic markers for pedigree analysis and population genetics, for

example. However, in the genome of the species, microsatellites perform, or can be

involved in, a range of important processes, can be situated in introns or exons, and may

be under strong selective pressure due to functional importance (Li et al., 2004).

Microsatellites are known to be very highly abundant throughout the genome, but are

non-randomly distributed, suggesting an element of selective pressure not always in

keeping with theoretical models of their neutral evolution (Tautz and Renz, 1984).

Rather, microsatellites are now known to be functionally important in gene

transcription, translation, recombination, DNA replication, amongst many other

important processes (Treco and Arnheim, 1986; Dutreix, 1997). As a marker, their

power comes from the highly polymorphic nature of the number of repeats found

between individuals. In some instances, the repeat number of a microsatellite associated

with a particular gene is a key factor in regulating gene expression and expression levels,

and can even act as an on/off switch (Liu et al., 2000). Gene associated markers, such as

gene associated single-nucleotide polymorphisms (SNPs), can also be used to identify loci

which are highly divergent between target groups, and these are often markers which do

not conform to neutral genetic models, but instead are under strong selective pressure.

Genome scans to identify hundreds of thousands of these powerful markers can be used

to provide extremely powerful population assignment methods, however these must be

targeted specifically using design methods or mined from random DNA sequencing

methods, such as RAD-Seq (Nielsen et al., 2012).

I used microsatellite markers for analysis in chapters two and four. The markers were

used to measure relatedness between individuals and inform management of a small

population of rays (Raja undulata), and to measure genetic connectivity between wild

populations of the European lobster (Homarus gammarus) Broadly, the application of

PCR primers to amplify microsatellites, capillary electrophoresis and analysis using peak

scoring software was extremely successful. I was able to generate several PCR

multiplexes using a three primer method to add fluorescent dyes onto PCR amplicons,

which functioned very efficiently (Blacket et al., 2012). There were some minor setbacks

when analysing genotype data derived from the markers. In chapter two, only eight
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microsatellite markers were analysed, which limited the extent of my statistical power to

make inferences regarding the population. One marker was subsequently removed from

analysis due to exhibiting significant deviation in allele frequencies from those expected

under Hardy-Weinberg equilibrium (HWE). The population from which my samples

were taken did not adhere to several of the assumptions of Hardy-Weinberg, mainly that

I was not sampling from a large, unrelated population. An analysis of these samples

using many more microsatellite markers (or SNPs) would likely give greater statistical

power and would allow accurate pedigrees to be established as parent-progeny

assignments could be made. Unfortunately, I did not have sufficient genetic data in this

chapter to confidently generate these pedigrees.

In chapter four, two markers (out of 20 amplified) ultimately had to be removed from

the H. gammarus data set due to inconsistent rates of amplification. I decided upon a

threshold where a marker must successfully amplify, and produce a clearly interpretable

trace, in 66.6% of samples for the data to be used in further analysis. Error in interpreting

microsatellites traces, or resulting from sample contamination does not appear to be an

issue, as the calculated error rate was low at 1.74%. I saw a low frequency of marker/sites

where a microsatellite marker was estimated to contain relatively high rates of null alleles.

Given the overall extremely high levels of genetic connectivity we saw between all sites, I

determined that null alleles were not a significant concern and did not impact upon the

validity of our results.

6.3.2 Illumina Next-Generation Sequencing Overview

It has been stated ad infinitum that the invention of next-generation sequencing

technologies was an epoch defining moment for the biological sciences, and therefore also

ecology. As it was refined over the last decade, the Illumina sequencing platforms have

emerged as the dominant force in high-throughput sequencing, I used two sequencing

instruments from the Illumina range for the NGS data generation in the chapters of this

thesis.

6.3.3 Illumina MiSeq Sequencing

Illumina MiSeq sequencing, using the Nextera library preparation chemistry was used

in chapters two and three for the shotgun genomic sequencing required for microsatellite

marker design. This approach is a relatively cheap, method of generating a large quantity
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of non-targeted genomic sequence data. By digesting genomic DNA (gDNA) with the

transposase enzyme, adding sequencing adapters and indexes, and sequencing, it is a fast,

cost effective method of data generation. In these chapters, the resulting nucleotide data

sets were mined for microsatellite regions using bioinformatics software (Castoe et al.,

2015; Fox et al., 2019) and novel microsatellite markers designed in several species. We

were able to consistently generate very high quality sequence data in every instance. A

standard quality control workflow was applied to each data set which removed any low

quality regions (Bolger et al., 2014), however this resulted in very few sequence removals

in any case.

6.3.4 Illumina NextSeq Sequencing

Restriction site associated DNA sequencing (RAD-Seq), commonly used for the

generation and genotyping of SNP markers, typically requires a greater depth of

sequence coverage than for microsatellite discovery, and as such a sequencer with a

greater capacity is required. In chapter four, I performed RAD-Seq analysis upon 95

gDNA samples using the Illumina NextSeq sequencer. Based upon the same fundamental

Illumina chemistry as the MiSeq, the NextSeq enables much greater depth of sequencing

coverage through the significantly greater number of sequencing reads generated. The

trade off however occurs in that one must sacrifice sequencing read length for greater

numbers of raw reads. I used the 2* 150bp, paired end sequencing methodology to

sequence gDNA which had been sonicated, and digested with the SbfI restriction

enzyme. The result of these two procedures is a library of random fragment of gDNA,

but all of which begin from a location in the genome matching the cutsite of the enzyme

(TGCA-GG, in this case). Fragments not starting with this particular sequence are

removed during the library preparation. The overall outcome of generating a sequencing

library in this manner is that the random nature of shotgun sequencing is retained, but

covering much less of the genome, at a greater sequencing depth. This, and similar

methods are described as producing reduced coverage genomic sequence data sets. The

sequencing performed well, producing high quality sequence data but I did receive less

sequence data than I anticipated during the experimental design. Diagnostic analysis by

Illumina technical support determined that this was a result of an under-clustered

flowcell. Sequence coverage is very influenced by the size of data generation during

sequencing, and as the flowcell under-performed, this reduced the sequence coverage I

was able to achieve. During the SNP analysis of the RAD-Seq data, potential marker

197



loci are filtered by the proportion of samples in which they have been sequenced. A

typical threshold is to use markers which are present in 80% of samples (Paris et al.,

2017), however I could not achieve this threshold. Instead I used a threshold of 40%,

which is low for an SNP based approach to population genetics. During statistical

analysis, I found highly congruent results from my SNP data set, and also my

microsatellite data set which was of a much higher quality, indicating that in this

instance, low coverage of SNPs does not appear to have negatively impacted the results.

6.4 Thesis Conclusions and Future Direction

In this thesis, I have established the benefits that inclusion of genetic data can bring

to a range of ecological questions. I generated new microsatellite markers for Raja

undulata, used them to genotype a captive population and provided information on their

relatedness to help their future conservation. I developed a novel method of detecting

high quality microsatellite markers from sequence data, reducing expensive laboratory

testing of markers. This new technique brings bespoke marker development within the

scope of more laboratories and conservationists. I have used genetic marker to assess the

population structure of Homarus gammarus fisheries around the UK and Ireland and

this information will be used to conservation authorities to inform their management of

the fisheries. Further, I performed a comparative analysis of microsatellite and SNPs,

the first in a larval dispersing decapod, to compare their effectiveness for a study of this

type. This research will be highly informative for other conservationists in this field

planning a population genetics study. Finally, I performed metabarcoding analysis to

determine the plant forage of Apis mellifera hives in Greater Manchester, and

investigated some metabarcoding biases influenced by genetic marker choice. This has

important connotations for further research into plant metabarcoding, and adds to the

wider debate about how best to perform metabarcoding experiments.

There are a multitude of ways in which this wide-ranging research could be expanded

upon. Discussing NGS and bioinformatics is to discuss technical innovation of sequencing

hardware, as well as the interpretation of the biological results. It will therefore not be a

surprise that I suggest that the next great developments in molecular ecology will come

from the widespread adoption of the third-generation of DNA sequencing. Single-molecule

sequencing promises to take molecular approaches past the age of PCR, into the analysis

of individual strands of DNA. This single molecule resolution, and ever increasing data
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throughput of sequencers, will likely lead us to a generation of molecular biologists whom

do not consider genetic markers in the same way that we consider them today. Whole

genome approaches will be within reach for any field of analysis. However, in the immediate

future, with practice already struggling to keep up with the best current research methods,

I see more incremental improvements in our marker-based analyses (Gossa et al., 2015;

Sunderland et al., 2009).

Third generation sequencing technologies do not require the bioinformatic assembly

of short reads, nor suffer from the PCR bias introduced by clonal amplification. New

methods and techniques enabled by technological innovations, such as whole genome

amplification (WGA), allow DNA barcoding approaches to be used on mixed, complex

communities but without the additional complications, and influences which PCR

amplification using primers can have on results (Pinar et al., 2020). Metatranscriptomics

is another promising, new methodology being developed based upon the ability of the

MinION Nanopore sequencing platforms ability to sequence RNA directly, as opposed to

requiring reverse transcription and PCR as in previous iterations of sequencing

technologies. Metatranscriptomics of environmental samples are capable of species

detection, associated with more commonplace metabarcoding approaches, but also

functional analysis and it has been demonstrated that mRNA transcripts from

metatranscriptomic analysis have been associated closely with genes for essential

metabolic processes (Semmouri et al., 2020). Whole, large genome assembly by

nucleotide sequencing has been possible since the days of the human genome project

(Venter et al., 1998), however now the assembly of complete genomes can be performed

using a single sequencer run. Ultra-long reads generated by platforms such as the

MinION Nanopore enable large fragments of chromosome to be sequenced intact,

resulting in no requirement for intensive construction of contigs, and providing high

quality reference constructs against which deeper sequencing data can be assembled into

high confidence genome level sequences (Wang et al., 2020). These are just a few

examples of the great technological innovations which are already being made as

long-read, third generation sequencing platforms become more widely available, have

more laboratory testing, and new bioinformatics methods are developed.

Whilst I do envisage a time when microsatellite markers will be completely superseded

by SNP, or other types of marker, I do not see this happening soon. As such I can see

scope to further improve upon the in silico marker design methods I have developed here,

in chapter three. It should be possible to detect and measure linkage disequilibrium,
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and calculate allele frequencies (and therefore deviation from HWE etc.), in sequence

data given sufficient amounts of data generated. If several orders of magnitude more

data were generated, more genomes could be included in the design process, and increased

coverage mean that loci were sequenced in most, or all, individuals. The MiMi tool already

derives microsatellite genotypes, based upon the number of nucleotides between the primer

regions, and there is no reason why can this functionality cannot be expanded upon to

perform comparisons between genotypes, such as those required for LD calculations and

the like. This would serve to further automate the microsatellite design process, reducing

marker design costs, and improving the availability of these important markers.

I have discussed at length some of the inherent biases involved in metabarcoding

analysis. One of the fundamental issues causing these biases in the use of genetic

barcoding markers, with variable, or limited resolution to discriminate between closely

related taxa. The current generation of NGS platforms, have very relatively short

read-lengths, compared even to older sequencing methods such as Sanger sequencing and

Roche 454 pyrosequencing. With the newer platforms becoming available, such as those

by Oxford Nanopore, the limitations of read-length are completely removed. The

analysis of significantly longer sections of barcoding gene, will give much greater power

to resolve species, but will however require the associated reference sequences and

reference databases to become available. Ultimately, tools for genome-wide taxa

identification, which do not require PCR amplification, and the the use of sequencers

which are not read-length limited is the likely destination. By removing the biasing step

of the selection and amplification of a barcoding marker, we will likely be able to remove

one of the most influencing factors in metabarcoding analysis, as we move towards

complete metagenomics.
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7.1 Appendix 1 - Published version of Chapter 2.

Chapter 2 was published in a modified form in the Journal of Zoo and Aquarium

Research. A copy of the printed article is below.
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Abstract
Genetic data are important and informative in the management of ex-situ populations. Where 
the risk of inbreeding is particularly great, it is critical that tools are employed that allow for the 
quantification of genetic variation and to identify potential breeding pairs. This study demonstrates 
the rapid application of laboratory and bioinformatics techniques to develop a novel microsatellite 
marker panel for use with a population of the endangered undulate ray (Raja undulata) and shows 
how a minimally invasive sampling method can be used with aquarium-dwelling individuals. The 
study assesses the population and investigates how informative a small microsatellite marker panel 
is to the conservation of a restricted ex-situ group. It was found that after a single captive generation 
of R. undulata there is no detectable evidence of reduced heterozygosity and no observable aquaria 
effects or differences between the generations. In conclusion, the study demonstrates that it is 
practical, quick and informative to develop a bespoke panel of markers to aid ex-situ conservation 
efforts of non-model species and make recommendations that these processes should constitute the 
minimum effort required in managing such a population.

Introduction

The elasmobranchii are a subclass of carnivorous, cartilaginous 
fish, including the sharks, rays, skates and sawfish. These 
species are found extensively in coastal, demersal and pelagic 
marine habitats and an additional minority inhabit freshwater 
systems (Compagno 1990). Common traits include slow growth 
and low productivity (Frisk et al. 2001; Walker 1998), resulting 
in high vulnerability and slow response to overexploitation 
from fishing activities (Ferretti et al. 2010; Smith et al. 1998). 
Recorded declines in elasmobranch populations over recent 
decades are typically associated with increasing fishing effort; 
an effect which can be seen in oceans the world over, for 
example in the Gulf of Mexico (Shepherd and Myers 2005); 
the Northwest Atlantic (Baum et al. 2003); the Mediterranean 
Sea (Ferretti et al. 2008); the Sea of Japan (Nakano 1999) and 

the Indian Ocean (Appukuttan and Nair 1988). Whether fishing 
effort targets elasmobranchs specifically (Rose 1998; Stevens 
et al. 2000) or they are a common feature of bycatch (Oliver 
et al. 2015), with the majority of global fisheries at risk of 
overexploitation (Botsford et al. 1997) the long-term effect 
on elasmobranch populations is largely unknown (Baum et al. 
2003).

The undulate ray (Raja undulata) is an endangered skate 
often present in bycatch of commercial trawl fishing operations 
off the south coast of England, France, western Ireland and 
southern Portugal (Coehlo et al. 2009). Existing in small isolated 
populations, the species has recorded declines of up to 80% 
in some areas since the early 1980s, which has been directly 
attributed to fishing activities (Ellis et al. 2012). In 2009, the 
species was classified as endangered by the IUCN (Gibson et 
al. 2008). A managed breeding and monitoring programme 
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(Mon-P) was established in 2010 by the European Association of 
Zoos and Aquaria (EAZA) in response to the new IUCN classification 
and a European Union ban on the landing of this skate species was 
put in place. Currently, 36 aquaria across nine countries hold R. 
undulata. As part of the larger European breeding program, a small 
captive group is maintained across several UK aquaria, comprising 
a mixture of wild-caught and captive-bred individuals. Very little is 
known about the genetic diversity or population genetic structure 
of this species either in captivity or in the wild. The elasmobranchii 
are a charismatic focal point of interest for the general public in 
aquaria and are the subject of intense conservation effort to 
manage their ex-situ conservation. With >100 chondrichthyan 
species present in European zoos and aquaria (8.6% of all known 
elasmobranch species), there is great interest in the community 
for methods and techniques for sustainable conservation of these 
animals (Janse et al. 2017).

Non-random mating and genetic drift are major concerns 
for small populations and can have devastating implications for 
the evolutionary potential of the group. The small size of the 
population limits potential reproductive pairings, as inbreeding 
becomes a risk with the increased probability of a pair of 
individuals being related to one another (Witzenberger and 
Hochkirch 2011). Prolonged inbreeding in a closed population 
increases the probability of progeny being homozygous at a given 
locus, resulting in the overall reduction of heterozygosity of the 
group after successive generations. Genetic drift and adaptation 
to captivity can also contribute to the loss of rare alleles and 
overall reduction in heterozygosity (Price and Hadfield 2013; 
Willoughby et al. 2014). It is widely recognised that the fitness of a 
population is inversely related to allelic homozygosity, and severe 
effects, such as loss of viability or infertility, can present after just 
a few generations of close inbreeding (Frankham et al. 2004). 
These detrimental effects are cumulative as they are amplified 
by successive generations in captivity (Christie et al. 2012). As a 
result, the longer it has been in isolation, the less-well suited a 
captive population becomes to providing individuals for release 
(Earnhardt 2010; Lacy 2012). It is imperative, therefore, that the 
genetic variation present at the founding of the ex-situ population 
be carefully retained and inbreeding avoided through strategic 
genetic management of the population (Fernández et al. 2004; 
Frankham et al. 2010; Pelletier et al. 2009).

Under ideal conditions, during the establishment of a new ex-
situ population, the entire group should be assessed using genetic 
markers to estimate the diversity of the cohort and help establish 
a baseline of genetic diversity, to identify any genetic similarity of 
founding individuals and to support future management. In the 
case of an existing population, genetic markers should be used 
even in the presence of detailed keeper reports and pedigrees; 
whilst these resources contain valuable information, they are 
limited in scope to the time that the individuals (or their ancestors) 
have been known to the relevant managers. The most common 
genetic marker used in analyses of this type is the microsatellite; 
short, repetitive, hypervariable regions of DNA that appear to be 
a feature universal to all genomes. Microsatellite marker panels 
are available in online databases for many species and published, 
optimised methodologies are available for developing novel sets 
of markers (Castoe et al. 2012; Griffiths et al. 2016). As the rate of 
species extinction is elevated above the background rate (Pimm et 
al. 2014) and there is potential for an unprecedented increase in 
the number of ex-situ populations being managed across a wide 
range of taxa (Dawson et al. 2011), it is imperative that general best 
practice guidelines in genetic management are established now. 
In line with the recommendations of Witzenberger and Hochkirch 
(2011) and Janse et al. (2017), the current best practice is argued 
to be the use genetic markers to characterise the diversity and 
relatedness of individuals in a captive breeding program and this 

should be the minimum standard required for the establishment, 
or maintenance, of any ex-situ conservation programme. 

When sampling for the collection of DNA, the aim should be 
to minimise stress or discomfort experienced by the subject 
whilst collecting high-quality genomic template, especially in the 
case of an endangered or threatened species. Tissue sampling 
or destructive biopsy is clearly counterproductive in some cases, 
therefore the development and testing of non- or minimally 
invasive sampling methods is paramount. Here, a minimally 
invasive sampling method, developed for wild elasmobranchs by 
Lieber et al. (2013), is tested on aquarium specimens and found 
to be highly successful when combined with an off-the-shelf DNA 
extraction kit that enables isolation of high-purity DNA from the 
mucus layer.

In this investigation, bioinformatics techniques are used to 
develop a novel microsatellite marker panel suitable for use in 
Raja undulata, using Illumina shotgun next-generation sequencing 
data. These markers are then optimised in the laboratory and 
used to characterise a small ex-situ population. The viability and 
confidence with which the small marker panel can be used for 
population management is assessed, whilst providing a snapshot 
of the diversity contained within this population of captive 
elasmobranchs.

Methods

Microsatellite marker development
High-throughput, shotgun genomic sequencing can be used in 
order to identify microsatellite regions in the target genome. 
High quality, large molecular weight, genomic DNA is essential for 
successful next-generation sequencing and can be collected in a 
variety of ways, often using a species-specific method. Samples of 
blood, tissue or buccal swabs (Dunn et al. 2010) are also commonly 
used for genetic sampling. In this instance, tissue samples were 
obtained from a female ray that had been euthanised due to 
terminal ill health resulting from a severe fungal infection of the 
lateral line system. A range of tissue samples were taken from the 
animal post euthanasia under the guidance of Mark F. Stidworthy, 
veterinary pathologist at International Zoo Veterinary Group 
(IZVG). DNA was extracted from 25 mg heart tissue using the 
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany), following the 
manufacturer’s protocol and checked for quality on a NanoDrop 
ND-1000 spectrophotometer (260/280 >1.4) and on a 1% agarose 
electrophoresis gel. A sequencing library was prepared using 50 ng 
genomic DNA and analysed on an Illumina MiSeq platform at the 
University of Manchester (UK) Genomics Facility using a shotgun, 
paired-end 2*250 sequencing methodology (Nextera DNA Library 
Preparation Kit, Illumina, San Diego, USA). In total, 11,019,590 raw 
sequencing reads were produced from the MiSeq run. Low quality 
regions were removed from each end of the reads, reads were 
trimmed using the average quality score over a sliding-window of 
4 nt and a quality threshold of 20, and a minimum length of 50 
nt was applied using Trimmomatic v0.0.4 (Bolger et al. 2014). If 
either of the paired-end reads failed a quality check, both reads 
were discarded, thus maintaining parity in the paired-end data. 
A majority (92%) of reads successfully passed quality filtering and 
were subsequently screened for potential microsatellite loci using 
pal_finder v0.02.04 software (Castoe et al. 2012). Non-perfect 
repeat loci were discarded and a minimum motif size of 3 nt was 
implemented (Griffiths et al. 2016).

Primer sequences were designed using Primer3 v.4.0.0 (Koressaar 
and Remm 2007; Untergrassar et al. 2012) using conditions 
optimised for the Qiagen Type-it microsatellite PCR kit (Qiagen, 
Hilden, Germany) (optimum length: 25 nt, minimum length: 18 
nt, maximum length: 30 nt, minimum GC%: 45%, maximum GC%: 
65%, minimum melting temperature: 62°C, maximum melting 
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temperature: 75°C, optimum melting temperature: 68°C, with 
remaining options set to the Primer3 default values); a set of PCR 
reagents designed specifically for amplification of microsatellite 
loci. The pal_finder process produced 698 potential loci that were 
ranked by predicted utility as a microsatellite marker (larger motifs 
preferred) and the primer sequences from the first 24 results were 
used to purchase DNA oligos from Sigma Aldrich (Missouri, USA) 
(scale: 0.025 µmole, purification: DST).

Sampling 
For characterisation of the microsatellite loci, the 35 captive 
R. undulata (17 wild caught, 18 captive bred) were sampled 
using a modified form of the minimally invasive sampling 
method developed for wild elasmobranch sampling by Lieber 
and colleagues (2013), a method not known to have been 
previously demonstrated on captive animals. Small (1.5 cm x 2.5 
cm), autoclaved sections of kitchen scouring pad (Vale Mill Ltd., 
Rochdale) were used to gently scrub the pectoral fin of the rays 
against the direction of the scales removing epidermal mucous 
secretions. Inter-species contamination was controlled, to the 
best of our ability, through the use of the species-specific PCR 
primers. As the markers were designed in a sample taken from 
excised heart tissue of an undulate ray (low risk of contamination), 
successful marker amplification implies a lack of contamination as 
the target DNA was of the same taxa as the heart sample. Intra-
species contamination is more difficult to control for; however, it 
appears not to have been an issue, as microsatellite peak traces 
did not show multiple banding. The pads were immediately 
placed into individual tubes of absolute ethanol and stored at 
−80°C. During DNA extraction, extraneous pad was removed and 
DNA was extracted using the E.Z.N.A. Mollusc DNA Kit (Omega 
Bio-Tek, Norcross, USA); the use of chloroform:isoamyl alcohol 
(24:1) successfully isolating the mucus, precipitating proteins and 
producing high quality DNA extract.  Elution was performed in 100 
uL MilliQ water and used in downstream PCR for genotyping. This 

sampling technique reduces stress and damage to the animal as 
it minimises, or eliminates in some cases, the time the specimen 
spends out of the water during sampling. The technique could 
potentially be applicable to any captive elasmobranch with 
a mucus layer on the skin. A total of 35 animals were sampled 
from 10 different aquaria. More details as to the provenance of 
the samples are given in Table 1. Samples were also taken from 
several related Raja species (R. microcellata, R. brachyura, R. 
montagui and R. clavata) in order to test the cross-compatibility 
of the primers.

Marker amplification
Twenty-four potential markers were tested in the laboratory, of 
which eight successfully amplified.

PCR amplifications of 5 uL total volume were performed 
using the Qiagen Type-it Microsatellite PCR Kit (Qiagen, Hilden, 
Germany). Reactions consisted of 2.5 µL Type-it mastermix, 
1.5 µL PCR grade H2O, 0.5 µL genomic DNA at 20 ng/µL and 0.5 
µL primer pair at 2 µM. This 5 µL reaction was amplified under 
the conditions specified by the PCR kit (5 min 95°C, 28x {30 sec 
95°C, 90 sec 60°C, 30 sec 72°C}, 30 min 60°C) and successful 
amplifications were confirmed by the presence of bands on a 
1% agarose electrophoresis gel. A three-primer universal-tailed 
approach was used to label amplicons with fluorescent moieties 
(Blackett et al. 2012) and fragment length reported using an 
Applied Biosystems 3730 DNA analyser capillary sequencer 
(Applied Biosystems, Foster City, California, USA) and GeneScan 
500 LIZ dye size standard (Thermo Fisher Scientific, Carlsbad, USA) 
at the University of Manchester DNA Sequencing Facility.

Population genetic analysis
Raw data analysis was performed using GeneMapper 5.0 (Thermo 
Fisher Scientific, Carlsbad, USA) and confirmed that loci were 
scoreable and polymorphic. The novel markers were analysed 
for evidence of linkage disequilibrium and for Hardy–Weinberg 

Figure 1. Ordination of Prevosti’s genetic distance between individuals 
derived via non-metric multidimensional scaling (NMDS). Each point 
represents an individual, point shapes are aquaria and point colour 
represents whether the individual is wild caught or captive bred. The stress 
value of the NMDS was 0.17, demonstrating reasonable confidence in the 
ordination whilst maintaining a minimum number of dimensions.

Aquarium Total 
N

Wild 
Caught

Captive 
Bred

Private 
Alleles

Sea Life London Aquarium 9 4 5 2

Weymouth Sea Life Adventure 
Park

5 1 4 2

Sea Life Blackpool 4 2 2 0

Sea Life Chessington 5 1 4 0

Sea Life Adventure, Southend 3 2 1 1

Sea Life Great Yarmouth 2 2 0 2

Sea Life Loch Lomond 1 1 0 0

Blue Reef Aquarium, 
Portsmouth

3 3 0 1

National Marine Aquarium, 
Plymouth

2 0 2 3

Marine Biology Association, 
Plymouth

1 1 0 0

Table 1. Sample numbers taken from each of the 10 UK aquaria. The 
provenance of each sample is given as well as the number of private alleles 
detected at each aquarium.
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equilibrium using GenePop v.4.2 online (Raymond and Rousset 
1995; Rousset 2008). Estimates of pairwise relatedness were 
calculated for every pair of individuals using the triadic likelihood 
estimator of relatedness, a measure suited to a relatively small 
number of markers, implemented in Coancestry using the R (R 
Core Team, 2017) package “related” (Pew et al. 2015). The rate 
of heterozygosity, inbreeding coefficient and measures of genetic 
distance were calculated using the “adegenet” package in R 
(Jombart 2008; Jombart and Ahmed 2011; Rogers 1972). Rates 
of allelic richness and private alleles were identified using the R 
package “PopGenReport” (Adamack and Gruber 2014). The data 
were split by generation, and comparisons were drawn between 
each generation. In this instance, all wild-caught individuals 
were compared to all captive-bred offspring, as at the time of 
sampling there was only a single generation captive population 
(F1 generation). 

Results

Eight polymorphic microsatellite markers were initially 
characterised and every marker demonstrated to amplify 
consistently at an annealing temperature of 60°C, advantageous 
for multiplex PCR. These novel markers were used to genotype 35 
captive R. undulata individuals at the eight loci. GENEPOP results 
for linkage disequilibrium (LD) showed that 48% of total marker 
pairs exhibited significant evidence of LD; however, when just the 
wild-caught individuals were tested, this percentage was reduced 
to zero. GENEPOP was also used to check for deviation from the 
expected allele frequencies of Hardy–Weinberg. Three markers 
showed significant deviation in the total population and a single 
marker (Ru13) showed deviation from expected frequencies in the 
wild-caught animals only. This marker (Ru13) was subsequently 
removed from the analysis. Summary statistics for the remaining 
seven markers are given below in Table 2. A success rate of 98% 

was achieved in obtaining genotypic data. Average allelic richness 
was 7.0 in the wild-caught group, 6.4 in the captive-bred group and 
1.7 per aquarium. The average observed rate of heterozygosity at 
each marker was 0.81. Observed heterozygosity (Hobs) and the 
average estimated inbreeding coefficient (r) were calculated for 
the wild-caught animals (Hobs=0.80, r=0.21±0.003) and the first 
generation, captive-bred individuals (Hobs=0.83, r=0.18±0.005). 

Locus Name Motif NA SR (bp) TA (°C)  Hexp Hobs PHWE N Primer Sequences (5′ - > 3′ orientation) GenBank 
Accession

Ru02 AAGAGG 10 347 - 419 60 0.808 0.800 0.0180 35 CCCTGTTCTCCTGCTCTCCATTACC
CTCTCCCTATAGCTCAGGCCTTCGG

MH049873

Ru03 ACTGCC 10 412 - 463 60 0.827 0.882 0.0694 34 CATTCACAACTGCAGTCCAATGTCC
TCTGCTGTCAAGCTGTTGTGTCAGG

SRP134840

Ru08 AGGTG 13 351 - 415 60 0.887 0.800 0.0113 35 TGAGGAATTCATTGCCACAAACTGC
TCCTCTCACATAACCCTGTGTATGCC

MH049874

Ru09 ATAG 22 209 - 385 60 0.945 0.939 0.1463 33 TCTTTGCTCCTACCGGTTCTTCTCG
CAGAACAAGGCTTGGTGGTCTTGG

MH049875

Ru13* ACAG 9 317 - 373 60 0.787 0.313 0 32 CATTCTTAACAGGGCAGCTACTTGTGG
AAAGATTGGTAGGAAGATGGATCGG

MH049876

Ru14 AGGC 8 277 - 313 60 0.754 0.882 0.7937 34 ACCTCGAAACCGCCATTAAGAATCC
CTGCATGTTATCGAGCAATCAGTCG

MH049877

Ru20 ACAG 9 374 - 407 60 0.846 0.886 0.1317 35 GGACACTTGACACAGCTTTGGTCTCC
GGGAGTTACCTTCATGGTGAGACAGG

MH049878

Ru21 AAT 5 373 - 388 60 0.682 0.543 0.1631 35 CATGACTGGGGCTAGAAGGTGTTGC
GTTAGAGCAGTCCGCCATGAAGGG

MH049879

Table 2. Locus ID, nucleotide motif, number of alleles (NA), size range of fragments (SR), PCR annealing temperature (TA), expected (Hexp) and observed 
(Hobs) heterozygosity, number of individuals tested (N), P-value from testing for Hardy–Weinberg equilibrium (PHWE) and primer nucleotide sequences (5′ 
to 3′ orientation). *Marker RU13 not used in this study due to deviation from expected HWE values.

Species Locus Name

Ru02 Ru03 Ru08 Ru09 Ru13 Ru14 Ru20 Ru21

Raja microcellata

341-
419

412-
463

351-
432

209-
385

317-
373

277-
376

374-
407

373-
388

Raja brachyura

347-
377

408-
463

351-
428

204-
385

317-
419

277-
391

374-
407

373-
388

Raja montagui

347-
364

412-
483

351-
415

209-
385

317-
373

277-
313

374-
422

373-
388

Raja clavata

343-
419

412-
463

351-
415

209-
385

285-
373

277-
313

374-
407

373-
388

Table 3. Microsatellite markers tested in several other Raja species. Size 
ranges in a limited number of samples.
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There was no significant difference in either heterozygosity (two 
sample t-test, t=0.52644, df=10.171, P=0.6099) or the average 
inbreeding coefficient (two sample t-test: t=−1.0356, df=14.225, 
P=0.3177) between wild-caught and captive-bred individuals. One 
to three private alleles were discovered in six of the 10 aquaria 
(aquarium population size ranging from 1–9 individuals). A 
nonmetric multidimensional scaling (NMDS) analysis of Provesti’s 
genetic distance among individuals (Figure 1), calculated using 
the R (R Core Team, 2018) package “vegan” (Oksanen et al. 
2017), provides a visual interpretation of the genetic similarity of 
individuals. The calculated stress value of the NMDS was 0.17, the 
lowest stress value of each of the measures of genetic distance 
calculated using the “adegenet” (Jombart 2008; Jombart and 
Ahmed 2011) package in R. A stress value of <0.2 indicates a fair 
fit of the data in the NMDS analysis (Kruskal 1964).  

The minimally invasive extraction method and the seven primer 
pairs were tested with several other species of the Raja genus 
(species listed previously) and were demonstrated to successfully 
amplify polymorphic loci in every species tested, suggesting 
good cross-species compatibility of the primers and sampling 
technique. Allelic range in these species very closely matched 
those discovered in R. undulata (Table 3). Four or fewer samples 
from each species were tested and, therefore, more detailed locus 
statistics are not provided here.

Discussion

The goal of this study was to develop and optimise a novel set 
of microsatellite markers for the endangered undulate ray (Raja 
undulata) and subsequently assess their power and informativeness 
for ex-situ conservation of this species. Genomic DNA, extracted 
from a tissue sample, was successfully used to generate a 
sequencing library, and bioinformatics and laboratory techniques 
were employed to discover and optimise seven microsatellite 
markers from the resulting next-generation sequencing (NGS) 
dataset. In order to undertake genetic analyses of this nature, a 
reliable source of DNA is required, but often this can come at the 
cost of distress or harm to the subject. Therefore, non-invasive 
genetic sampling methods are preferable to invasive tissue, blood 
or biopsy sampling, particularly for threatened species. Although 
an initial tissue sample was used for the development of the 
markers, a minimally-invasive sampling method for the collection 
of the remaining samples from the captive animals (Lieber et al. 
2013) was tested. This technique takes advantage of the mucus 
secreted by the skin of many elasmobranchs and this study 
demonstrates the successful isolation of high-quality, amplifiable 
DNA from captive animals. The new markers were used to genotype 
a small captive population of 35 animals, across 10 UK aquaria, 
demonstrating that the minimally-invasive sampling methodology 
was suitable for a study of this nature. Several quality-checking 
procedures were applied to the markers themselves, such as tests 
for linkage disequilibrium (LD) or deviations from Hardy–Weinberg 
Equilibrium (HWE). Evidence of both LD and deviation from HWE 
was observed in some markers. The deviation from expected HWE 
can be attributed to the fact that the test population breaks many 
of the underlying assumptions of HWE, mainly that one should 
consider a large, unrelated population, which is not the case here. 
Several statistical analyses of the data were performed, making 
routine measurements of heterozygosity of the population at 
these loci, calculating inbreeding coefficients and genetic distance, 
for example. 

The results show rates of heterozygosity at each marker ranging 
from 0.54–0.94 (average 0.81), implying that when all markers 
are taken into account, the rate of genetic variation in the captive 
population is not likely to be significantly lower than the wild 
population from which it was founded. For comparison, Chapman 

et al. (2011) used seven microsatellite markers to measure 
heterozygosity in an elasmobranch population consisting of 104 
individuals of the critically-endangered smalltooth sawfish (Pristis 
pectinata) and discovered an average rate of heterozygosity of 
0.83. Heterozygosity rates in wild-caught animals and captive-
bred, F1 generation individuals did not show any significant 
difference, demonstrating that a high proportion of genetic 
variation has been carried into this generation. Data reporting 
the proportion of wild-caught individuals that successfully 
contributed to the F1 generation are unfortunately not available. 
These measures should be repeated at each new generation and 
can be interpreted as a proxy for the measure of total variation in 
the group. The captive-bred R. undulata of the present study had 
an average rate of heterozygosity of 0.83. It is important to note, 
however, that these results on the captive-bred population only 
take into account the F1 generation and that any decrease in the 
rate of heterozygosity will likely become apparent over subsequent 
generations (Willoughby et al. 2017). Continued monitoring via 
the methods explained in this study will be critical to continue to 
evaluate the genetic diversity of the population and to continue 
to monitor for inbreeding depression. Several aquaria housing 
private alleles within their cohort have been identified, and this 
information may be useful for maintaining genetic variation when 
the breeding plan is developed.

While it is common to calculate the likely pedigree (i.e. 
relatedness) from this type of genetic data, the power to correctly 
assign offspring to parents will be very low for captive populations 
with a limited captive population size. In these cases, it is far 
more informative to directly examine the genetic similarity of 
individuals. The calculation of Provesti’s genetic distance (Prevosti 
et al. 1975) enabled the visualisation of a proxy measure of 
dissimilarity between individuals (see Figure 1) through calculating 
the absolute genetic distance between each pair of individuals. 
Figure 1 shows no clustering around a particular aquarium or 
between the wild caught or captive bred groupings, indicating the 
lack of an aquarium effect or differentiation of the F1 generation 
from the wild individuals. Rather, the individual genotypes 
suggest a homogenous mixture with no apparent groupings, or 
sub-structuring emerging. These results fall within expectations 
as ~50% of the total individuals were wild caught (17 of 35) and 
so can be expected to be reasonably unrelated to one another as 
they originate from a wild population. Progeny from relatively high 
admixture would be expected to maintain high levels of variation 
in the F1 generation and similarly be relatively unrelated to one 
another (with the exception of siblings, parents-progeny, etc.).

This study leads to the recommendation that similar analyses be 
performed as new individuals are caught, born or moved between 
aquaria to enable population managers to intervene should a 
particular group of individuals appear to become distinct from 
other groups, or when one of the measures, or proxy measures, of 
variation among individuals begins to fall. With a greater number 
of microsatellite markers, the work could be extended to include 
relatedness estimates of a much higher confidence and this would 
also lead to the production of accurate pedigrees—very useful 
tools to the community managing these animals, but beyond the 
scope of this piece of work. 

Conclusion

Ex-situ conservation is a very important management tool and 
is likely to be increasingly used as the rate of anthropogenic-
influenced species declines continues to climb (Ceballos et al. 
2015). Captive populations must be carefully and strategically 
managed in order to successfully provide individuals for 
reintroduction, maintain genetic variation and reduce the 
negative effects of inbreeding (Frankham et al. 2004). Janse et al. 
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(2017) succinctly summarised the contemporary elasmobranch 
populations in European aquaria and identified the requirement 
for good programme management. This study demonstrates that 
researchers can move relatively quickly from collecting tissue/swab 
samples, through designing a novel marker panel to producing 
quantifiable, genetic data and drawing conclusions regarding the 
structure of a captive population (the majority of the work on 
this analysis was performed in a matter of a few months). In the 
absence of a good quality pedigree or studbook, these techniques 
should form the minimum requirement when working with ex-
situ populations, and as NGS technologies continue to improve, 
the number and nature of available markers will also increase, 
leading to significant gains in the quality of the data available. The 
power of this particular study was limited by a lack of markers, 
thus preventing some analyses from being performed. However, 
from the data generated here, it is evident that the population 
of undulate rays in UK aquaria do not currently appear to be 
suffering from any malady resulting from their small population 
size, and the findings appear to fall in line with other managed 
groups of elasmobranchs. The results, however, constitute a time-
bound observation and are therefore only representative of the 
population at the time the samples were taken. In conclusion, 
the study has shown that it is feasible and useful to design and 
optimise a panel of markers for a small, ex-situ population and 
that even with a small number of markers, the resulting data can 
be informative and help with the management of the population. 
With these markers available to the community, it is hoped that 
a better understanding of the captive population in UK aquaria in 
relation to individuals in European aquaria and in wild populations 
can be reached. This study forms the basis for further scope of 
greater scope, encompassing a greater sample size, more sampling 
sites (aquaria) and more microsatellite markers to increase the 
statistical power of the analyses. 
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Abstract
Bespoke	microsatellite	marker	 panels	 are	 increasingly	 affordable	 and	 tractable	 to	
researchers	 and	conservationists.	The	 rate	of	microsatellite	discovery	 is	 very	high	
within	a	shotgun	genomic	data	set,	but	extensive	laboratory	testing	of	markers	is	re-
quired	for	confirmation	of	amplification	and	polymorphism.	By	incorporating	shotgun	
next-generation	sequencing	data	sets	from	multiple	individuals	of	the	same	species,	
we	have	developed	a	new	method	for	the	optimal	design	of	microsatellite	markers.	
This	new	tool	allows	us	to	increase	the	rate	at	which	suitable	candidate	markers	are	
selected	by	58%	in	direct	comparisons	and	facilitate	an	estimated	16%	reduction	in	
costs	associated	with	producing	a	novel	microsatellite	panel.	Our	method	enables	
the	visualisation	of	each	microsatellite	locus	in	a	multiple	sequence	alignment	allow-
ing	several	important	quality	checks	to	be	made.	Polymorphic	loci	can	be	identified	
and	 prioritised.	 Loci	 containing	 fragment-length-altering	mutations	 in	 the	 flanking	
regions,	which	may	invalidate	assumptions	regarding	the	model	of	evolution	underly-
ing	variation	at	the	microsatellite,	can	be	avoided.	Priming	regions	containing	point	
mutations	can	be	detected	and	avoided,	helping	to	reduce	sample-site-marker	speci-
ficity	arising	from	genetic	 isolation,	and	the	likelihood	of	null	alleles	occurring.	We	
demonstrate	the	utility	of	this	new	approach	in	two	species:	an	echinoderm	and	a	
bird.	Our	method	makes	a	valuable	contribution	towards	minimising	genotyping	er-
rors	and	reducing	costs	associated	with	developing	a	novel	marker	panel.	The	Python	
script	to	perform	our	method	of	multi-individual	microsatellite	identification	(MiMi)	is	
freely	available	from	GitHub	(https	://github.com/graem	efox/mimi).

K E Y W O R D S

cost-effective	marker	development,	high-throughput	sequencing,	in	silico	quality	control,	
microsatellite	design,	polymorphic	loci	detection,	short	tandem	repeat	(STR)
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1  | INTRODUC TION

Microsatellites,	 short	 tandem	 repeats	 (STRs)	or	 short	 simple	 re-
peats	 (SSRs),	 are	 exceptionally	 polymorphic	 repetitive	 regions	
of	DNA	 found	 throughout	 the	 genomes	 of	 both	 eukaryotic	 and	
prokaryotic	 species	 (Bhargava	&	 Fuentes,	 2010;	 Rose	&	 Falush,	
1998).	High	rates	of	polymorphism,	along	with	codominance	and	
Mendelian	inheritance,	make	them	ideal	markers	for	use	in	studies	
of	population	genetics	(Abdul-Muneer,	2014;	Goldstein	&	Pollock,	
1997).	Microsatellites	have	been	the	most	popular	choice	of	ge-
netic	 marker	 for	 several	 decades	 in	 ecology,	 conservation	 and	
evolutionary	research,	and	are	extensively	used	in	contemporary	
studies	of	population	genetics,	parentage	and	kinship	 identifica-
tion,	 evolutionary	processes	 and	genetic	mapping	 (Ribout	et	 al.,	
2019;	Vieira,	Santini,	Diniz,	&	de	Munhoz,	2016).	Although	single	
nucleotide	 polymorphism	 (SNP)	 markers	 have	 become	 increas-
ingly	popular	markers	for	population	genetics,	microsatellites	re-
main	a	 common	choice	due	 to	well-documented	methodologies,	
ease	of	application,	low	equipment	demands	and	well-developed	
statistical	 analyses.	 Furthermore,	 there	 remain	 scenarios	where	
SNPs	 are	 not	 practical	 for	 use,	 or	 microsatellites	 are	 preferred	
(Zhan	et	al.,	2016).	For	example,	the	management	of	captive	pop-
ulations	 has	 benefited	 enormously	 by	 the	 inclusion	 of	 genetic	
information	 (Fox	et	al.,	2018;	Witzenberger	&	Hochkirch,	2011),	
which	must	be	continually	updated	as	small	numbers	of	new	 in-
dividuals	 are	 added	 to	 collections	 or	 produced	 through	mating.	
In	these	cases,	it	is	impractical	to	perform	repeated	SNP	analyses	
on	small	numbers	of	samples	due	to	the	expense	associated	with	
next-generation	sequencing	(NGS)	to	acquire	high	coverage	SNPs.	
Conversely,	once	a	microsatellite	panel	has	been	developed,	ad-
ditional	 individuals	can	be	genotyped	using	the	existing	markers	
very	 quickly,	 and	 at	 very	 low	 cost	 (Puckett,	 2016).	Where	 non-
invasive	 sampling	methods	 are	 required,	 for	 example	 because	 a	
species	 is	of	conservation	concern	 (e.g.,	Fox	et	al.,	2018),	 it	may	
prove	to	be	impossible	to	acquire	sufficient	high	molecular	weight	
DNA	to	perform	NGS	for	SNP	genotyping.	In	contrast,	microsat-
ellite	analysis	 is	 forgiving	of	 low	DNA	template	 input,	and	many	
contaminants	that	may	disrupt	NGS	library	preparation	can	simply	
be	diluted	out	prior	to	amplification.	A	simple	literature	search	in	
Google	Scholar	indicated	the	publication	of	approximately	2,000	
new	microsatellite	marker	panels	in	2018,	suggesting	that	micro-
satellites	 are	 still	 very	 popular	 genetic	markers,	 and	we	 predict	
they	 will	 continue	 to	 be	 used	 extensively	 in	 conservation	 and	
ecology	well	into	the	future.

Ecological	 and	 conservation	 studies	 are	 often	 focused	 upon	
non-model	species	for	which	genetic	markers	are	not	available.	The	
combination	of	affordable	NGS	and	freely	available	bioinformatics	
tools	can	be	used	to	identify	tens	of	thousands	of	potential	markers	
in	a	matter	of	days.	Where	probes	were	once	used	to	target	repeat	
regions	of	genetic	code	(Bloor,	Barker,	Watts,	Noyes,	&	Kemp,	2001),	
shotgun	genome	sequencing	does	not	require	any	prior	knowledge	of	
the	genome,	and	is	considered	a	nontargeted	approach	(Davey	et	al.,	
2011).	Instead,	random	fragments	of	genomic	DNA	are	sequenced,	

a	fraction	of	which	include	SSRs	within	the	length	of	the	sequencing	
read.	Free,	open	source	software	packages	are	available	 to	detect	
SSRs	and	design	suitable	PCR	primers	to	amplify	the	appropriate	re-
gion	of	the	genome;	often	referred	to	as	the	“seq-to-SSR”	approach	
(Castoe	et	al.,	2015;	Griffiths	et	al.,	2016).	These	developments,	and	
the	increasing	availability	of	NGS	technology	globally,	brings	micro-
satellite	marker	 discovery	within	 the	 reach	 of	 ever	more	 research	
laboratories	 as	 the	 cost-per-base	 of	 NGS	 continues	 to	 decrease	
(Koboldt,	 Steinberg,	 Larson,	Wilson,	 &	Mardis,	 2013;	McPherson,	
2014),	even	for	applied,	species-focused	conservation	research	with	
limited	 funding.	 Thus,	 the	 development	 of	 bespoke	 microsatellite	
marker	panels	has	become	commonplace.

The	 use	 of	microsatellite	markers	 is	 reliant	 upon	 variation	 in	
PCR	product	fragment	length,	and	therefore	microsatellites	must	
be	 amplifiable	 by	 PCR,	 and	must	 contain	 fragment	 length	 alter-
ing	polymorphisms	within	the	repetitive	stretch	of	SSR	sequence.	
Despite	 improvements	 delivered	 by	 NGS,	 the	 optimisation	 of	 a	
bespoke	microsatellite	panel	remains	a	time	consuming	and	costly	
process,	largely	because	the	primer	pair	for	each	potential	marker	
still	 requires	manual	 laboratory	 confirmation	 of	 both	 successful	
amplification	 and	 the	 presence	 of	 multiple	 alleles	 at	 each	 locus	
(Bloor	 et	 al.,	 2001).	 Typically,	 the	 development	 of	 a	 microsatel-
lite	marker	is	performed	through	the	discovery	of	a	microsatellite	
locus	 in	 a	 single	 individual,	 followed	 by	 analysis	 of	 the	 locus	 in	
several	more	 individuals	 to	 test	 for	 consistent	 amplification	 and	
variation	in	PCR	fragment	size	(Abdelkrim,	Robertson,	Stanton,	&	
Gemmell,	2009).	The	main	contributors	to	the	cost	of	developing	
a	panel	of	microsatellite	markers	are	 the	NGS	 reagents,	PCR	 re-
agents,	 PCR	oligos,	 capillary	 electrophoresis,	 size	 standards	 and	
staff	 time.	 Improvements	 that	 enable	 reductions	 in	 cost	 or	 time	
associated	with	marker	development	will	contribute	to	microsat-
ellite	markers	 becoming	more	widely	 available	 to	 ecological	 and	
conservation	researchers.

Here	we	 present	 a	 new	 conceptual	 approach	 to	microsatellite	
marker	design,	demonstrated	with	a	new	bioinformatics	technique	
applied	to	seq-to-SSR	workflows.	This	technique	is	designed	to	im-
prove	the	rate	at	which	 loci	that	are	 identified	can	be	successfully	
amplified	by	PCR	and	produce	informative	genotype	data.	The	inno-
vation	in	our	approach	is	the	incorporation	of	information	from	the	
genomes	of	multiple	 individuals.	This	allows	the	 in	silico	detection	
of	 polymorphic	 loci	 and	 the	 detection	 of	 several	 other	 important	
characteristics	 of	 a	 putative	microsatellite	marker,	which	 are	 only	
detectable	through	multiple	genome	analysis.	We	demonstrate	that	
this	method	reduces	the	number	of	markers	that	must	be	tested	for	
polymorphism	 in	 the	 laboratory,	and	achieves	an	 improved	rate	of	
successful	 marker	 development.	 Furthermore,	 our	 methods	 also	
minimise	 factors	 known	 to	 increase	 allelic	 dropout	 and	 invalidate	
genotyping	results	based	upon	molecular	weight	of	PCR	fragments.	
We	refer	to	this	technique	as	multi-individual	microsatellite	identifi-
cation	(MiMi).	Here,	we	develop	microsatellite	markers	using	MiMi	
in	two	species:	the	green	sea	urchin	(Psammechinus miliaris)	and	the	
Eurasian	blue	tit	(Cyanistes caeruleus).	For	comparison,	we	also	pres-
ent	the	success	rates	of	microsatellite	development	in	P. miliaris and 
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C. caeruleus,	 and	 in	 two	other	 species	 (Tragelaphus eurycerus isaaci 
and Nycticebus pygmaeus),	which	were	designed	using	a	 traditional	
microsatellite	 design	method	 (Castoe	 et	 al.,	 2015;	 Griffiths	 et	 al.,	
2016).	The	results	from	the	successful	development	of	each	panel	of	
markers,	combined	with	our	refined	bioinformatics	method,	provide	
a	strong	case	 for	 the	utility	of	 the	MiMi	concept	and	 the	value	 to	
microsatellite	marker	development.

2  | MATERIAL S AND METHODS

2.1 | DNA extraction and sequencing

Prior	to	DNA	extraction,	all	samples	(Table	S1)	were	stored	in	100%	
ethanol	at	4°C.	Genomic	DNA	was	extracted	from	samples	using	the	
DNeasy	Blood	&	Tissue	Kit	(Qiagen)	or	the	E.Z.N.A.	Mollusc	DNA	Kit	
(Omega	Bio-tek)	(Table	S2).	High	quality	and	high	molecular	weight	
genomic	 DNA	 (determined	 by	 gel	 electrophoresis)	 was	 diluted	 to	
2.5	ng/µl	and	sequenced	on	an	Illumina	MiSeq	(Illumina),	using	the	
Illumina	Nextera	XT	library	preparation	reagents	(Illumina).	Paired-
end,	 shotgun	 genomic	DNA	 sequencing	was	 performed	 using	 the	
Illumina	MiSeq	Reagent	Kit	v2/v3.	MiMi	analysis	was	conducted	on	
eight	 individuals	of	each	species	 (P. miliaris and C. caeruleus)	which	
were	 indexed,	 pooled	 and	 sequenced	 on	 a	 flowcell,	 per	 species.	

For	traditional	microsatellite	detection,	single	samples	of	each	spe-
cies	(T. eurycerus isaaci and N. pygmaeus)	were	individually	indexed,	
pooled	 and	 sequenced	 along	 with	 other	 species	 not	 used	 in	 this	
study	(Table	S2).	Both	methods	were	not	tested	for	all	species,	due	
to	 these	microsatellite	markers	being	designed	 for	active	 research	
projects	that	progressed	beyond	marker	development	as	the	MiMi	
method	was	being	developed	and	iterated	upon.

2.2 | MiMi microsatellite detection methodology

Microsatellite	markers	were	initially	designed	in	data	from	each	sam-
ple	using	the	pal_finder	(Castoe	et	al.,	2015)	workflow	of	Griffiths	et	
al.	(2016);	a	traditional	design	method	using	the	data	of	a	single	indi-
vidual.	A	novel	quality	control	procedure	was	developed	for	those	data	
sets	in	which	multiple	individuals	of	the	same	species	were	sequenced	
(two	species)	with	the	aim	of	identifying	polymorphic	loci,	filtering	out	
primer	 pairs	 containing	 point	mutations	within	 the	 priming	 regions,	
and	 avoiding	 other	 potential	 issues	 with	 a	 locus	 including	 nonspe-
cific	primer	binding	and	 insertion/deletion	mutations	 in	 the	flanking	
regions.	Eight	 individuals	per	 species	were	 sequenced	and	 the	data	
pertaining	to	each	individual	were	first	passed	separately	through	the	
traditional	design	method.	The	eight	 individual	output	files	then	be-
come	the	input	for	the	novel	method:	Multi-individual	Microsatellite	
identification	 (MiMi).	 MiMi	 takes	 the	 primer	 sequences	 developed	
in	each	individual	and	checks	for	their	presence	in	the	data	of	every	
other	individual.	Primer	pairs	for	which	the	forward	primer	appeared	
in	more	than	33%	of	the	individuals	were	selected	and	all	reads	con-
taining	the	exact	primer	sequence	compiled	into	an	MSA	file	with	the	
FASTA	format.	The	MSA	files	were	aligned	using	the	MUSCLE	align-
ment	algorithm	(Edgar,	2004)	and	putative	loci	automatically	filtered	
to	remove	monomorphic	loci,	low	quality	“gapped”	alignments	and	loci	
containing	sequence	mutations	within	 the	primer	binding	sites.	Loci	
passing	all	filters	are	retained	as	high	quality	loci	and	loci	passing	some	
filters	but	lacking	enough	information	to	confidently	pass	all	filters	are	
retained	as	good	quality	loci.	Both	high	quality	and	good	quality	loci	
are	each	ranked	by	the	size	range	in	alleles	detected.	A	log	file	is	pro-
duced	detailing	loci	which	have	been	removed	by	each	filter.	A	Python	
script	implementing	the	mimi	tool	is	available	to	download	and	run	from	
https	://github.com/graem	efox/mimi.

2.3 | Optimisation of potential markers

Primer	pairs	developed	under	either	design	method	were	tested	 in	
5	µl	reactions	using	the	Type-it	Microsatellite	PCR	Kit	(Qiagen)	using	
the	standard	protocol	and	thermal	cycling	parameters	(5	min	at	95°C,	
25–28*[30	s	at	95°C,	90	s	at	60°C,	30	s	at	72°C],	30	min	at	60°C).	
Only	a	single	annealing	temperature	 (60°C)	was	tested,	as	Primer3	
(Koressaar	&	Remm,	2007;	Untergasser	et	al.,	2012)	which	 is	used	
during	 the	 traditional	 marker	 design	 process	 (Castoe	 et	 al.,	 2015;	
Griffiths	et	al.,	2016),	had	been	configured	specifically	for	these	PCR	
reagents	and	a	primary	goal	of	this	method	was	to	avoid	time	con-
suming	annealing	temperature	optimisation.	A	marker	was	given	suc-
cessful	amplification	status	if	clean	PCR	products	were	clearly	visible	

F I G U R E  1  Summary	statistics	showing	the	rate	at	which	
potential	microsatellite	markers	were	successfully	amplified	in	
the	laboratory,	and	the	rate	at	which	they	were	discovered	to	be	
informative.	Markers	were	designed	using	both	methodologies	in	
P. miliaris and C. caeruleus.	Stated	values	are	the	average	for	each	
design	method,	in	each	measure	of	success	(amplification	rate	and	
informative	loci	rate).	Error	bars	show	the	standard	deviations.	The	
use	of	MiMi	results	in	both	an	increase	in	the	rate	at	which	markers	
amplify	and	are	informative,	and	also	a	reduction	in	the	variability	
at	each	of	these	measures	compared	to	the	traditional	workflow
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on	a	2%	agarose	gel	in	the	100–1,000	bp	range	for	six	or	more	indi-
viduals	out	of	eight	tested.	Fluorescent	dyes	(6-FAM,	TAMRA,	HEX,	
PET)	were	added	 to	PCR	products	using	a	universal	 tail	 technique	
(Blacket,	 Robin,	 Good,	 Lee,	 &	Miller,	 2012).	 Fragment	 length	 was	
determined	 using	 an	 ABI	 3730	DNA	Analyzer	 capillary	 sequencer	
(ThermoFisher	Scientific)	with	GeneScan	500	LIZ	dye	Size	Standard	
(ThermoFisher	Scientific)	and	analysed	using	genemapper	5.0	software	
(ThermoFisher	Scientific).	We	define	an	 informative	marker	as	one	
that	 produces	 clearly	 interpretable	 electropherogram	 traces	 after	
capillary	electrophoresis	 and	 is	polymorphic	 in	 terms	of	PCR	 frag-
ment	length	between	multiple	individuals.

3  | RESULTS

Of	the	markers	which	passed	each	set	of	quality	controls,	we	were	
able	 to	 optimise	 amplifiable	 and	 informative	 markers	 at	 a	 rate	 of	
47.9%	using	the	traditional	design	method,	and	86.6%	using	MiMi.	
Comparisons	 between	 average	 rates	 of	 successful	 amplification	
and	production	of	 informative	 loci	 for	each	marker	design	method	
demonstrated	a	marked	increase	in	both	measures	when	MiMi	was	
applied.	In	P. miliaris and C. caeruleus,	markers	were	designed	using	
both	the	traditional	methodology	and	the	MiMi	methodology.	A	di-
rect	comparison	between	these	two	methods	shows	a	very	notable	
increase	in	both	the	rate	of	amplification	success	and	the	rate	of	de-
velopment	of	informative	markers	(Figure	1).	In	two	further	species,	
(T. eurycerus isaaci and N. pygmaeus),	markers	were	designed	using	
only	 the	 traditional	methodology.	 Rates	 of	 success	 for	 these	 spe-
cies	are	presented	as	further	evidence	of	a	baseline	of	microsatellite	
design	against	which	the	MiMi	method	can	be	compared	(Table	1).	
Unsuitable	markers	were	removed	at	each	filtering	stage,	reducing	
hundreds	of	thousands	of	possible	markers	designed	by	pal_finder,	
to	a	fewer	than	a	hundred	identified	as	high-	or	good-quality	using	
MiMi	(Table	2).	Where	MiMi	was	applied,	the	number	of	individuals	
sharing	each	common	primer	sequence	ranged	from	three	to	seven	
(Figure	2).	In	the	two	example	MiMi	data	sets	presented	here,	5%	of	
potential	loci	were	detected	in	sufficient	individuals	to	allow	further	
analysis	by	MiMi.

Automatic	 analysis	of	MSA	 files	 allowed	 the	 identification	and	
removal	 of	 loci	 with	 mutations	 within	 the	 primer	 binding	 sites	
(Figures	 S1a,b)	 and	 loci	 showing	 very	 low	 alignment	 quality.	 Low	
alignment	quality	is	indicative	of	a	locus	potentially	containing	frag-
ment	length	altering	polymorphisms	(insertions/deletions)	between	
the	 primer	 binding	 sites	 but	 outside	 the	microsatellite	 locus	 itself	
(Figure	S1c)	or	nonspecific	primer	binding.	Monomorphic	loci	were	
also	removed	(Figures	S1d,e).	Of	the	markers	which	MiMi	detected	
in	multiple	individuals,	we	were	able	to	discount	79.3%	of	potential	
loci	 as	unsuitable	 for	microsatellite	analysis	 (Table	3).	High	quality	
loci	(those	which	exclusively	showed	evidence	of	positive	character-
istics)	were	detected	at	a	rate	of	4.5%,	and	good	quality	loci	(those	
which	did	not	show	any	evidence	of	negative	characteristics,	but	did	
not	have	enough	data	to	confidently	pass	all	filters)	were	detected	at	
an	average	rate	of	16.1%.TA
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Whilst	the	full	MiMi	method	requires	more	data	than	the	tradi-
tional	approach	detailed	here	(we	recommend	a	minimum	of	eight	
individuals	to	be	sequenced	using	the	capacity	of	an	entire	MiSeq	
flowcell,	 although	 fewer	 samples	 are	 possible),	 the	 reduction	 in	
time	spent	 in	the	 laboratory,	and	associated	savings,	 justifies	the	
larger	outlay	 in	 initial	 sequencing	 costs.	A	 recent	 Illumina	MiSeq	
run	cost	approximately	$2,330,	and	using	MiMi	we	recorded	that	
90%	of	the	primer	pairs	chosen	to	be	tested	were	successfully	de-
veloped	 as	 informative	 microsatellite	 markers	 (Table	 1,	 data	 set	
No.2).	Using	 the	 traditional	method,	 sequencing	costs	were	 less,	
as	only	a	 fraction	 (12.5%)	of	 the	capacity	of	a	MiSeq	sequencing	
flowcell	was	 required,	 but	 only	 38%	of	 primer	 pairs	 tested	were	
ultimately	found	to	be	informative	markers	(Table	1,	data	set	No.5).	
The	reduction	in	time	and	laboratory	expense	associated	with	in-
vesting	 in	 “failed	 markers”	 (inconsistent	 amplification/non	 poly-
morphic	 loci)	ultimately	 results	 in	a	net	saving	when	using	MiMi.	
Based	 on	 our	 estimated	 rate	 of	 successful	marker	 development,	

a	project	to	develop	a	panel	of	20	optimised	markers	over	a	two-
week	 period	 using	 the	MiMi	 methodology	 would	 cost	 less	 than	
using	 the	 traditional	methodology	over	 a	 four	week	period	 (16%	
reduction	 in	 total	 cost,	 50%	 reduction	 in	 staff	 costs	 only,	 19%	
increase	 in	 reagent	 costs	 only;	 see	 Tables	 S3	 and	 S4).	 The	most	
significant	savings	will	be	in	researcher	time	spent	screening	loci,	
which	was	approximately	50%	less	using	MiMi.

3.1 | Description of output files

The	 outputs	 from	 the	MiMi	 method	 are	 two	 tab	 separated	 tables	
containing	details	of	the	loci	that	have	passed	the	quality	control	pro-
cesses,	a	log	file	detailing	which	loci	were	removed	under	which	qual-
ity-control	conditions,	and	a	per-locus	MSA	file	in	the	FASTA	format.	
The	output	tables	each	give	the	following	information	for	each	locus:	
forward	primer	sequence;	reverse	primer	sequence;	number	of	alleles	
at	the	locus;	number	of	individuals	in	which	the	locus	was	sequenced	
in	the	data	set;	a	description	of	the	alleles	found	(the	repeat	motif	and	
the	number	of	repeats),	and	the	predicted	size	range	of	amplicons	pro-
duced	using	the	PCR	primers.	The	file	“MiMi_output_all_loci.txt”	gives	
details	of	every	loci	which	MiMi	was	able	to	detect	in	multiple	individu-
als	(above	the	user-defined	threshold)	and	“MiMi_output_filtered_loci.
txt”	gives	 just	 those	 loci	which	were	able	 to	pass	all	quality	control	
filters	as	either	high-	or	good	quality.	The	 log	 file	details	which	 loci	
were	 removed	under	which	quality	 control	 conditions.	 Examples	of	
the	“MiMi_output_filtered_loci.txt”	files	resulting	from	the	the	MiMi	
analysis	of	C. caeruleus	(data	set	No.	1)	and	P. miliaris	(data	set	No.	2)	are	
presented	in	Tables	S5a,b,	respectively.	Three	MSA	files	per	locus	are	
created:	one	containing	the	raw	sequences	from	the	input	data	that	
were	found	to	contain	the	locus	within	the	length	of	the	read	(ending	
".fastq");	one	containing	these	reads	after	alignment	by	MUSCLE	(end-
ing	".aln")	and	one	containing	aligned	reads	trimmed	to	the	position	of	
the	forward	primer	(ending	".trimmed").	The	main	section	of	the	MSA	
file	name	is	the	forward	primer	sequence	of	the	locus.

4  | DISCUSSION

MiMi	has	proved	 to	be	 a	 fast,	 cost	 effective	 approach	 to	 identifi-
cation	and	characterisation	of	microsatellite	markers	using	genomic	
sequence	data	from	multiple	individuals.	The	application	of	a	micro-
satellite-picking	 tool	 such	 as	 pal_finder	 typically	 results	 in	 tens	 of	
thousands	of	potential	loci,	and	therefore	it	makes	logical	sense	to	at-
tempt	to	apply	in	silico	marker	optimisation	methods	over	laboratory	
optimisation,	 to	 increase	 the	 efficiency	 in	 identifying	 informative	
loci.	MiMi	is	the	first	tool,	to	our	knowledge,	that	allows	this	range	of	

Species pal_finder loci
Griffiths et al. (2016) 
loci MiMi loci

Cyanistes caeruleus 158,147 4,513	(2.9%) 302	(0.19%)

Psammechinus miliaris 469,047 5,657	(1.2%) 250	(0.05%)

TA B L E  2  The	total	number	of	potential	
microsatellite	loci	discovered	using	the	
traditional	design	methodology,	retained	
after	filtering	with	the	Griffiths	et	al.	
(2016)	method	and	retained	after	MiMi	
quality	control	processing

F I G U R E  2  The	MiMi	tool	was	used	to	analyse	5,657	potential	
microsatellite	loci	discovered	in	P. miliaris	sequence	data	and	4,513	
discovered	in	C. caeruleus.	Loci	were	filtered	to	just	those	which	
appeared	in	the	sequence	data	of	three	or	more	individuals.	The	
total	number	of	loci	which	were	successfully	detected	in	multiple	
individuals,	and	in	how	many	individuals	they	were	detected	is	
shown	below.	The	bar	labels	are	the	absolute	number	of	loci	that	
were	detected	in	each	category	(number	of	individuals)
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important	characteristics	to	be	observed	at	the	marker	design	stage	
(but	see	Nichols,	Conroy,	Kasinadhuni,	Lamont,	&	Ogbourne,	2018).	
In	a	direct	comparison	between	the	traditional	and	MiMi	methods,	
we	show	that	the	application	of	MiMi	resulted	in	a	58%	increase	in	
the	rate	of	identification	of	informative	microsatellite	markers,	facili-
tating	a	16%	reduction	in	costs	associated	with	the	development	of	
a	microsatellite	marker	panel.	To	provide	a	baseline	value	of	micros-
atellite	design	success,	we	also	provide	success	rates	for	two	species	
which	only	used	 the	 traditional	methodology.	Although	not	a	 true	
comparison,	it	appears	that	MiMi	can	be	expected	to	produce	ampli-
fiable,	informative	markers	at	a	consistently	higher	rate	than	the	tra-
ditional	methodology,	facilitating	an	increase	from	~57%–60%	(data	
sets	Nos.	3	and	4)	to	~80%–90%	(data	sets	Nos.	1	and	2).	We	feel	
certain	that	an	increase	of	this	order	of	magnitude,	and	the	reduc-
tion	in	costs	associated	with	the	testing	of	markers	which	ultimately	
fail,	 fully	 justify	 the	 slight	 increase	 in	 sequencing	costs	 associated	
with	MiMi.

The	incorporation	of	multiple	genomes	and	construction	of	an	
MSA	for	each	microsatellite	locus	allows	several	important	quality	
checks	to	be	made	of	each	locus	and	facilitates	notable	increases	
in	both	 the	 rate	of	 successful	 amplification	by	PCR,	 and	 the	de-
velopment	of	informative	markers.	Nucleotide	polymorphisms	and	
INDEL	 mutations	 within	 the	 forward	 or	 reverse	 primer	 binding	
site	can	cause	issues	with	inconsistent	or	failed	PCR	amplification,	
potentially	 resulting	 in	 allelic	 dropout	 (Silva,	 Torrezan,	 Brianese,	
Stabellini,	 &	 Carraro,	 2017),	 and	 can	 also	 lead	 to	 an	 increase	 in	
the	frequency	of	null	alleles	(Rico	et	al.,	2017).	Allelic	dropout	can	
present	a	significant	problem	during	microsatellite	analysis,	caus-
ing	decreased	estimates	of	observed	heterozygosity	and	increased	
estimates	 of	 inbreeding	 in	 the	 population	 (Wang,	 Schroeder,	 &	
Rosenberg,	2012).	Two	main	causes	of	allelic	dropout	have	been	
shown:	 sequence	 variation	 at	 a	 primer	 binding	 site	 (Silva	 et	 al.,	
2017)	and	PCR	product	size	(particularly	problematic	for	markers	
with	large	repeat	counts;	Sefc,	Payne,	&	Sorenson,	2003).	Through	
the	construction	of	each	MSA	we	were	able	to	use	MiMi	to	auto-
matically	confirm	that	primer-binding	sites	show	strong	sequence	
conservation,	albeit	 in	only	a	small	subset	of	samples,	thus	mini-
mising	the	likelihood	that	a	putative	marker	would	exhibit	an	ele-
vated	rate	of	allelic	dropout	caused	by	mis-priming.	Confirmation	
of	 sequence	 conservation	 in	 at	 least	 one	 primer-binding	 site	

improved	the	rate	at	which	we	were	able	to	amplify	loci	success-
fully.	If	possible,	genomes	of	individuals	from	a	range	of	putative	
populations	should	be	 included	 in	 the	MiMi	analysis	 to	minimise	
null	 allele	 bias	 towards	 a	 particular	 sub	 population	 (Oosterhout,	
Weetman,	 &	 Hutchinson,	 2005).	 Analysis	 of	 each	 microsatellite	
locus	 in	an	MSA	also	allows	visualisation	of	the	number	of	motif	
repeats,	 and	 automatic	 prioritisation	 of	 loci	 where	 variation	 is	
seen	among	samples.	Rejecting	monomorphic	 loci	 through	MiMi	
produced	an	increase	in	the	rate	at	which	we	were	able	to	develop	
informative	markers,	 compared	 to	 our	 own	 previous	 experience	
using	other	methods,	and	rates	stated	in	the	literature	(Zhan	et	al.,	
2016).	Additionally,	MiMi	automatically	assesses	the	likelihood	of	
the	presence	of	multiple	primer	binding	sites	in	the	host	genome	
by	collating	all	sequences	containing	a	common	primer	sequence.	
Where	 sequences	 containing	 the	primer	 sequence	produce	 low-
overlap	alignments,	 it	 is	 indicative	that	the	corresponding	primer	
binding	 site	occurs	 in	multiple	 locations	across	 the	genome,	and	
thus	 that	 particular	 primer	 pair	 should	 be	 avoided	 to	 reduce	
cross-amplification.

Statistical	models	based	upon	a	particular	model	of	evolution	at	
the	microsatellite	locus	(the	stepwise	mutation	model,	for	example)	
rely	upon	the	assumption	that	the	source	of	variation	 in	fragment	
size	is	polymorphism	in	the	number	of	repeats	in	the	SSR	(Dieringer	
&	Schlötterer,	2003).	The	presence	of	other	fragment	length	altering	
mutations	between	 the	primer	binding	 sites	 (excluding	 the	micro-
satellite	itself)	is	indistinguishable	by	capillary	electrophoresis	from	
“true”	 variation	 at	 the	microsatellite	 locus	 (Angers	 &	 Bernatchez,	
1997;	Grimaldi	&	Crouau-Roy,	 1997;	 Stágel	 et	 al.,	 2009).	Markers	
with	fragment-length-altering	mutations	outside	the	microsatellite	
locus,	potentially	 invalidate	 the	assumptions	of	a	number	of	mod-
els	 of	 microsatellite	 evolution,	 and	 are	 therefore	 avoided	 in	 our	
protocol.

Whilst	MiMi	does	not	 allow	one	 to	 state	with	 certainty	 that	 a	
putative	marker	will	not	exhibit	any	of	the	negative	characteristics	
described	 (allelic	 dropout,	 null	 alleles	 arising	 from	 population	 dif-
ferentiation,	 nonvariable	 microsatellite	 loci,	 cross	 amplification	 or	
invalidation	 of	 assumptions	 of	 evolutionary	model)	when	 compre-
hensively	 characterised	 in	 a	 much	 larger	 number	 of	 samples,	 the	
opportunity	to	identify	loci	that	do	exhibit	them,	and	subsequently	
remove	them	from	analyses,	is	nevertheless	valuable.

TA B L E  3  Potential	loci	are	automatically	filtered	by	the	MiMi	script.	Loci	are	removed	under	the	following	conditions:	Low	quality	
alignments	=	loci	rejected	due	to	not	meeting	a	minimum	requirement	for	overall	quality	of	alignment.	This	is	indicative	of	multiple	primer	
binding	occurring	in	the	host	genome,	and	of	size-altering	INDEL	mutations	occurring	in	the	flanking	regions.	Primer	mutations	=	loci	
rejected	due	to	SNP	or	INDEL	mutations	detected	within	the	primer	binding	sites.	Nonvariable	=	loci	rejected	due	to	multiple	reads	
spanning	the	microsatellite	but	no	motif	number	variation	present.	High	quality	=	loci	passed	due	to	consistent	forward	and	reverse	primer	
sequences	seen	in	multiple	individuals,	multiple	reads	spanning	the	microsatellite	and	variable	motif	number	observed,	no	evidence	of	
INDEL	or	multiple	binding	sites,	Good	quality	=	identical	criteria	as	“High	quality,”	but	alignment	provided	no	information	afforded	relating	to	
consistent	reverse	PCR	primer	or	INDEL	mutations

ID Species Total
Low quality 
alignments Primer mutations Nonvariable High quality Good quality

1 Cyanistes caeruleus 302 14	(4.6%) 7	(2.3%) 205	(67.9%) 13	(4.3%) 63	(20.9%)

2 Psammechinus miliaris 250 102	(40.8%) 9	(3.6%) 101	(40.4%) 12	(4.8%) 26	(10.4%)
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Variation	in	the	rate	at	which	loci	were	removed	under	each	qual-
ity	 control	 category	 shows	 the	 importance	of	making	each	 check,	
and	that	marker	development	in	different	taxa	may	perform	differ-
ently	from	one	another.	In	both	examples	of	the	application	of	MiMi	
here,	we	were	able	to	remove	undesirable	loci	that	failed	at	least	one	
quality	check.	Considering	 the	 total	markers	designed	and	 filtered	
in	both	species,	we	were	able	to	pass	many	loci	(mean:	20.7%)	that	
did	not	show	evidence	of	these	negative	characteristics	in	the	eight	
tested	samples.

The	success	of	MiMi	 is	dependent	upon	the	sequence	cover-
age	achieved	in	each	sequencing	run.	Very	low	sequence	coverage	
would	probably	result	in	relatively	little	overlap	in	the	sequences	
of	each	individual,	and	therefore	few	loci	passing	the	MiMi	filter.	
The	development	of	a	new	marker	panel	is	very	often	performed	
in	non-model	species	of	specialised	interest	and	it	is	likely	that	the	
genome	size	will	be	unknown	and	sequence	coverage	incalculable	
(Shikano,	Ramadevi,	Shimada,	&	Merilä,	2010).	MiMi	was	success-
fully	implemented	in	the	two	species	tested	here	(with	estimated	
coverage	of	0.57X	and	1.20X),	suggesting	that	the	method	is	suit-
able	for	genomic	data	sets	with	relatively	low	sequence	coverage	
(Ekblom	 &	 Wolf,	 2014).	 The	 proportion	 of	 individuals	 in	 which	
a	primer	must	be	detected	 is	 user	definable,	with	 a	minimum	of	
two	 individuals	 required	 for	MiMi	 to	provide	useful	 information.	
Where	loci	were	successfully	detected	in	multiple	individuals,	we	
found	 a	 negative	 correlation	 between	 the	 number	 of	 potential	
markers	 and	 the	 frequency	 at	which	 loci	were	 found	 in	multiple	
data	sets.	These	frequencies	are	dependent	upon	the	genome	size,	
and	 the	microsatellite	 richness	of	 the	genome,	of	 the	 species	of	
interest.	Where	estimates	of	genome	coverage	are	approximately	
1X	or	below,	removal	of	duplicate	primers/loci	from	the	data	set	
of	each	individual	is	recommended	(implemented	automatically	in	
the	Griffiths	et	al.	(2016)	workflow)	as	coverage	of	>1X	of	a	locus	
in	a	single	 individual	does	not	contribute	any	additional	 informa-
tion	to	the	MiMi	process.	However,	where	estimated	coverage	is	
significantly	>1X,	 their	 removal	may	 result	 in	 the	dismissal	of	an	
increased	 frequency	 of	 otherwise	 useful	 loci	 that	 appear	multi-
ple	 times	 in	 the	 sequence	data	as	a	 result	of	 the	 random	nature	
of	 shotgun	 sequencing	 (Bouck,	 Miller,	 Gorrell,	 Muzny,	 &	 Gibbs,	
1998).	 In	 the	event	of	a	 low	number	of	markers	ultimately	being	
returned,	the	filter	that	removes	loci	appearing	more	than	once	in	
the	data	can	easily	be	disabled	at	the	web	interface	of	the	Griffiths	
et	al.	(2016)	tool.	In	this	case,	multiple	reads	containing	the	primer	
sequence	 from	 the	 same	biological	 sample	will	 appear	alongside	
each	 other	 in	 the	 output	 MSA,	 allowing	 the	 user	 to	 assess	 the	
reads	as	“shotgun	duplicates”	(i.e.,	multiple	sequence	reads	cover-
ing	the	same	genomic	region	of	an	individual,	by	chance).

MiMi	makes	several	 important	assumptions	of	 the	characteris-
tics	of	microsatellite	loci	investigated	in	a	small	number	of	samples,	
and	 infers	 these	 are	 representative	of	 the	 loci	 in	 the	wider	popu-
lation.	However,	 this	 is	not	always	expected	to	be	true	 (Goldstein,	
Linares,	Cavalli-Sforza,	&	 Feldman,	 1995)	 and	 the	 removal	 of	 oth-
erwise	useful	markers,	under	the	limiting	assumptions	of	the	MiMi	
quality	control	process,	 is	 likely	to	happen.	For	example,	SSRs	that	

do	not	show	any	variation	in	number	of	repeats	in	the	sequence	data	
are	removed,	but	these	loci	may	show	variation	in	the	wider	popu-
lation.	The	ethos	behind	the	MiMi	method	is	to	select	markers	for	
which	we	have	the	most	information,	rather	than	seeking	to	discover	
as	many	markers	as	possible.	Given	the	large	numbers	of	potential	
markers	we	derived	from	the	MiMi	process,	we	do	not	consider	the	
removal	of	potentially	useful	markers	as	a	major	disadvantage,	and	
these	markers	can	always	be	added	back	if	needed.

Loci	 that	 do	 show	 allelic	 variation	 are	 ranked	 by	 the	 range	
size	of	the	microsatellite	repeat	number	(Goldstein	&	Schlötterer,	
1999),	with	 the	 assumption	 that	 the	 loci	with	 the	 largest	 differ-
ences	are	most	 likely	to	be	informative	markers.	A	large	range	in	
the	number	of	repeats	implies	that	the	variation	seen	at	the	locus	
is	 less	 likely	 to	 be	 the	 result	 of	 an	 amplification	 or	 sequencing	
error	 (Hosseinzadeh-Colagar,	 Haghighatnia,	 Amiri,	 Mohadjerani,	
&	 Tafrihi,	 2016)	 but	 rather	 is	 representative	 of	 a	 true,	 variable	
microsatellite	locus.	We	conclude	that	under	the	assumptions	we	
identify	here,	the	rate	and	efficiency	of	informative	microsatellite	
discovery	are	greatly	increased	using	high-throughput	sequencing	
data	 in	 comparison	 to	 traditional	microsatellite	 library	discovery	
methods,	 but	 the	 robustness	 of	MiMi	 should	 be	 tested	 in	 addi-
tional	species.

We	recommend	that	eight	unrelated	individuals	are	sequenced	
for	MiMi	 processing	 for	 optimal	 capture	 of	markers	 exhibiting	
multiple	 alleles	 at	microsatellite	 loci.	Whilst	 it	 is	 impossible	 to	
state	an	optimum	figure	for	universal	use,	due	to	varying	allelic	
richness	 in	 species	 and	 populations	 (Bashalkhanov,	 Pandey,	 &	
Rajora,	 2009),	 in	 our	 experience,	 eight	 samples	 represents	 an	
acceptable	balance	between	depth	of	sequencing	coverage	and	
allele	rarefaction	(Hale,	Burg,	&	Steeves,	2012).	In	species	where	
it	 is	not	feasible	to	source	eight	samples,	related	or	not,	due	to	
their	 extreme	 scarcity,	MiMi	 is	 still	 applicable.	MiMi	will	 func-
tion	beneficially	on	any	number	of	samples	>1,	whether	related	
or	 unrelated.	 Furthermore,	 species	 with	 extremely	 large	 ge-
nomes	may	not	perform	well	due	to	the	limitations	of	sequencer	
capacity	and	the	requirement	for	approximately	1X	genome	se-
quence	coverage	to	be	achieved.	Our	method	has	been	tested	on	
Illumina	MiSeq	data	only,	but	will	 function	on	paired-end	data,	
in	the	FASTQ	format,	from	any	sequencing	platform,	should	ad-
ditional	 depth	of	 coverage	be	 required.	 It	 is	 important	 to	note	
that	 we	 are	 not	 attempting	 to	 detect	 all,	 or	 even	most	 alleles	
present	at	a	locus.	Detecting	the	presence	of	multiple	alleles	(>1)	
is	 sufficient	 to	 enable	MiMi	 processing.	Other	 influencing	 fac-
tors,	such	as	the	sampling	of	related	 individuals	or	populations	
experiencing	 low	genetic	diversity	due	 to	historical	population	
bottlenecks,	may	impact	the	allelic	richness	of	the	samples	and	
therefore	the	ability	of	MiMi	to	detect	multiple	alleles	 (Price	&	
Hadfield,	2014).

Methods	 of	 genotyping	 microsatellites	 by	 high-throughput	 se-
quencing	 are	 a	 promising	 development	 and	 avoid	many	 of	 the	 am-
biguities	 inherent	 in	 genotyping	by	 capillary	 electrophoresis	 (Shin	 et	
al.,	 2017;	 Zhan	 et	 al.,	 2016).	 Determination	 of	 accurate	 genotypes	
by	these	methods	enables	many	of	the	additional	tests	required	of	a	
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microsatellite	marker	(tests	for	linkage	disequilibrium,	frequency	of	null	
alleles,	for	example)	to	be	carried	out	using	NGS	data	alone.	We	envis-
age	that	large	scale	microsatellite	studies	be	performed	using	two	NGS	
runs:	the	first	using	MiMi	to	discover	potentially	informative	microsat-
ellites;	and	a	second	using	a	high-throughput	genotyping	method	to	
genotype	all	experimental	samples	in	one	go	(De	Barba	et	al.,	2016).
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Table S1.
Details of samples used in this study, where known or applicable, including species name, researcher responsible
for sample provision (all sample providers are co-authors and can be identified by their initials), number of 
samples sequenced, co-ordinates of sample sites, relatedness, sex, details of any ethical or licensing 
requirements.

Species Sample 
Provider 

Sample
Size

Sample Sites 
(co-ords)

Relatedness Sex Ethical/Licensing 
Details

Cyanistes 
caeruleus

IRH, 
SRdK

8 All Lancaster 
University. 
N 54.010933,
W 2.787346

1) None
2) None
3) Father of 5
4) Mother of 5
5) Offspring of 3 & 4
6) Sibling of 5
7) Sibling of 5
8) None

1) Male
2) Female
3) Male
4) Female
5) Unknown
6) Unknown
7) Unknown
8) Unknown

All blood samples 
were collected under 
Home Office and 
Natural England 
licences to Ian Hartley 
and sampling protocols
were approved by the 
Lancaster University 
Animal Welfare & 
Ethical Review Body.

Psammechinus
miliaris

MBS 8 Fraoch 
Eilean. 
N 56.05975, 
W 5.14511 

Unrelated Unknown None

Tragelaphus 
eurycerus

FC, 
WEH

1 Captive Unrelated Unknown Samples collected 
from UK zoo animals. 
No ethical or licensing 
information required.

Nycticebus  
pygamaeus

AN, 
ACK

1 Captive Unrelated Unknown Samples collected 
from EU zoo animals. 
No ethical or licensing 
information required.



Table S2.
Details of the dataset ID, species, DNA extraction reagents, MiSeq sequencing reagents version, sequencing read
length, approximate proportion of flowcell and sequencing centre used to process and sequence samples for each
dataset. Where samples from multiple species were sequenced on a single flowcell, the approximate proportion 
of flowcell capacity is given as a percentage. For example, a single sample of T. eurycerus was sequenced on a 
flowcell containing another single sample from a different species. In this case T. eurycerus utilised 
approximately 50% of the flowcell capacity. Eight C. caeruleus samples were sequenced on a flowcell, with no 
other samples. In this instance, C. caeruleus utilised 100% of the flowcell capacity.

Dataset 
ID

Species DNA Extraction
Reagents

MiSeq 
Sequencing 
Reagents

Mean Read
Length 
(bp)

% of 
Flow Cell

Sequencing Facility

#1 / #5 Cyanistes 
caeruleus

DNeasy Blood 
and Tissue 
(Qiagen)

v3 300 100 University of Salford, School of 
Environment and Life Sciences

#2 / #6 Psammechinu
s miliaris

E.Z.N.A 
Mollusc DNA 
(Omega bio-tek)

v2 250 100 University of Manchester 
Genomic Technologies Facility

#3 Tragelaphus 
eurycerus

DNeasy Blood 
and Tissue 
(Qiagen)

v2 250 ~50 University of Manchester 
Genomic Technologies Facility

#4 Nycticebus  
pygamaeus

DNeasy Blood 
and Tissue 
(Qiagen)

v2 250 ~33.3 University of Salford, School of 
Environment and Life Sciences



Table S3.
Additional information regarding typical estimated reagent costs relating to developing a microsatellite marker 
panel. Prices stated are list prices as in June 2018.

DNA Extraction List Price

Isolate II Genomic DNA Kit 
(Bioline)

£149 (50 rx) £2.98 per extraction

PCR Primer Synthesis (pair) 
(Sigma Aldrich)

£10 approx. £10 per pair of markers tested

Type-it Microsatellite PCR Kit 
(Qiagen)

£1291 (2000rx) £0.13 per 5µL reaction (reaction volume reduced to 20%)

Hi-Di Formamide (ThermoFisher
Scientific)

£45.90 £1.60 per 96 reactions

GeneScan 500 LIZ dye Size 
Standard

£584 £7 per 96 reactions (volume reduced to 10%)

Capillary Electrophoresis £1 per lane £96 per 96 lanes



Table S4.
Breakdown of estimated cost of microsatellite panel development, June 2018. At a 90% success rate (MiMi 
method), to develop 20 markers 23 primers pairs require testing. At a 28% success rate (traditional method), to 
develop 20 markers 72 primer pairs require testing. Using the traditional method less than half a flowcell is 
required and the remaining capacity is used by another sample, sequenced on the same flowcell, but for a 
different experiment. Using the MiMi method the capacity of an entire flowcell is required to get sufficient 
coverage for the eight samples sequenced. Prices are estimates.

MiMi (90% Successful 
Development Rate)

Traditional (28% Successful 
Development Rate)

Illumina MiSeq Sequencing ~£1800 (1 flowcell) ~£900 (0.5 flowcell)

DNA Extraction (8 samples) £23.84 £23.84

PCR Primer Synthesis ~£230 (23 primer pairs) ~£720 (72 primer pairs)

‘Type-it’ PCR Reagents ~£45 (500rx) ~£90 (1000rx)

Capillary Electrophoresis + Reagents ~£200 ~£200

Technicians Salary (£25K Per annum) ~2 weeks (£961) ~4 weeks (£1923)

Total Estimate £3259.84 £3856.84

 



Tables S5(a) Example MiMi output from the analysis of C. caeruleus (dataset #1), and Table S5(b) example output from the analysis of 
P. miliaris (dataset #2). Columns in both tables show the forward primer sequence, the reverse primer sequence, the number of unique alleles 
(variation in the number of repeats) detected, the number of individuals in which the microsatellite locus was detected, the alleles present 
(motif and total length of repeat region in nucleotides) and the size range (difference in nucleotides between the smallest and largest allele detected.

Table S5(a)

Forward Primer Sequence (5′-3′) Reverse Primer Sequence (5′-3′)
Number of
Alleles

Found in 
Individuals

Alleles Present
Size 
Range

AGGAAGGGACCAGACAATCC GCATTTTCTCAATGTCAGACCC 2 3 ATCC(32) ATCC(60) 28

TGGGACAGGGAAAAGAAAGG GTGATGGATGTGGCTGTTCC 2 4 TG(20) TG(36) 16

GCTGTGCTGAAGTTCCTTCG CGCACATCTTGTGAAATTCG 2 3 TG(28) TG(22) 6

TGTCCCGTACACTGGAAAGG TGGTTACCCAGTTTCTACTGCC 2 5 AG(12) AG(18) 6

CAACAGTTTTCTCTAGGCTGTGG AATGGAGGGATTTCAGACAGC 3 4 AAAC(24) AAAC(28) AAAC(24) 4

ACAGAAGCCATGACAAGGGG CCGGTACATGACATAGAGACTCACC 3 4 AG(20) AG(16) AG(16) 4

CATGGGACGTGAAGAGTATGG TTCAGAGCCTTCATCACATCC 2 3 AG(24) AG(20) 4

ACCAGGTAGCTGTCAGTTGAGG GATGTGAATGGACCAGATTGC 4 4 TG(12) TG(16) TG(16) TG(16) 4

ATAGGCCATGATCCCTTTCC ACCTCAGCTTTGCTTTGTGG 2 5 TGC(27) TGC(30) 3

CTATGTGTGTGGCCAGTTGC CCTGCACTCCAGATACCAGC 3 3 TG(16) TG(14) TG(14) 2

CTTGCTCTCTTCATCCTTCCC GGCGTTGAAGTAGCTGAAGG 2 4 AG(12) AG(14) 2

TCCCTTCAGCACTGTCTGC CCTATTTGTGTGTGTGGCCC 3 4 TG(14) TG(14) TG(12) 2

GGCAGAAGCATGTGAAATCC GAGTGAACCAGCCACAGTCC 2 3 AG(16) AG(18) 2

CATTGTGAAAGGAGATGCCC GGTTTGTATTCCCATCGTGC 2 3 AAAAGG(126) AAAAGG(54) 72

AAGCAGATAGCACTGGCAGC CCATAACTCTCAACAGCCAAGC 2 3 ACT(60) ACT(18) 42

GTGGTTAAACCCCAACCAGC ACCATTGCTTGGGAACAGG 2 3 ACTC(56) ACTC(24) 32

GAACACTGAATGTCTCTTCCAGC CTGCTGTCACTCACCTGTGG 2 4 AATAG(60) AATAG(90) 30

CTACTCCAGGCTGAGGCTCC GAATTGCTGCCTCCTCCC 2 3 TG(14) TG(38) 24

GCGATTAAGCCATCAATCTCC GCTATAAAGTGCTGGAGCGG 2 4 TTG(39) TTG(18) 21

TCCAACAAATCCTGGAGTGC CTTGCTCTGAAGCCTAGGGG 2 3 TGC(48) TGC(27) 21



TCAGGACATCTGTGAGCAGC CCCTGCAAGGCTAAATCCC 3 3 ATAG(60) ATAG(40) ATAG(56) 20

TGCTGTTCTGAAGCAGTTGG ACTGGGAGGTAAATTTGGGG 2 3 ATC(42) ATC(24) 18

TGGGAGGAAAATATGGGTGC ATCCAAACTGTACATGCGCC 2 3 AG(12) AG(30) 18

GTGAGGCACCACTGGAAGC TCTCCATTTGGCAATCTGTAGG 3 3 TTG(36) TTG(27) TTG(18) 18

TGCACCCTTTCACCTAGACC GCTCTGTTCCCAGGATTGG 2 3 ATGGAG(36) ATGGAG(54) 18

AGATCCAACGGAGAGTGGG CTTGGAGCAGTGATTTCAAGC 2 3 ATC(27) ATC(42) 15

CAGGGCTCTGAAGAAACTGC GGCTGGTAGAGATGTGCAGG 2 4 ATCC(48) ATCC(36) 12

CACTGCAATGATTAAGGCTGC GCCTAGCAGGATGAGATGGG 2 3 ATGAG(60) ATGAG(50) 10

GACCAGCTTTTCTCTTCCCC CTGCACTAGGGAGCTGATGG 2 3 TG(22) TG(32) 10

AAACTGGCTTGTGTGAAGGG TTAGGGAAACTGCAGCAAGG 2 3 AG(12) AG(22) 10

GGACAGGGATGCTAACAGGG ATGCTGCTACAGCCAGCCC 3 3 ATC(30) ATC(39) ATC(30) 9

ATGGATTCGTTGCATTCAGG TAAAGTCACCTGACCCTGCC 3 3 ATCC(52) ATCC(48) ATCC(44) 8

CTAGCTGCTGCCATAGGAGG AGGAGTGTCTGCATTCCTGG 3 3 TG(24) TG(16) TG(18) 8

GGCACCAGATGCAGTAATATTGG AGGCAAAGAGAACAGAGCAGC 2 3 AT(20) AT(12) 8

TGTGTCCTTAAAGCTAGGGGC ACATTTAAGGGAGGTTGTGGC 2 3 ATAG(44) ATAG(36) 8

CAGGCCTTTGATAAGGTCCC CTCTGGACAACATCCCATCC 2 3 ATCC(40) ATCC(48) 8

GGCAGGAGGACAAAAGAAGC CATCCCTGAATTTCCAGCC 3 4 TG(18) TG(24) TG(16) 8

CAAGTGTTATGTGATAGAGGAGGGG GCAGGTTCAGCATTTGTGG 2 3 AG(18) AG(24) 6

TTGGAAGGAGTTTCCAATGC GTGTATGTGAGGATGTTAGCAAGC 2 3 ATTCTT(78) ATTCTT(72) 6

AGAACAGCAGCGTGAGTGC CTGACCGCACAGAGACACC 2 3 AGG(18) AGG(24) 6

CTTGGCTGTAGCATTCTGGC AGTCCAGTCACTTGGCATCC 2 4 AG(16) AG(22) 6

TGTTGAAGAGGCATTGCTGC TTTCATCACCAGATGTCCCC 2 4 AGCTC(35) AGCTC(30) 5

TTCTTGCCTTTTGGAGATGC TCCCCAGCTATTTGCTTACG 2 3 TG(20) TG(24) 4

CCGTATGTTTCTTAGGCCCC ACAACCTGTTTGTGCAAGGC 3 3 AG(22) AG(22) AG(18) 4

CTTTCATTTCCCCTCCTCCC CCAGATCAGGGTCACAGAGC 2 3 AG(16) AG(12) 4

AGATCCATGGAAGTAGGGAAGG GATTGGAGAGGTGGGTTGG 3 3 TG(12) TG(16) TG(16) 4

GAATCCTGTTGCATTGAGCC CGTCCTTCAGGACTGTCACC 2 3 TG(12) TG(16) 4

GCGATGAGTGGATTTTCTGC GAAGGGGTGTTTGTTCCTGG 2 3 AG(12) AG(16) 4

CATGGCACTGACAGATTTTCC TTTCAGAGGCACAAAGGACC 2 3 TG(12) TG(16) 4

CAGGCTGGGTTTAGGTTTGG GGGTGAGCTCTGTATGCACC 2 3 AG(12) AG(16) 4



Forward Primer Sequence (5′-3′) Reverse Primer Sequence (5′-3′)
Number 
of 
Alleles

Found in 
Individuals

Alleles Present
Size 
Rang
e

TTTCACCACTCTCCTTCTCTCC GTTCTCAAGCAGACGATGGG 3 4 TC(30) TC(16) TC(14) 16

GTGTTTGTGGGAGAGAAGGG ATGAGTGTTCCCAAGGTTCG 2 3 TC(62) TC(46) 16

CCTCTGCTCACATACAGAGTCG CTTTTATACCTCCGAGGCCC 3 3 TC(20) TC(14) TC(16) 6

AACTTTGGAGCAACGAAACG TCAGTTGGTTCTATGCCTCG 2 3 ATG(30) ATG(24) 6

CGTGCGTACACAACACTTGC CCTATCCTTCATGTCGGGC 3 4 TC(18) TC(22) TC(18) 4

TGAAATGTAGGAGGATGGGG TCATAATGTGCATGCTTGGC 2 3 TC(16) TC(12) 4

TCAGTGAAGGAAGAAAGGCG CTGTACGTGATTGCTGTCGG 2 4 TTC(21) TTC(18) 3

TCACTGCCACTGAAATTTGG AACTTTGGAGCAACGAAACG 2 3 ATG(27) ATG(24) 3

CAGATTCAGAGTGATTGTGTGC AACACCCACGAAAGGACC 2 3 AG(14) AG(16) 2

CGGAAGAGACCCTTTAAGTCAAATGAGG CTCCCTGCCTGTTTACATCACTTCC 2 5 AG(16) AG(14) 2

TAGTCAATAAAGCGCAGCCC TATCATGACCCTAGTGGCCG 3 3 AT(14) AT(12) AT(12) 2

GTCTCTTTCCGTCTCTCCCG TGGATTGAGTTACCGCTTCG 2 3 TC(14) TC(12) 2

GACAGAGGGCAGTTATGATAAGG GAAATTCGCTGGTGAAAACG 2 3 TTC(24) TTC(66) 42



GCCAGGAAAGTTCAATGTTGATAGCG CACCCGCACATGAGCATCC 2 4 AG(44) AG(18) 26

CCAACTCTTTGTCACTGGGG TGTGGCCTCAATGGAGTAGC 2 3 TC(28) TC(14) 14

TGCCTGTCTGTTTTGTGACG AAGGGTTGAGCGAATGAGG 2 3 TC(32) TC(42) 10

TACTTTGCAAGGGTCAAACG TCGCCAAAGTGCTAACTCG 3 3 TC(12) TC(22) TC(12) 10

CAGCACCTAATTATTCCCGC AAGGGGAATAGGGGAATGG 3 5 TC(32) TC(28) TC(22) 10

TCATTGGGTCCTGATAAACTCC GCTCTCAAGACATCCTTGCC 3 3 AC(12) AC(16) AC(20) 8

CGTTTAGACATCTTTCAGAGGACG CCTTGGCTATAGGAGACCGC 2 3 TC(14) TC(22) 8

GCCTACTATCGACTCATTTTACTGGG GTTATTACAAAGGTCGGGTTACCG 2 3 AT(20) AT(14) 6

GTCTCGAACGGAAGTTCAGG ATTCATTACATGCAGCACGG 2 4 TC(32) TC(28) 4

TAATGGTGTCATGTCTCGGC CAGTGATGATTTGGCTGGC 2 4 TC(28) TC(32) 4

CTGTCGCCTCCTTTTAATATGC ATGGAGAGGAAAGCTGTTGG 2 3 TC(36) TC(32) 4

TGTGATATTTTGGTGAGCCG TTTTGTGCTGGTTCGTGG 2 3 TC(16) TC(12) 4

CGATTTCTGATTACGCTTGC GCGAGTGCAGTCTCTACGC 2 3 TTC(18) TTC(21) 3

GTGGTAACTATAATAGGGGCATGG TTAAGGTGCATCCAGGTACG 2 3 ATG(48) ATG(45) 3

CGATACGGAAGCTAACAAACC GCAAAAGGCCTTCAATAAGC 2 3 ATG(18) ATG(21) 3



TGCTGTTGAATACCATTGCG GCCCATCTCCACAACAGC 3 3 TGC(21) TGC(18) TGC(21) 3

TATTAGTTTGCGCAGGTTCG TCAAACAAAGGATGAAGGGG 2 3 TC(20) TC(22) 2

TTATGAGCACCGGTCTAACG GTACATGGCTCCAAGCAAGG 2 3 TC(20) TC(18) 2

ACGTGAGAATCAAAGCCCC TATTTACCTTGCCCGAATGC 2 3 AT(14) AT(12) 2

CACCTCAAGTTTGCAATCCC TTCAACCGCCTGGTTTAGC 2 3 TC(18) TC(16) 2

CCAAATCATAGGATGGTGGC TCGGAAACTTTCACTCCTGC 2 3 TC(28) TC(30) 2

GGGTTGTTTGCTTGTTCGG GCAGCTGAACTGAAGGTGG 4 4 TC(14) TC(16) TC(16) TC(16) 2

AAACTGTCAAGGAAGGCTGG TGAGTGATGGTAGTTTCGCC 2 3 ATG(33) ATG(27) 6

GTGGGTGTCCTCATCAAACC GTTGGTTTCAATACCACGGC 3 4 TGG(24) TGG(21) TGG(24) 3

TTTGAGAGAGATCGAACGGG TTTCCCAAAGTCTCTCTGTGG 2 3 TC(22) TC(24) 2



Figure S1. Multiple sequence alignments showing benefits of a multi-individual approach to marker 
development.
(a) A primer sequence (highlighted in red) aligned against data from multiple samples. The primer is completely 
conserved in the four sequences above the primer. This primer will likely perform well in PCR due to the high 
rate of conservation and will likely not suffer an elevated rate of null alleles. 
(b) A primer sequence aligned against data from multiple samples. The primer region contains a single 
nucleotide polymorphism at position 14 in the primer (highlighted in red). The top two template sequences 
contain adenine nucleotides and the lower two contain thymine. This primer may still perform generally well in 
PCR but is more likely to suffer from null alleles.
(c). A section of the flanking region between a primer binding site and the microsatellite region. Generally, the 
sequences are very highly conserved, however, here one sequence contains a significant deletion mutation 
(highlighted in red) whilst maintaining high sequence conservation at either side of the deletion. The middle 
sequence is missing 33 nucleotides compared to the other four sequences. Using traditional microsatellite 
genotyping methods which utilise molecular weight, the change in fragment size due to this deletion is 
undistinguishable from “true” mutations at the microsatellite, leading to a potentially incorrect genotype.
(d). A microsatellite region (highlighted in red: CATA motif) flanked by highly conserved sequence. The length 
of the SSR is the same in all five sequences (CATA*7), indicating that this particular marker may not be 
informative, as it does not show any fragment length altering polymorphisms within the microsatellite. 
(e) A microsatellite locus with variation in the number of CATA repeats present. Five sequences are presented 
showing four different genotypes (highlighted in red) and maintenance of the high sequence conservation in the 
flanking regions at each side of the microsatellite. This locus is much more likely to be informative for 
genotyping as it shows the variation in the locus that is crucial for utility as a genetic marker.
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Table S1. Reagent and service costs relating to the microsatellite analysis (20 markers) and RAD-Seq / 
SNP analysis of 96 H. gammarus samples.

Reagents & Services for Microsatellite Analysis Reagents & Services for SNP Analysis

Reagent / Service Cost (per 96 samples) Reagent / Service Cost (per 96 samples)

DNA Extraction: 
Promega Wizard SV 96 
DNA Purification 
System

£173 DNA Extraction: 
Promega Wizard SV 96 
DNA Purification 
System

£173

PCR Primers: Custom 
oligos required for 
amplification of 20 
microsatellite markers

£760 PCR Primers: Nextera 
XT Index Kit v2 (96 
indexes)

£827

PCR Reagents: Qiagen 
Type-it Microsatellite 
PCR Kit (inc. extra 20%
for optimisations)

£305 NGS Library 
Preparation Reagents: 
New England Biolabds 
NEBNext Ultra II DNA 
Library Prep Kit for 
Illumina

£1,811

Capillary 
Electrophoresis

£1,440 Sonicator Tubes: 
Covaris microTUBE 
AFA Fiber Pre-Slit 
Snap-Cap 6*16mm

£383

Size Standard: Thermo 
Fisher Scientific 
GeneScan 500 LIZ dye 
Size Standard

£172.8 NextSeq Flowcell: 
Illumina NextSeq 
500/550 Mid Output Kit
v2 (300 cycles)

£1,721

Streptavidin Capture 
Beads: Invitrogen 
DYNAL MyOne 
Dynabeads Streptavidin 
C1

£337

SbfI Restriction 
Enzyme: New England 
Biolabs SbfI-HF

£68

TOTAL £2,850.8 TOTAL £5,320


