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Abstract 

The red squirrel (Sciurus vulgaris) has seen a population decline in Ireland and Britain 
over the last 100 years since the introduction of the North American grey squirrel 
(Sciurus carolineneis). The decline has been attributed to a number of factors 
including habitat loss and direct competition with the invasive grey squirrel. As a 
result, there is a growing need to monitor the distribution of both species for 
conservation management. Squirrels can be surveyed non-invasively using hair-
tubes, and the species can be identified by microscopic identification of individual 
hairs. To increase the information obtained from non-invasive surveys a suite of DNA 
tools to identify both squirrel species from non-invasive DNA samples were 
developed in this study. This involved the design of real-time PCR assays designed to 
amplify short DNA fragments of red and grey squirrel DNA. A molecular dietary study 
of pine marten (Martes martes) scats using the species-specific assays to detect 
squirrel DNA in the pine marten diet was also conducted. Methods to determine the 
gender of squirrels were investigated by testing the utility of a range of Y-
chromosome markers. A panel of previously published microsatellite DNA markers 
were screened and optimised to identify individual red squirrels. The techniques 
were applied to a hair-tube study in County Waterford, South East Ireland, where 
individual red squirrels were identified. Additional samples were collected from 
subpopulations throughout Ireland, and a remnant red squirrel population in mid 
Wales where the genetic variability of the populations were assessed using 
microsatellite genotyping and mitochondrial DNA sequencing. The combination of 
these tools can be used for non-invasive monitoring and translocation projects of the 
red squirrel.  
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Chapter 1: Introduction 

1 
 

1.1 Squirrels of the world 

 

Squirrels form the Sciuridae family and are part of the order Rodentia, all of which 

are believed to have ascended from a common ancestor that lived around 35 million 

years ago (Thorington et al. 2012). The earliest squirrel fossil was found in North 

America and was dated to 36 million years ago. This squirrel, Douglasssciurus 

jeffersoni might be the earliest known ancestor for the Sciuridae (Thorington et al. 

2012). The family Sciuridae comprises 273 species and 50 genera divided in two 

subfamilies: Sciurinae, the tree and ground squirrels, and Pteromyinae, the flying 

 squirrels (Steppan et al. 2004).  

 

The Sciuridae are found throughout the world, with absences in southern South 

America, Madagascar and Australasia (Steppan et al. 2004). Steppan et al. (2004) 

examined the phylogeny of the Sciuridae and found that flying squirrels are most 

closely related to holarctic tree squirrels, which consists of North American and 

Northern Eurasian tree squirrels (Fig 1.1). African tree squirrels formed part of a 

subfamily from Southern Asian tree squirrels (Fig 1.1).  

 

 

Fig 1.1: Phylogeny of the Sciuridae from Thorington et al. (2012) and based on 

research by Steppan et al. (2004).  
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The  role of squirrels in ecosystem functioning is well documented in terms of seed 

and fungal spore dispersal, and planting and pollination of seeds in a variety of 

habitats (Thorington et al. 2012). Squirrels are an important prey item for a range of 

predators, and have many uses by people. For instance, grey squirrels (Sciurus 

carolinensis) are an important game species in their home range in North America, 

and Callosciurus are an important food source in Asia. The pelts of squirrels have 

been and continue to be used by people, especially in Eurasia (Thorington et al. 

2012). In some countries, the conservation, and the encouragement of recreational 

observers has led to the establishment of squirrel associated industries including eco-

tourism activities, a demand for nest boxes and feeders, and an illegal pet trade 

(Thorington et al. 2012). Squirrels are also associated with negative economic 

impacts, such as bark stripping, predation of crops, damage to electrical wires 

through gnawing, burrowing into human structures, and they are important vectors 

of diseases, including human diseases such as the plague (Thorington et al. 2012).  

 

When considering the ecological importance of the Sciuridae at a global level, it is 

important to understand the overall conservation status of the Sciuridae. The largest 

threats to the Sciuridae are habitat loss and fragmentation, overexploitation and 

hunting pressures, the effects of climate change, and invasive species (Thorington et 

al. 2012). Squirrels rely on mature forests that produce a large quantity of seed, and 

have adequate areas for seed storage and nest building (Koprowski 2005). 

Clearcutting directly removes and degrades habitat which decreases squirrel activity, 

and potentially increases their vulnerability to risks of predation and extinction. 

Thinning also reduces squirrel density, and red squirrels were found to avoid areas 

that were open, or that contained increased shrub cover (Gurnell et al. 2002; 

Koprowski 2005). Thorington et al. (2012) report that worldwide deforestation rates 

are at 0.33% annually and grasslands are being annually reduced by 0.08%, resulting 

in a combined habitat loss of 4% per decade. The results of habitat fragmentation 

can change genetic variation and alter population densities and affect the overall 

biodiversity of the species.  As a result, about one fifth of squirrel species across the 

world are considered at risk or are so poorly studied that there is a lack of knowledge 

regarding their conservation status (Fig 1.2). Only 35% of all species are considered 
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to have stable populations, with the remainder decreasing or are of unknown status 

(Thorington et al. 2012).  

 

 

Fig 1.2: IUCN (International Union for the Conservation of Nature) conservation 

assessment of the Sciuridae (Thorington et al. 2012).  

 

1.2 Holarctic tree squirrels 

 

Within the Sciuridae there are three genera; Sciurus (n = 28), Tamiasciurus (n = 3), 

and Glaucomys (n =2) species (Koprowski 2005). An example of the high diversity of 

Holaractic tree squirrels can be seen in the Madrean Archpeligo in North America, an 

area between Arizona and New Mexico, encompassing an area of basin and range 

topography that includes a diverse range of island habitats that are isolated due to 

lower desert elevations. As a result of isolation, the area has one of the highest 

numbers of squirrel species in the world, with five Sciurus and Tamiasciurus species 

and an additional two introduced Sciurus species. There are also 16 subspecies that 

evolved due to isolation in the region. The future of all endemic species in the region 

is under threat (Koprowski 2005).  

 

1.3 The red squirrel (Sciurus vulgaris)  

  

The Eurasian red squirrel (Sciurus vulgaris) (Fig 1.3) is distributed in forested areas 

across the Palaearctic from Ireland, Britain, Spain and Portugal to Eastern Russia, 

Japan, Mongolia and China (O’ Teangana et al. 2000; Thorington et al. 2012) (IUCN 

Red list 2008) (Fig 1.4). There are at least 22 documented subspecies of Sciurus 
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vulgaris, but according to Thorington et al. (2012) there is a need for broader studies 

across the species massive range.  

 

Fig 1.3: Red squirrel (Sciurus vulgaris) photographed in the Comeragh Mountains 

Co. Waterford (Photographed by Maurice Flynn). 

The habitat requirements of the species vary throughout the range, but it is mostly 

found to be abundant in large areas of coniferous woodland, although it is also found 

in deciduous and mixed woodlands. The species can occur in subalpine forests and 

can even occur in urban environments (Bertolino 2008; Thorington et al.  2012). Red 

squirrels live in nests called dreys that tend to be spherical and positioned close to 

the tree trunk or situated between a forked branch. Squirrels may alternate between 

different dreys for day rests and night time sleeping (Gurnell et al.  2008). 

 

According to the IUCN, the red squirrel is listed as being of ‘least concern’, however, 

the overall trend of the population is in a state of decrease, and if the red squirrel in 

the British Isles was to be considered by its sub-species title (S.v. leucurus), then it 

would be considered critically endangered. The species is also considered to be near 

threatened in Mongolia and Croatia, and is of vulnerable status in Poland (Thorington 

et al. 2012). It is the only native tree squirrel in Europe (Bertolino 2008), and has the 

largest habitat range of all squirrels in the world (Thorington et al. 2012). Its colour 

variations include dark red, black, brown, grey and bluish, and the underneath varies 
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from white to cream, with the tail ranging from the same colour as the dorsum to 

paler colours in summer (Thorington et al. 2012). The ear tufts also vary with season, 

being more pronounced in winter than summer.  

 

Fig 1.4: Current distribution of red squirrels in their extant (yellow) and introduced 

(purple) habitats across Eurasia (Accessed from the IUCN 2008 data on 23rd of 

August 2013).  

 

1.3.1 The red squirrel in Western Europe 

 

The earliest radiocarbon dated bones of red squirrel (after the last glaciation which 

eneded around 12,000 years ago) are from a site on the Atlantic coast of Norway. 

This was dated as being between 11,500 and 10,000 years old (Stewart and Lister 

2001). Stewart and Lister (2001) believe this is evidence that the pine line was this 

far north, or possibly that there was an oceanic northern refugium. Remains of the 

red squirrel were also found in Hungary and were estimated to be from the middle 

Pleistocene, and later records from France place fossils as late Pleistocene (more 

exact dates were not made available in the study). A radiocarbon dated fossil from 

Germany was dated to be about 8,000 years old (Lurz et al. 2005). 
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1.3.2 The red squirrel in the British Isles 

 

The red squirrel in the British Isles (Britain and Ireland) represents the most westerly 

point of its Eurasian distribution. It is not known precisely when the red squirrel 

arrived in Britain, but the oldest bones found in Britain are from the Isle of Wight, 

and they were radiocarbon dated and estimated to be about 4,500 years old (Lurz et 

al. 2005). The fossil record is poorly defined for the red squirrel in mainland Britain, 

and where it does appear in caves, it is associated with forest floras. Shorten (1954) 

wrote that the bone fragments of a squirrel species, possibly an ancient relative of 

the modern red squirrel, and ossilized chewed fir cones (possibly chewed by 

squirrels) were found in “bone caves” (sites that contain relics of ancient mammals) 

in Norfol,k and were  dated to a period in the late Pliocene. Shorten also documents 

a premolar that was found in similar cave deposits from that time which were 

identified as Sciurus whitei. This squirrel species is not well defined according to 

Reumer and van den Hoek Ostende (2003).  

To help explain the poor fossil record for squirrels, Reumer and van den Hoek 

Ostende (2003) suggested that as squirrels are good tree climbers they are a difficult 

species for predators to catch and subsequently, this may explain why they do not 

regularly occur in bone caves. In fact, squirrels in general are poorly represented in 

the fossil record across the world, despite their wide distribution (Thorington et al. 

2012).  

The red squirrel and people 

The red squirrel does not feature extensively in Irish folklore. The wolf (Canis lupis) 

and wild pig (Sus scrofa) feature extensively in Irish place names (Hickey 2011), while 

the red squirrel rarely does. One exception is the place Carrickreagh, or Carraig na 

hIorua, in Donegal, that means “rock of the squirrels”. One of the earliest mentions 

of the red squirrel in Ireland was in Brehon Laws, where it was classed as a cat, which 

possibly means that they were kept as pets. Pine marten (Martes martes) were also 

classed in the same category, and a famous example of a pet marten was the one 

kept by Queen Maeve of Ulster in Irish Mythology. Squirrels were highly regarded for 
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their fur, known as ‘vair’, and its use was restricted to nobility during the Middle Ages 

(Mac Coitir 2010). 

The fur of red squirrels from the Russian dominions was favoured over European 

varieties due to the bluish/grey colour. It was said that 15,000,000 were captured 

annually in Russia, and 3,000,000 of those were destined for the British market. The 

white underbelly was used to line coats. The tails were made into boas for foreign 

markets and the tails were also made into artists’ pencils (Royal Commission, London 

1851). Squirrel hats became popular in central Europe in the 1550s and were 

favoured by the less wealthy as the red squirrel fur from Western Europe was 

cheaper than prized beaver fur which was worn by the wealthy at this time. The 

demand for squirrel fur declined at end of the 14th Century as it became quite 

common, and then it began to be replaced for a demand for mustelid fur (Hoffman 

2010). Around this time fur trading markets opened up on an international scale, as 

many of the European animals became depleted during Medieval times.  

A recent history of the red squirrel in Ireland 

Le Fanu (1922) cites the “rates outward” book that documented thousands of red 

squirrel skin exports in the 16th Century. These exports then ceased and it is 

presumed that a lack of habitat and over exploitation caused the proposed red 

squirrel extinction in the 17th Century. It is not fully understood if red squirrels 

became extinct at this point in Irish history, or if they became so rare that the export 

business became no longer viable. The cessation of squirrel tail exports also coincided 

with a depression in the export market (Mac Coitir 2010). Shorten (1954) added a 

further caveat to the Irish export record however that there might be a danger in 

assuming that all the skins were in fact native to Ireland. Shorten provided an 

example of red squirrel skins that were listed as an export item from England to 

Scotland, but the skins had actually originated in Scandinavia and Russia. It is now 

generally accepted that the red squirrel was present in Ireland prior to its 

reintroduction in the 1800s, but it is not known how long red squirrels had been 

present in Ireland prior to that, again confounded by a lack of archaeological 

evidence.  
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The first documented reintroduction of the red squirrel in Ireland refers to dates 

between 1815 and 1825 in Glenmore Estate, Ashford, Co. Wicklow. Other 

introductions are also referred to by Barrington 1880 (Table 1.1).  
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Table 1.1 Documented introductions of red squirrels in Ireland from Barrington 

(1880). 

 

Location  
Person responsible 

for release 
Number and Source  Year 

Glenmore Estate, 
Ashford, Co.  

Wicklow 
J. Synge 

A single pair, bred in the 
house and released 

1815-
1825 

Castle Howard 
Estate, Co. Wicklow 

Alice Howard, 
Countess of 

Wicklow 
Unknown 1800s 

Lucan, Co. Dublin J. Shackleton  
10 squirrels, purchased 

from a Dublin dealer 
1876 

Brownes' Hill, Co. 
Carlow 

Colonel Bruen Multiple squirrels 1850 

Birr Castle, Co. 
Offaly 

Lord Roose 
Multiple squirrels from 
Sussex and Yorkshire 

1864 

Castle Taylor, 
Garbally, Co. 

Galway 

Lord and Lady 
Glancarthy 

Two - four pairs from 
London 

1833 

Roscommon Stable boy 
Translocated the 
Garbally squirrels  

1874 

Castleforbes, Co. 
Longford 

unknown Unknown 
Common 
in 1836 

Multyfarnham, Co. 
Westmeath 

Nugent Unknown 1800s 

Ballyarr, Ramelton, 
Co. Donegal  

Lord Hill 
Kept as pets, possibly 

released/escaped 
Present 
in 1876 

Moneyglass, 
Toome, Co. Antrim 

Jones 
Multiple squirrels from 

England 
Around 

1874 

Ravendale Park, 
Newry, Co. Down.  

Lord Clermont 
Two separate releases of 

10 and 15 squirrels 
1851 
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In 1880, most of the south of Ireland did not contain any red squirrels. There were 

no records of red squirrels in Counties Cork, Waterford and Kerry (Fig 1.5 [a]). 

Interestingly, most of the records of introductions occurred in Anglo-Irish estates, 

with many of the owners serving in the British parliament which provided relatively 

easy access to the British squirrel population. Barrington wrote in 1915 that red 

squirrels had arrived in Waterford and were so common in Portlaw that they were 

described as a pest. By 1910, red squirrels had been documented in every county in 

Ireland (Shorten 1954) (Fig 1.5 [b]).  

 

Fig 1.5: (a) Locations of red squirrel records from Barrington (1880). Black circles 

represent documented presence and white circles documented absence. Map 

created by A Harrington. (b)  Every county in Ireland had records of red squirrels by 

1910. The first year documented per county is shown (Shorten 1954).  

A recent history of the red squirrel in Britain 

The red squirrel in Scotland is also thought to have become extinct during the 18th 

Century (Shorten 1954). Although, Harvie-Brown (1881) thought that there may have 

been a possibility that red squirrels survived in the Scottish highlands. Some of the 
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reasons suggested for the decline relate to the destruction of woodland habitat for 

building and to fuel iron smelting furnaces. Reintroductions into Scotland occurred 

from 1772 to 1872. Most of the reintroductions were reported to have come from 

England or Wales, and some from squirrels from Norway or Sweden were introduced 

into Perthshire (Shorten 1954).  

Shorten (1954) found it difficult to find direct evidence for the decline of the red 

squirrel in Wales and England in the 18th Century. There was an increase in industry 

at the time and woodlands were neglected during this period. There was a 

documented scarcity of wood and a high industrial demand for wood meant that it 

had to be imported to support the industry demand. As a result, Shorten believes 

that the red squirrels in England and Wales must have suffered similar declines to 

Ireland and Scotland during this time. 

Conifer species were introduced during the end of the 18th Century and between 

1810 - 1823 over 50,000 acres were planted. By 1890, red squirrels were beginning 

to become abundant throughout the British Isles. Shorten (1954) cites a note from 

London dated to 1837, that reports that 20,000 red squirrels were sold at London 

markets annually. Some of these red squirrels were reported to have been imported 

from France, while many more were brought in by labourers from the local areas in 

the south of England. Shorten cautioned however that this could be an exaggeration. 

It is clear however, that the demand for red squirrels in Britain at this time was high 

and that imports from Continental Europe were occurring to supplement the market 

demand. It is also probable that red squirrels were being bred in captivity to support 

the market. This is also a likely origin for many of the Irish red squirrels, both through 

dealers, and those travelling between London and Ireland.  

1.4 The North American grey squirrel (Sciurus carolinensis)  

 

The grey squirrel (Sciurus carolinensis) (Fig 1.6) is native to Eastern North America, 

and is found from Saskatchewan in Canada to Texas (Fig 1.7). It was introduced into 

Britain (Scotland, Wales and England), Ireland, Italy, South Africa, Australia, Mexico 

and various locations in Western Canada and North America including California, 
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Montana, Oregon and Washington. Similar introductions took place in Quebec, New 

Brunswick, British Columbia, Manitoba, Nova Scotia and Ontario (Thorington et al. 

2012). Introductions to Mexico, Australia, and Hawaii failed to establish (Thorington 

et al. 2012).  

 

Fig 1.6: Grey squirrel (Sciurus carolinensis) (photographed by Brian Power). 

Grey squirrels are relatively large and weigh 500 to 710 g (Thorrington et al. 2012). 

The squirrel has a grizzled pale to slate grey colour that sometimes exhibits a reddish 

or cinnamon colour (Thorington et al. 2012). Melanism tends to be more common in 

northern populations of grey squirrels, in their natural distribution, but black 

squirrels have also been seen in Britain. Albino squirrels are also found in Arizona and 

Midwestern USA (Thorington et al. 2012).  

The grey squirrel can be found in hardwood, mixed forests and urban areas with few 

trees (Thorington et al. 2012). The diet of the grey squirrel in North America consists 

of seeds, fruit, nuts, insects, grains, fungi, bones and cannibalism (Bertolino 2008). 

Thorington et al. (2012) also report that grey squirrels will feed on nestlings and eggs. 

No cases of bark damage by grey squirrels have been reported in the United States 

despite huge economic losses in Europe as a result of bark stripping (Huxley 2003; 

Mayle and Broome 2013).  
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The grey squirrel has many more natural predators in its native range than it does in 

Britain and Ireland. In the USA, martens, both fishers (Martes pennanti) and the 

American marten (Martes americana) will predate on the grey squirrel (Hales et al. 

2004). The number of predators in Britain and Ireland are markedly reduced and may 

be a factor that facilitates the invasion process. The only potential predator of grey 

squirrels in Ireland is the pine marten (Martes martes) and possibly foxes (Vulpes 

vulpes) and cats (Felis silvestris catus) (Carey et al. 2007).  

Grey squirrels are a vector for the squirrel poxvirus which causes a lethal disease in 

red squirrels (McInnes et al. 2013). The grey squirrel population has developed 

immunity to the disease (Huxley 2003). The first occurrence of the virus in Ireland 

was documented in 2012 (McInnes et al. 2013). However, it is unknown if the virus 

was previously present in Ireland, but had gone undetected.  

 

Fig 1.7: Native range of the grey squirrel (Sciurus carolinensis) in North America 

and Canada (Accessed from the IUCN 2008 data on 23rd of August 2013).  

 

1.4.1 The grey squirrels in the British Isles 

Shorten (1954) wrote that “the pastime of importing, keeping, releasing, and 

distributing the American squirrel was in vogue between 1876 and 1929”. Many 

documented introductions of the grey squirrel took place throughout Britain in the 

19th Century (Reynolds 1985). Shorten (1954) detailed a number of the most 

important introductions in Britain (Table 1.2). The importation of grey squirrels was 
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finally banned in Britain in 1938 (Huxley 2003). Despite the British ban, imports to 

Italy also occurred in Piedmont, Stupinigi, Genoa, and Trecate (although some were 

removed) (Huxley 2003), but an increased number of populations have been 

observed in recent years (Martinoli et al. 2010).   

Table 1.2: Documented introductions and releases of the grey squirrel throughout 

Britain and Ireland (captured from Shorten 1954).  

 

 

 



Chapter 1: Introduction 

15 
 

1.5 The decline of the red squirrel in association with the spread of the grey squirrel 

Red squirrels reached record abundance in Britain in the late 1800s, and reports of 

damage in plantations were beginning to be documented throughout Britain (Harvie-

Brown 1881; Shorten 1954). Red squirrels were subsequently controlled to reduce 

their numbers (Shorten 1954). This period was followed by a population crash 

between 1900 – 1920 and it occurred throughout the British Isles, including Jersey 

where the grey squirrel was never introduced. Despite the decline being associated 

with the introduction of the grey squirrel, Shorten (1954) reported that some of the 

dead red squirrels from this period showed signs of coccidiosis (a parasitic disease of 

the intestinal tract), but other diseases may have also been prevalent at the time. By 

the 1930s red squirrels began to recover again, but a decline during the Second World 

War also occurred due to a high demand for timber. Fluctuations in red squirrel 

populations have been reported throughout their distribution and records from 

countries where skins were exported such as Russia and Finland exhibited ten year 

cycles (Shorten 1954). Barrington (1915) also noticed the red squirrel decline in 

Ireland, and areas where the red squirrel had been plentiful in 1880 now had fewer 

squirrels. Barrington (1915) pointed to reasons including habitat loss, poor weather, 

disease, inter-breeding, predation, and a lack of food. Middleton (1929) also 

reported fluctuations in the Irish red squirrel population, where numbers might be 

plentiful one year, and very scarce the next. These trends were noticed in Wexford, 

Wicklow and Fermanagh. Middleton believed these trends were similar to the British 

situation and predicted that a disease might be the cause.  

The Irish squirrel survey in 2007 showed that the grey squirrel was present across 

most of the eastern half of Ireland, and the red squirrel strongholds were reserved 

to the south and west of Ireland (Fig 1.8) (Carey et al. 2007). More recent work is now 

showing a general increase in red squirrels and a decrease in grey squirrels at a 

regional scale. The grey squirrel is now absent or rare in Counties Laois, Offaly, 

Longford, Westmeath and North Tipperary. The red squirrel has successfully 

recolonised Laois, Offaly and North Tipperrary. However, the grey squirrel is 

continuing to move south and south west in the Munster (South Ireland) region 

(Sheehy 2013). Presently, red squirrels are distributed in parts of Wales, Northern 
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England and Scotland, while grey squirrels are distributed across most of Britain (Fig 

1.9).  

 

Fig 1.8: The most recent red and grey squirrel survey of Ireland from Carey et al. 

(2007). Red circles red squirrel only, grey circles grey squirrel only, green circles 

both species present and white circles both species absent.  

 

 

Fig 1.9: Red (a) and grey (b) squirrel distribution in Britain and Northern Ireland. 10 

km records from 2007-2013, NBN Gateway, accessed August 25th 2013.  
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1.5.1 The pine marten  

The pine marten (Martes martes) (Fig 1.10) is a natural predator of red squirrels in 

Ireland, and the species occurs in the diet at low frequencies (Lynch and McCann 

2007). The pine marten is absent in England (but well distributed in Scotland), and is 

only recently recovering in Ireland (Fig 1.11) (O’Mahony et al. 2012; Sheehy et al. 

2014). Game keepers in Ireland and Scotland have anecdotally claimed that the pine 

marten may be playing a role in the biological control of the grey squirrel, by 

preferentially preying upon the larger, less arboreal squirrel (Carey et al 2007; Caryl 

2008). The claim that pine marten may be influencing the presence or absence of 

squirrels is difficult to prove as previous analysis of pine marten scats in Britain and 

Ireland revealed that the red squirrel formed a low percentage in the diet (Halliwell 

1997; Lynch and McCann 2007; Caryl et al. 2012). A method that could rapidly screen 

a larger sample size for species occurring at low frequency, such as squirrels, could 

help address this question.  

 

 

Fig 1.10: Pine marten (Martes martes) photographed by Maurice Flynn in 

Kilmeadan, Co. Waterford. 
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Fig 1.11: Pine marten distribution in Britain and Ireland. Black squares represent 

positive sites in both countries. British data is from NBN gateway for records from 

2007 – present, and the Irish map is from O’Mahony et al. (2012). Grey squares (in 

Ireland) represent negative sites.  

 

1.6 Protecting the remaining red squirrel populations 

 

Red squirrels are fully protected under the Wildlife and Countryside Act 1981 in the 

UK, under Schedule 5 of the Wildlife (Northern Ireland) Order 1985, and it is 

protected under the 5th Schedule of the Wildlife Act 1976 and the Wildlife 

(Amendment) Act 2000 in the Republic of Ireland. The species is also on schedule III 

of the Berne Convention (ACTION: NPWS, EHS).  

A number of initiatives have been put in place in Britain to help protect the red 

squirrel including the creation of red squirrel conservation groups that largely rely on 

volunteers to help monitor and carry out practical conservation work. 

Reintroductions and translocations have taken place in both Britain and Ireland. Red 

squirrels have also been translocated to sites in the west of Ireland, Derryclare, Co. 

Galway where grey squirrels are not found (Poole and Lawton 2009). Red squirrels 

were also translocated to Anglesey, an island of the north Welsh coastline, to boost 

the genetic diversity of a remnant population (Ogden et al. 2005).  



Chapter 1: Introduction 

19 
 

Grey squirrels can be controlled and killed by cage trapping in Britain, which is now 

in place following legislation laid down by the Wildlife and Countryside Act 1981. 

There have been a number of localised extermination efforts, but these are largely 

unsuccessful in the long-term without a nationwide strategy (Mayle and Broom 

2013). A well known exception is the Isle of Anglesey, where grey squirrels were 

successfully eradicated, and red squirrels were restored to the island (Ogden et al. 

2005). Islands, or areas connected by bridges, may be more successfully managed as 

the sea acts as useful buffer for the zone. The public often regard the grey squirrel as 

an attractive species which makes it difficult to gain public support for their removal. 

Some efforts have also been made to remove grey squirrels in Ireland, and 

recommendations were made but were never implemented nationally (Carey 2008).  

1.6.1 Methods for surveying squirrels 

The monitoring of red squirrels is quite difficult. The most viable method to gain 

population specific information involves trapping, a labour expensive technique that 

requires high levels of training and licensing (Poole and Lawton 2009; Waters 2012). 

Other less invasive techniques include indirect monitoring strategies (Gurnell et al. 

2009). Some of these techniques include looking for feeding signs, such as stripped 

pine cones, counting squirrel dreys and hair-tube surveys (Fig 1.12) (Gurnell et al. 

2009). Gurrnell et al. (2004) found that most of these techniques were good for 

establishing the presence of squirrels (with the exception of drey counts), but that 

these indirect methods were poor to moderate for estimating abundance.  
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Fig 1.12: How to find signs of squirrel activity (a) squirrel drey, (b) stripped pine 

cones, (c) hazel nuts split in two and (d) hair-tubes to collect hair, and remote 

cameras. 

Hair-tube studies have shown to be the most accurate form of indirect surveying and 

a number of studies have used this strategy. Finnegan et al. (2007) compared 

trapping and hair-tube surveys in sites in Ireland, and found that hair-tube surveys 

were an effective method for monitoring both red and grey squirrels, but found that 

variable success rates made it difficult to use hair-tubes to assess abundance levels.  

One of the main drawbacks of this appraoch is that it cannot reliably distinguish 

between red and grey squirrels. Even in the case of hair samples, similar colour 

variation can exist between both red and grey squirrels, and microscopic analysis of 

the hair samples is needed to accurately identify the species. Furthermore, 

population specific questions such as the number of individuals living within the 

woodland are difficult to quantify using such techniques, and the use of DNA 

techniques may possibly address some of these gaps. Finally, there has been some 

debate about the possibility of disease transfer in sites that contain both species of 

squirrel, as the presence of hair-tubes may be inadvertently bringing the two species 
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within close proximity of one another and hence increasing the risk of disease 

transfer.  

1.7 Previous genetic studies of squirrels 

The majority of previous genetic studies relating to red squirrels have focused on the 

origins of the species, relying on a combination of geography and genetics 

called phylogeography (Avise 1987). The role of the Last Glacial Maximum (that 

ended around 12,000 years ago), and how it impacted the colonisation of plants and 

animals in Europe is a subject that continues to intrigue scientists, but the main line 

of thought is that plants and animals remained in glacial refugium in Southern Europe 

(Iberia, Italy and the Balkans) during the last glaciation, and then proceeded to move 

northwards into the rest of Europe, following the glacial retreat. The migration routes 

that these plants and animals took can be inferred using DNA, 

especially mitochondrial DNA, as it can be used to infer historical migration. The post 

glacial route is different for every species, and each one has to be considered 

independently (Hewitt 1999; 2000). This is further complicated in the case of the red 

squirrel due to the large numbers of translocations that have historically taken place, 

especially in Britain and Ireland, and the possibility that red squirrels were not 

restricted to glacial refugia during the last glaciation (Grill et al. 2009), as red squirrels 

would have survived in pine forests that were not restricted to glacial refugia (Stuart 

and Lister 2001).  

1.7.1 Genetic studies of the red squirrel in Britain and Ireland 

England 

Barratt et al. (1999) examined the mitochondrial D-loop DNA  (D-loop is a non-coding 

sequence that contains information essential for the initiation of transcription and 

DNA replication) of 207 red squirrels in Britain and mainland Europe and found 26 

different mitochondrial haplotypes, and when analysed for relatedness found that 

the British haplotypes tended to cluster with various haplotypes from mainland 

Europe, but there was a general lack of geographic structure in the samples (Fig 1.13). 

Haplotypes are haploid DNA sequences defined by a set of associated nucleotide 
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substitutions (Beebee and Rowe 2008), and can be analysed as characters of a 

populations the study was limited by a small sample size from Central Europe i.e. 

Germany, and consequently a lack of sampling across Europe limited the inferrences 

that could be made regarding the origins of British squirrels in this particular study.  

 

Fig 1.13: Mitochondrial D-loop haplotypes from Barratt et al. (1999) displayed in a 

neighbour-joining tree to illustrate geographical relationship between haplotypes. 

Hale et al. (2004) investigated the genetic footprint of red squirrels in Britain, and 

compared the samples to others collected in Europe (Fig 1.14). From 182 individuals, 

a total of 28 different mitochondrial haplotypes were found, with 17 of those 

haplotypes recorded in Britain and only seven of the haplotypes recorded in more 
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than one region. Twelve haplotypes were recorded in the European countries 

analysed in this study.  

 

Fig 1.14: Distribution of red squirrel samples analysed by Hale et al. (2004). 

Similar to Barratt et al. (1999), Hale et al. (2004) found that there was a general lack 

of geographic structure within Britain, and there were high levels of differentiation 

between each of the sites that suggested a lack of contemporary geneflow, but this 

was also appearant within Europe, there also appeared to be a lack of structure (Fig 

1.15). Within the phylogenetic tree, H20 (Italy) groped with a Swedish haplotype 

(H18). H1 found in Britain was introduced from Sweden, and was found in 68% of 

British samples. H14 was found in both the Netherlands and in Northumberland, 

Britain. Hale et al. (2004) concluded that North East British squirrels primarily 

consisted of recent Continental European ancestry, and a large proportion of the 

squirrels exhibited a Swedish haplotype (H1). Hale suggested that this particular 

haplotype may have a selective advantage over British or Continental European red 

squirrels, especially in areas of conifer plantations. This study was also limited by 

biased sampling efforts, as the majority of the British samples originated in Northern 

England and Southern Scotland, with a small number of samples also being used as 

respresentatives from Central and Northern Europe.  
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Fig 1.15: Phylogenetic tree of red squirrel mitochondrial DNA haplotypes in Britain 

and Europe. E = UK Eeastern region, N = UK northern region, WA = UK western 

region pre-1980, WB = UK western region post-1980. 

Wales 

The population of red squirrels in Pentraeth, Anglesey, Wales recovered to 95 

individuals from about 40 individuals following extensive trapping and removal of 

grey squirrels in the preceding years (Ogden et al. 2005). This was facilitated by the 

fact that Anglesey is an island, connected to the mainland by only a bridge, and 

therefore possible to monitor. The study by Ogden et al. (2005) aimed to investigate 

the genetic diversity of this group and use the results to select individuals to relocate 

to another part of the island (Newborough), where red squirrels previously occurred 

prior to eradication due to competition with the grey squirrel. The proposed 

reintroduction project involved the release of captive breeding pairs into the wild. 

The study used mitochondrial D-loop DNA sequencing and microsatellite genotyping 
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to construct an applied conservation strategy for management of the red squirrel 

population.  

Ogden et al. (2005) sampled 64 individual red squirrel samples; 48 from Pentraeth; 

one Mid Wales; one roadkill from 1983 in Anglesey and 12 candidate captive red 

squirrel candidates proposed for the Newborough reintroduction that had originated 

from Cumbria.  

In the mitochondrial DNA analysis, three new haplotypes were found in Wales 

(ANG1, ANG2, MW1) and two new haplotypes were also recorded in the captive red 

squirrels that were proposed for the reintroduction into Newborough (WMZ1 and 

WMZ2). Haplotypes WC3 and WC9 were previously recorded by Barratt et al. (1999) 

and were found in Clocaenog, Wales. WC3 showed close homology to the mid Wales 

haplotype (MW1), while WC9 appeared more divergent, and more similar to 

Northern England haplotypes. Ogden et al. (2005) compared the Welsh sequences to 

those previously published by Barratt et al. (1999) and found little structure within 

the phylogenetic analysis, but did find that the mid Wales, Anglesey, Jersey and Isle 

of Wight haplotypes clustered together, suggesting some  level of phylogeographic 

structure (Fig 1.16).  

Using the microsatellite data, Ogden found low levels of genetic variability in the 

Pentraeth population, with three of the six loci monomorphic (exhibiting no 

variability), two loci displayed two alleles and only one locus displayed three alleles. 

Ogden et al. (2005) suggested that the low levels of genetic variability were as a result 

of a genetic bottleneck in the population following the recent expansion of the 

population. The captive and wild caught squirrels subsequently selected for 

reintroduction in to Newborough were more genetically diverse than the Pentraeth 

population, and the squirrels finally chosen were selected on the basis that they 

contained different alleles to the Pentraeth population.  
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Fig 1.16: Red squirrel phylogenetic analysis from Ogden et al. (2005) comparing new 

mitochondrial DNA D-loop haplotypes found in that study with those previously 

published by Barratt et al. (1999).  

Jersey 

Simpson et al. (2013) investigated the origins of the red squirrels on the Jersey Island 

using mitochondrial D-loop DNA and microsatellite data. Simpson used samples from 

Jersey, the Isle of Wight, and France for comparative analysis. Only two different 

mitochondrial DNA haplotypes were found on Jersey, with eight variable sites 

between the sequences, indicating quite divergent and different origins for the 

squirrel population. JE120 was predominantly of British origin, while JE162 was 

predominantly of European origin, probably French. Phylogeny analysis revealed that 

many of the haplotypes were found to cluster with geographically distant haplotypes 

such as IOW6, IOW3, IOW9, IOW26 from the Isle of Wight that were found scattered 
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throughout the phylogeny. Simpson et al. (2013) showed that this provided 

substantial evidence for the historical movement of red squirrels by people. 

Simpson et al. (2013) successfully genotyped 169 individuals and found some 

evidence for deviations from Hardy-Weinberg equilibrium (allele and genotype 

frequencies in a population stay constant over time in the absence of evolutionary 

influences). In this case, the deviations at some loci were not repeated across all 

populations and Simpson et al. (2013) suggested that this may be due to population 

specific effects, especially in islands where multiple introductions from different 

locations can cause substructuring in the area and result in deviations from  Hardy-

Weinberg Equilibrium, also known as the ‘Wahlund Effect’. Microsatellite analysis of 

the Jersey data also confirmed the presence of two genetic clusters on the island that 

subsequently supported the introduction of both a French and British introduction 

on the Island.   

Ireland 

Finnegan et al. (2008) investigated the genetic origins of red squirrels in Ireland using 

mitochondrial D-loop DNA. Finnegan sampled 101 samples; 87 contemporary Irish 

samples and 10 museum specimens of Irish origin and four museum samples from 

England. The mitochondrial DNA analysis revealed a total of 26 novel haplotypes. 

One of the museum specimens from England and Ireland shared the same haplotype, 

and one English museum specimen was recorded in contemporary Irish samples 

(IEGB1). Only one previously described haploype (H15), from Hale et al. 2004) was 

found in the Irish population. Using a network analysis (a method to organise related 

sequences), Finngean et al. (2008) found a general lack of geographic clustering in 

the population, but found that a large number of haplotypes appeared related to 

museum specimens (Fig 1.17). The H15 haplotype previously recorded in both 

England and the Netherlands was shown to occur in Co. Wicklow, and two other 

haplotypes IE3 and IE4 appear related to this haplotype. Tests for population 

expansion showed that the Irish population was under going a population expansion 

and that this was due to relatively recent translocations and possible genetic 

bottlenecks.  
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Finnegan concluded that the Irish population was composed of a mixture of 

introduced and native haplotypes that have diverged since their original 

introduction, and highlighted the importance of the Irish population for conserving 

the original British haplotypes.  

 

Fig 1.17: Comparison of Mitochondrial D-loop DNA haplotypes from Ireland 

(Finnegan et al. 2008) and compared to previous haplotypes published by Hale et 

al. (2004).  

1.7.2 Phylogeography of the red squirrel in Europe 

Grill et al. (2009) used a combination of mitochondrial DNA and microsatellite DNA 

to assess the genetic diversity of the European red squirrel, and assessed the 

likelihood of a red squirrel refuge within Italy during the Last Glacial Maximum. Grill 

et al. (2009) obtained samples from 17 putative subspecies of Sciurus vulgaris 
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samples across Europe. In the D-loop fragment of DNA (252 bp), 66 different 

mitochondrial DNA haplotypes were identified from 144 analysed individuals, 

indicating a high genetic diversity in the species. Each geographical area analysed 

contained unique haplotypes, and only two haplotypes found in this study had been 

previously reported. Those were two Italian haplotypes (H19 and H20) that had been 

previously recorded by Hale et al. (2004), and corresponded to haplotypes (SV76, 

SV16) in Grill et al. (2009). A neighbour-joining analysis revealed little geographic 

structure of the observed haplotypes (Fig 1.18). Individuals from Portugal and 

Calabria were the only groups to show some evidence of recent demographic 

expansion. The microsatellite data revealed that squirrels from Iberia formed one 

genetic population, with squirrels from Calabria forming a second, and the remaining 

animals from Central Italy, Central Europe, the Balkans, Russia and China forming a 

third. Grill et al. (2009) concluded that microsatellite data were more congruent with 

geography than the mitochondrial data. In summary, the Calabrian group  was  

differentiated  using  microsatellite DNA analysis,  but  not  as much  as  in  

mitochondrial DNA,  while  the  Iberian  group  was clearly differentiated in 

microsatellites but not in mitochondrial DNA. Grill et al. (2009) explained that the 

contrasting results from the two markers could have been caused by differences in 

sex related dispersal, or that microsatellite data represent present rather than 

historical gene flow.  
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Fig 1.18: Neighbour joining tree of red squirrel D-loop mitochondrial DNA 

haplotypes from across Eurasia showing little geographic structure (Grill et al. 

2009).  

Dozières et al. (2012) conducted an extensive study of the genetic variation of the 

red squirrel in France using a section of the mitochondrial DNA D-loop and they 

compared the results to Grill et al. (2009). The first part of the study involved the 
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assessment of the mitochondrial DNA haplotypes present in France and to compare 

them to haplotypes previously recorded in Europe. Grill et al. (2009) found no 

differentiation of the French red squirrel population from the rest of the European 

sample, but Dozières suggested that this may be a consequence of the small sample 

(n = 6) used to represent the French population.  

Dozières et al. (2012) collected red squirrel tissue samples from throughout France, 

that mostly came from road kill (n =110). Mitochondrial D-loop DNA was amplified 

using the primers designed by Trizio et al. (2005), amplifying a section of 516 bp of 

DNA. The results showed that there were 71 different haplotypes found in the French 

population, and these haplotypes (as in Grill et al. 2009) did not generally conform 

to geography.  

1.7.3 The use of genetic analysis to assess fragmentation of red squirrel 

populations 

 

Hale et al. (2001a)  assessed the impacts of defragmentation that has increased tree 

cover between Northern England and Scotland using microsatellite analysis with just 

four microsatellite loci Scv3, Scv8, Scv9, and Scv10 (Hale et al. 2001b). The study used 

museum specimens, some of which were over 100 years old to assess levels of 

contemporary and historical genetic diversity. The study found a startling change in 

genetic composition over the last 100 years. Despite the use of a very small 

microsatellite panel there was evidence for rapid introgression of northern genes 

into western populations which led the authors to conclude that human movements 

into the region and the deforestation of woodlands caused the initial substructuring 

to happen. The study highlighted the importance of habitat patches to create 

ecological corridors and aid dispersal. 

Trizio et al. (2005) analysed the effects of isolation and habitat fragmentation on the 

red squirrel in the Italian Alps across seven sites. This study used a combination of 

microsatellite and mitochondrial DNA data. The study sites included a range of 

diverse habitats within the Italian Alps including mature, secondary montane and 

sub-Alpine mixed conifer forests across altitudes ranging from 1,100 to 2,100 m 
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above sea level. Sample collection involved live trapping of individual squirrels and 

30-50 hairs were pulled from each animal, or alternatively tissue samples were 

collected by taking a small sample from the ear. For the mitochondrial DNA analysis, 

Trizio et al. (2005) combined samples from their study with sequences published by 

Barratt et al. (1998). Twenty three unique mitochondrial DNA haplotypes were found 

from 70 individuals. However, these haplotypes were evolutionarily very similar, and 

out of 378 bp, only 34 sites were informative. Trizio et al (2005) found that the 

sequence analysis revealed a lack of geographical structure and found some 

admixture with the British samples analysed in the study. The microsatellite data 

showed that the red squirrels exhibited high levels of genetic diversity, with allele 

numbers ranging from four to 10 per locus. High levels of population substructure 

were found within the Italian Alps, possibly caused by geographic isolation. 

1.7.4 Red squirrel microsatellites 

Todd (2000) developed five microsatellite loci for amplification with red squirrel 

DNA; Rsu1, Rsu3, Rsu4, Rsu5 and Rsu6, all of which were found to be polymorphic 

with red squirrel DNA from 163 individual red squirrels from Belgium and Germany. 

Within Belgium and Germany, the loci were shown to have a range of alleles from 

four at Rsu6 to eight at Rsu4.  

Hale et al. (2001a) developed a total of 21 microsatellite loci for red squirrels, and 

were also generally polymorphic with the grey squirrel. The loci included Scv1, Scv3, 

Scv4, Scv6, Scv8, Scv9, Scv10, Scv12, Scv13, Scv14, Scv15, Scv16, Scv18, Sc19, Scv20, 

Scv23, Scv24, Scv25, Scv27, Scv31 and Scv32. The number of alleles per locus ranged 

from two at Scv12 and Scv18 to 12 at Scv3. The samples obtained came from three 

sources in Northern England, and amplification success ranged from 37 individuals 

amplifying at Scv14 and Scv24 to as few as 14 individuals amplifying at Scv6 and 

Scv16.  

Gunn et al. (2005) developed microsatellite loci for the North American red squirrel 

(Tamiasciurus hudsonicus) and found that 11 of the loci were also polymorphic in the 

Eurasian red squirrel. Those loci included: Thu03, Thu14, Thu23, Thu25, Thu31, 

Thu33, Thu37, Thu41, Thu42, Thu50 and Thu55. The Eurasian red squirrel samples 
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originated from Britain, and the number of alleles ranged from two at Thu3, Thu23 

and Thu31 to eight alleles at Thu14. Twelve of the loci were also found to cross 

amplify with North American grey squirrel DNA.  

Painter et al. (2004) designed six microsatellite loci for the Siberian flying squirrel 

(Pteromys volans), and tested the cross species amplification with red squirrel DNA 

from five individuals. Only one marker (PvolE6) amplified with the five samples, 

although the number of alleles was not assessed.  

Other microsatellite loci have been developed for other squirrel species including 

Fike et al. (2009) who developed 26 microsatellite markers for the North American 

fox squirrel (Sciurus niger), and cross-species testing revealed that 22 of those loci 

were also polymorphic in the grey squirrel. Shibata et al. (2003) designed 11 

microsatellite loci for the Japanese Squirrel (Sciurus Lis), but the authors did not test 

those loci with DNA from other squirrel species.  

1.8 Non-invasive genetics 

Non-invasive genetics involves the use of a set of molecular tools that can be used to 

remotely study a species in the wild without needing to observe, trap or disturb the 

animal. The technique is especially useful as a means to study rare, endangered and 

elusive species and has aided the conservation and management of many species 

since the 1990s (Beja-Pereira et al. 2009). The technique was first introduced in the 

1990s as a way to collect samples from brown bears (Ursus arctos), and since then 

the general idea has been technically advanced through the development of better 

forensic techniques to deal with samples of low quality and quantity DNA (Taberlet 

and Bouvet 1992; Waits and Paetkau 2005). The source of DNA used in non-invasive 

studies includes scats, urine, hair, feathers, saliva and environmental DNA (Beja-

Pereira et al. 2009). The most frequently addressed question in these studies is the 

correct identification of the species, and the identification of unique individuals from 

genotyping. Non-invasive genetics has been used to address other population 

specific questions such as gene flow, genetic bottlenecks and the presence of genetic 

structure (Beja-Pereira et al. 2009).  
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1.8.1 Species identification  

The first step in the analysis of non-invasive DNA samples is to ensure the target 

species DNA is present in the sample. One of the most general approaches is the use 

of primers that will amplify a range of species, such as the approach taken by Statham 

et al. (2005) (Fig 1.19). In that study, Statham et al. (2005) amplified mitochondrial 

D-loop PCR products for the fox (Vulpes vulpes), pine marten, mink (Neovison vison) 

and stoat (Mustela erminia) using the sample primer pair.  

 

Fig 1.19: PCR products amplified with primers LRCB1 and H16498M from Statham 

et al. (2005). Lane 2 fox, lane 3 pine marten, lane 4 mink, and lane 5 stoat. A 50 bp 

DNA ladder is provided for sizing, with PCR products randing from 450 – 500 bp.  

 

RFLP Assays 

 

Typically, studies have relied on conventional PCR techniques for species-

identification of the target DNA. Examples include mitochondrial DNA RFLP 

(Restriction Fragment Length Polymorphism) assays, whereby a number of similar 

target sequences are co-amplified using the same primers. The assays are developed 

by aligning sequences of the same region across target species and selecting primers 

that will co-amplify all targets. The next step involves locating restriction enzyme 

cleavage sites within the selected primer sequence, used to identify species-
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diagnostic enzyme combinations for RFLP screening (Ruiz- González et al. 2008). 

Following the restriction enzyme digestion of PCR products, the products can be 

separated and visualised on agarose gels stained with ethidium bromide (Fig 1.20).  

 

 

Fig 1.20: Example of an agarose gel showing ethidium bromide stained bands and 

diagnostic restriction enzyme patterns (AB; AA; BC) generated using restriction 

enzymes for Martes martes (Mm) and Martes foina (Mf) mitochondrial D-loop PCR 

products (Ruiz-González et al. 2007).  

 

Positive or negative amplification  

 

Another strategy relies on positive or negative amplification of the target DNA 

sequence using species-specific primers. This approach can be advanced by 

multiplexing multiple primer pairs, thus targeting multiple species. The target species 

can subsequently be discriminated by size fragment differences when the PCR 

products are visualised on agarose gels. Fernandes et al. (2008) used this approach 

to target Iberian carnivore species, with the assays designed to amplify a short region 

of cytochrome b DNA that could be applied to non-invasive samples. Each primer pair 

was designed to specifically amplify the targeted species of interest (Fig 1.21). 

Similarly, Meganathan et al. (2010) designed a multiplex PCR system to discriminate 

three species of crocodile by amplifying species-specific mitochondrial DNA 

amplicons.  
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Fig 1.21: An example of species-specific PCR where primers specifically designed to 

amplify DNA from stone marten (Martes foina) only amplify DNA from that species 

and no cross-species reactivity was seen with the DNA from other species’ DNA 

(Fernandes et al. 2008).  

 

Real-time PCR 

 

As conventional PCR detection of target species requires a relatively large quantity 

of DNA template, there may be occurrences of false negatives as a result of having a 

sample with degraded or low quality DNA (Matejusová et al. 2013). An alternative 

strategy relies on the use of real-time PCR for species detection. The assays are 

typically designed to amplify ~100 bp fragment of target DNA, and due to the small 

size amplicon, amplification success of low or degraded DNA samples can be 

increased (Matejusová et al. 2013). The technique has been successfully applied to 

species identification of carnivores, small mammals and fish (Moran et al. 2008; 

O’Reilly et al. 2008; Mullins et al. 2010; Baerwald et al. 2011; Matejusová et al. 2013; 

O’Neill et al. 2013).  

Real-time PCR chemistries 

Two main chemistries are used in this project for the detection of target DNA:  

intercalating dyes (SYBR® Green) and fluorogenic probes (TaqMan® MGB). The 

difference  between  these chemistries is sequence specificity; intercalating dyes will 
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bind to any double-stranded  DNA in the SYBR® Green 1 assay,  while  the  TaqMan®  

probes  are  specific  to  the  target  DNA sequence (Fig 1.22). In the SYBR® Green 1 

assay, the intercalating dye is added to the DNA sample where it binds to the double 

stranded DNA present, and as the PCR continues the increase in the fluorescence is 

proportional to the increased copies of the generated targeted amplicon. The 

confirmation of specific amplification is then confirmed with melt-curve analysis 

which calculates the Tm of the amplified DNA based on the loss of fluorescence due 

to the separation of the two DNA strands (Mullins 2010). The TaqMan® probe 

principle relies on the 5′−3′ exonuclease activity of Taq polymerase that cleaves a 

dual-labelled probe as it hybridizes to the complementary target sequence. The 

resulting fluorescence signal emits a quantitative measurement of the increase of the 

amplicon during the exponential stages of the PCR.  The addition of the TaqMan® 

probe increases the specificity of the detection (Cao and Shocky 2012) (Fig 1.22).  
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Fig 1.22: Comparison of TaqMan® and SYBR® Green based detection workflows 

(Applied Biosystems).  

A positive result is detected by accumulation of a fluorescent signal during the real-

time PCR reaction (Fig 1.23). The corresponding Ct (cycle threshold) is described by 

the number of cycles required for the fluorescent signal to exceed the threshold or 

background fluorescence (Applied Biosystems). The resulting Ct values are inversely 

proportional to the amount of target DNA in the sample (i.e. the lower the Ct value 

the greater the amount of target DNA in the sample) (Applied Biosystems). In 

general terms, positive Ct values < 30 indicate an abundant quantity of target DNA, 

while positive Ct values from 31 - 37 indicate a moderate quantity of target DNA. Ct 

values greater than this value can be discounted on the basis that the target DNA 

quantity is of low quality.  This might suggest that the target DNA had potentially 
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come from a source of field or laboratory contamination.  The Tm is described as 

the melting temperature of the PCR product and is monitored during melt curve 

analysis to confirm specific DNA amplification; deviations from the described Tm of 

the target species may indicate non-specific amplification such as primer-dimer 

formation, and would result in a significantly altered Tm (Moran et al. 2008).  

 

 

Fig 1.23: An example of a real-time PCR plot showing a positive result (above the 

threshold), a weak/negative result and the presence of background fluorescence 

(noise). Published as supplementary material in O’Meara et al. (2014).  

 

Studies that use real-time PCR for species detection 

Real-time  PCR  can be used for  the  detection   of  DNA  from  non-invasively collected 

samples due to its high sensitivity, small product  size (70 - 150 bp) and high 

throughput  (Beja-Pereira  et  al.  2009). Real-time PCR has been used to identify 

samples to species from non-invasively collected samples (Moran et al. 2008; O’Reilly 

et al. 2008; Mullins et al. 2010; O’Meara et al. 2012; O’Neill et al. 2013).  

 

O’Reilly et al. (2008) used real-time PCR to detect pine marten and fox using  DNA  

extracted from scats using SYBR® Green 1 and TaqMan® MGB probe real-time 

polymerase detection. Primers and probes were designed by downloading the 

targeted available sequences from Genbank and aligning them. In this case, fox and 

pine marten mitochondrial D-loop sequences were used to compare the differences 
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and similarities between the sequences. The primers and probes were subsequently 

designed using Primer Express software (Applied Biosystems). O’Reilly et al. (2008) 

found a region that had five bp differences between the two species, and focused in 

on this section to design a probe (Fig 1.24). In the SYBR® Green 1 real-time PCR 

reaction, the forward and reverse primers were used without the addition of the 

species-specific probe, which amplified both fox and pine marten DNA. The species 

could be distinguished post-PCR by analysing the Tm values of each reaction as both 

species (fox and pine marten) produced significantly different Tm values from one 

another. The TaqMan® real-time PCR reaction included the addition of two species-

specific probes, one designed specifically to target the fox DNA sequence, and the 

other specifically to the pine marten DNA. The probes are fluorescently labelled so 

that only the target species is amplified, and no post real-time PCR analysis is 

required.  

 

O’Reilly et al. (2008) developed the assays by initially testing the assays with DNA 

extracted from samples from of known species.  The assays were secondly tested 

with DNA extracted from field collected scat samples.   

 

Fig 1.24: DNA alignment of a short region of the mitochondrial D-loop sequences 

of fox  and pine marten showing the position of primers (underlined) and probes 

used in O’Reilly et al. (2008).  

 

DNA Barcoding for species identification 

 

One of the limitations of the species identification techniques discussed thus far is 

that there is a lack of standardisation in the approach, such as differences in the 

targeted DNA sequences. This can be overcome using a standard section of short 

sequence (< 250 bp) diagnostic mitochondrial DNA sequences, called minimalist DNA 

barcodes or mini-barcodes and can be a powerful tool for identifying degraded or 

non-invasive DNA (Chaves et al. 2012). The proposed gene target for mammals is the 
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cytochrome c oxidase 1 gene (COI), a section of the mitochondrial DNA which 

represents a 658 bp portion of DNA due to its high variability (Fig 1.25). The overall 

aim of using a standardised gene for species-identification was to enable a standard 

approach to biodiversity inventory, conservation and the detection of illegal 

movement of wildlife (Allendorf and Luikart 2007).  

 

Chaves et al. (2012) sequenced sections of the COI, ATP6 and cytochrome b genes to 

assess their use for identification of 66 species of carnivores (Fig 1.24). The resulting 

primer pairs targeted less than 200 bp of sequence and the primers amplified 86% 

(ATP6), 85% (COI) and 70% (cytb) of the species panel, showing some potential for 

the use of these segments as standard markers for carnivores. The study also 

highlighted problems with the use of “universal” or group specific primers due to the 

high variability of the targeted sequence region which makes it difficult to design 

primers that will amplify entire groups.  

 

Fig 1.25: Schematic view of a linearised mitochondrial DNA molecule showing the 

relative positions of most coding and noncoding regions (Chaves et al. 2012).  

 

1.8.2: Molecular dietary studies  

Molecular analysis as a tool to study the diet of species has grown as a research field 

over the last number of years. Deagle et al. (2005) published one of the pioneering 

studies in the field by investigating prey DNA in the scats of steller sea lions 

(Eumetopias jubatus). Until then, most molecular dietary studies concentrated on 

invertebrates, where the entire organism was used for the DNA extraction 

(destructive sampling) (Deagle et al. 2005). There are two general approaches in 
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molecular dietary analysis. The first involves the use of group specific primers and 

the second involves non-specific primers that will amplify a broad range of species, 

the former requiring some level of knowledge of the species diet (Valentini et al. 

2009).  

Some molecular dietary studies now employ next generation sequencing (NGS) 

‘massively parallel sequencing’ to genetically identify components in the diet. NGS 

differs from conventional DNA sequencing as it works on the basis of parallel   

sequencing by yielding shorter reads  (~21 to ~400 bp),  but  yields millions of reads. 

Unlike conventional or Sanger based  sequencing  methods  that  require  DNA  

amplification  (the final sequence is representative of a model  population  of DNA  

templates), sequencing  can  now  be  performed  from single  DNA  molecules using 

the next generation sequencing technologies (Reis-Filho 2009).  

Shehzad et al. (2012) employed next generation sequencing (NGS) to genetically 

identify the diet of the leopard cat (Prionailurus bengalensis). The authors used 

traditional DNA extraction techniques and then used a universal PCR primer set to 

target vertebrate DNA, targeting an amplicon of 100 bp of the 12S rRNA gene. The 

authors also used a blocking oligonucleotide that was designed specifically to the 

leopard cat sequence. Shehzad et al. (2012) ran the PCR products on a next 

generation sequencer and identified mammalian, avian and amphibian and fish DNA. 

The technique could be applied to other species and could also be used on older 

platforms. 

Real-time PCR for molecular dietary studies 

Murray et al. (2011) studied the diet of the little penguin (Eudyptula minor) using 

real-time PCR to target four prevalent fish species in the diet using species-specific 

primers.  Murray et al. (2011) found that the results obtained from real-time PCR 

were highly comparable with the results obtained using an NGS approach. Bowles et 

al. (2011) also successfully applied real-time PCR to a dietary study of the stellar sea 

lion to assess for the presence of herring (Clupea palasii), eulachon (Thaleichthyes 

pacificus), squid (Loligo opalescens) and rosethorn rockfish (Sebastes 
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helvomaculatus). Real-time PCR can therefore be successfully applied to study the 

target specific species of interest in the diet.  

1.8.3 Molecular sex determination 

Attaining the knowledge of the sex of individuals in a population aids the study of 

breeding and social systems, evolutionary ecology, and provides crucial data for 

management and conservation programs (Rosel 2003). One of the drawbacks of 

traditionally getting this information is that the animal needs to be trapped, which as 

previously outlined is time and labour demanding. An alternative approach may be 

the use of molecular sexing techniques that can be applied to tissue, hair or non-

invasive sources of DNA such as faecal DNA of the species.  

The two main approaches for molecular sex determination using polymerase chain 

reaction (PCR) rely on amplification of fragments specific to the Y-chromosome or 

amplification of homologous fragments from both X- and Y-chromosomes (Aasen and 

Medrano 1990; Pomp et al. 1995; Shaw et al. 2003).  

Zinc Finger Protein (ZF) 

The zinc finger (ZF) protein is present on the X- and Y-chromosome, with the Zinc 

finger X (ZFX) and the Zinc finger Y (ZFY) DNA sequences showing a high degree of 

similarity to one another (Palsboll et al. 1992; Statham 2005).  PCR amplification of 

this region will result in the generation of sex specific PCR products.  

The method described by Shaw et al. (2003) used primers developed by Cathey et al. 

(1998) to target a ZF intron. Males and females can be identified by visualising the 

post PCR products using gel electrophoresis, where females are identified by the 

presence of a single PCR product (ZFX) and males are identified by the presence of a 

second size differentiated band (ZFY) (Fig 1.26 [a]). Aasen and Medrano (1990) relied 

on the co-amplification of ZFX and ZFY, a conserved exon spanning introns that can 

be separated by RFLP analysis (Fig 1.26 [b]) or direct sequencing of the PCR products, 

where females are detected by visualisation of single peaked sequence 

chromatograms, while males are identified by the presence of double peaks in the 

sequence chromatogram (Fig 1.26 [c]).  
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Fig 1.26: Methods of sex identification using ZFX/ZFY (Statham et al. 2007). (a) An example 

of sex identification using primers, LGL331 and LGL335 to amplify ZFX/ZFY 

products.  Lane 1 and 3 contain male pine marten (ZFX and ZFY visible) and lane 2 

and 4 female pine marten (only ZFX visible). (b) An example of sex identification 

using the primers P1-5EZ and P2-3EZ to amplify ZFX/ZFY product. Lanes 3 and 4 

female and male pine marten, Lanes 5 and 6 female and male mink, lanes 7 and 8 

female and male badger, lanes 9 and 10 male and female stoat, and lanes 11 and 

12 male and female otter. The PCR products were restricted. (c) DNA sequencing 

chromatograms of ZFX/ZFY PCR products generated using P1-5EZ and P2-3EZ 

primers.  The Y arrow denotes the presence of a double peak representing the ZFX 

and ZFY SNPs in a male stoat, and the T arrow shows the absence of the second 

peak (ZFY) in a female stoat.  

While the ZF gene has been shown to be very useful for the sex determination of a 

range of a range of mammal species, previous studies that have attempted to amplify 

the ZF gene in the Sciuridae have found that the region may not be sex specific 
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(Ermakov et al. 2006). Ermakov et al. (2006) reported that both male and female 

ground squirrels (Spermophilus spp.) produced the same size PCR products when 

amplified with ZFY specific primers (Fig 1.27 a). This led Ermakov to conclude that the 

ZFY region was not exclusively attributed to the Y-chromosome of ground squirrels, 

and that the region mostly likely occurred on the ground squirrel autosome.  The 

region has not however been specifically tested with either the red squirrel or the 

grey squirrel.  

Sex determining region of the Y chromosome (SRY) 

The SRY is known as the testis determining factor, and is an example of a region that 

is specific to the Y-chromosome (Statham et al. 2007). One of the problems with 

amplification of just a male specific region could result in a false negative result 

(Durnin et al. 2007), and measures to circumvent this include the amplification of 

another PCR product (present in both male and females targets) to act as an internal 

control (Durnin et al. 2007). This can introduce additional problems, especially when 

dealing with non-invasive or low quality DNA samples, as some genes are more likely 

to amplify such as mitochondrial DNA, which is more abundant than nuclear DNA 

(used in sex determination) (O’Neill et al. 2013).  The SRY gene has  been commonly 

used for sex discrimination in a wide selection of fauna including a variety of 

carnivores and rodents such as the North American beaver (Castor canadensis) and 

the primitive Point Arena mountain beaver (Aplodontia rufa nigra)  (Kurose et al. 

2005; Goldberg et al. 2011; Pilgrim et al. 2012). 

A number of studies have used the SRY gene for sex determination of the Sciuridae. 

Ermakov et al. (2006) encountered difficulties when attempting to amplify PCR 

products using SRY primers in ground squirrel species such as non-specific binding 

that occurred in both sexes of ground squirrel (Fig 1.27 b). Kusahara et al. (2006) used 

conserved SRY primers to successfully sex Pallas’s tree squirrel (Callosciurus 

erythraeus), but Gorrell et al. (2012) found that these primers failed to differentiate 

the sex of squirrels in their study species, one of which included the North American 

grey squirrel (S. carolinensis). Bryja and Konecny (2003) also obtained mixed results 

for the use of the SRY gene as a method for the gender determination of the red 
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squirrel and found that two sets of SRY primers, developed by Pomp et al. (1995) and 

Sánchez et al. (1996) provided conflicting results. Bryja and Konecny (2003) used 

primers developed by Pomp et al. (1995) and found that they successfully amplified 

with male red squirrel DNA samples, but found that SRY primers developed by 

Sánchez et al. (1996) failed to generate reliable male specific PCR products.  

Minor histocompatibility complex antigen (SMCY) 

The SMCY gene (minor histocompatibility complex antigen) was previously found to 

be male specific in four species of ground squirrel (Ermakov et al. 2006) (Fig 1.27 c).  

Gorrell et al. (2012) also successfully designed conventional PCR assays based on this 

gene for the North American grey squirrel and the North American red squirrel 

(Tamiasciurus hudsonicus) (Fig 1.26).  Chang et al. (2011) focused on the SMCY gene 

to derive Y-chromosomal sequence from a variety of Asian striped squirrels, genus 

Tamiops. The study used primers targeting SCMY7 a Y-chromosome conserved 

anchored tagged sequence developed by Hellborg and Ellegren (2006). The SMCY 

gene is unusual in that it is also present in the Marsupial Y and is the only Y-

chromosomal gene to be found in a single copy in both mice (Mus mus) and humans 

(Agulnik et al. 1999). Gorrell et al. (2012) also successfully designed conventional PCR 

assays based on this gene for the North American grey squirrel and the North 

American red squirrel (Tamiasciurus hudsonicus) (Fig 1.28).   

 

Fig 1.27: Gel images from Ermakov et al. (2006). (a) The amplification of both male 

and female ground squirrels with ZFY primers. (b) Non-specific binding of male and 

female ground squirrels with SRY primers. (c) Amplification of male ground 

squirrels with SMCY primers. No amplification was observed with DNA from 

females.  
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DEAD box Y-linked gene (DBY) 

The polypeptide 3, Y-linked DBY gene has also been successfully used to sex a number 

of species using the conserved DBY primers developed by Hellborg and Ellegren 

(2003). Assays have been developed for the naked mole rat (Heterocephalus glaber), 

felids and an insectivore, the Iberian desman (Galemys pyrenaicus) using the DBY 

gene (Sugimoto et al. 2006; Katsushima et al. 2010; Vidal et al. 2010). The assay can 

be used in conjunction with the DBX (a homologous gene on the X-chromosome) 

gene or another mitochondrial or nuclear gene, used as an internal control. It has not 

previously been tested with any Sciurids. 

 

Fig 1.28: The amplification of SMCY products and a microsatellite positive control 

in three North American Sciurid species including a tree squirrel, ground squirrel 

and marmot. Males are identified by the presence of a second, smaller band. The 

primers used to generate the Tamiasciurus SMCY gene were also shown to amplify 

the North American grey squirrel (Gorrell et al. 2012). 

Peculiarities in the squirrel Y-chromosome 

Li et al. (2004) studied the organisation of the North American grey squirrel karyotype 

through the process of cross chromosome painting. Li et al. (2004) defined whole 

genome homologies between humans and representative squirrel species including 

two tree squirrels the grey squirrel and Callosciurus erythraeus, a flying squirrel 

(Petaurista albiventer) and a chipmunk (Tamias sibiricus) through a process of cross-

chromosome painting. The results showed that the X-chromosome was homologous 

in all species, consistent with the evolution of the mammalian genome. However, 
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large  blocks  in  the genome of the grey squirrel, (unpainted with human 

chromosome specific probes), showed cross-hybridization signals with painting 

probes specific for the grey squirrel Y-chromosome and other grey squirrel 

chromosomes (Fig 1.29). Additional analysis suggested the presence of DNA repeats 

in these heterochromatin blocks. This suggests that there may be sections of DNA 

present on the squirrel Y-chromosome that are also distributed across other 

chromosomes.  

 

Fig 1.29: Hybridization pattern of SCA Y probe showing cross-hybridization with 

other heterochromatic regions. Areas of hybridiziation are shown in green (Li et 

al. 2004).  

 

The use of real-time PCR for sex determination 

 

Real-time PCR has been successfully used to determine the sex of non-invasive 

samples including mammals and birds (Mullins et al. 2010; Ahlering et al. 2011; 

Brubaker et al. 2011; Matejusová et al. 2013; O’Neill et al. 2013). Mullins et al. (2010) 

targeted X- and Y-chromosome specific sequences of the Zinc Finger gene. X- and Y-

specific primers and probes were designed to amplify 79 and 75 bp amplicons 

respectively. The probes were labelled with two different reporter dyes, VIC or 6-

FAM to enable multiplexing of the assays, with the X-chromosome target acting as 

an internal control for the reaction. Using the sex specific DNA sequences generated 

by Statham et al. (2007), O’Neill et al. (2013) designed ZFX and ZFY real-time PCR 

assays to amplify short sections of DNA sequence from the X- and Y- chromosome 
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using DNA extracted from otter spraints (faeces). In this case, the ZFX assay also acted 

as an internal control for the assay, as the ZFX was present in both male and female 

samples.  

 

1.8.4 Individual identification 

Identifying individual animals from non-invasive samples such as hair and faeces has 

become popular since the 1990s, and has enabled the identification of a wide range 

of species (Broquet et al. 2007; Beja-Pereira et al. 2009). To address some of the 

shortcomings experienced in non-invasive genetic identification studies such as 

allelic dropout and the presence of null alleles a number of strategies have been 

developed to ensure the accuracy of the data. For instance, it is necessary to replicate 

all amplifications when using non-invasive samples and a consensus genotype should 

be generated to accurately identify individuals. In addition, microsatellite markers 

can be redesigned to amplify PCR products < 200 bp which helps avoid allelic 

dropout. Such an approach is commonly seen in non-invasive studies where 

amplicons are between 200-300 bp (Beja-Pereira et al. 2009). Other studies also use 

SNPs (Single nucleotide polymorphism), that can experience a higher amplification 

success rate with non-invasive samples, but larger numbers of SNPs are generally 

needed than microsatellites due to the lower levels of heterozygosity in SNP markers 

that can increase the genotyping error (Beja-Pereira et al. 2009). Despite the 

potential for problems with the technique, non-invasive genotyping of individuals 

and the analysis of the subsequent data is becoming one of the most time effective 

and accurate methods for wildlife monitoring (Waits and Paetkau 2005). 

Mullins et al. (2010) used a non-invasive genetic approach to census and monitor the 

genetic diversity of a population of pine marten in a wood in Co. Waterford. Mullins 

used a series of techniques to identify pine marten from scat and hair samples, using 

real-time PCR assays to differentiate pine marten from fox samples, and developed 

sex identification assays targeting the X- and Y-chromosome for the gender 

identification of pine marten. Finally, a panel of microsatellite markers were 

optimised, some redesigned, to identify individual pine marten. Mullins et al. (2010) 

were able to apply their suite of molecular tools to the hair samples that had been 
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collected using hair-tubes (Fig 1.30), a non-invasive approach to genetically tag 

individuals.  

Mullins et al. (2010) initially screened 20 microsatellite loci for amplification with pine 

marten DNA samples. The loci screened included loci originally developed for 

amplification with other mustelid species: wolverine (Gulo gulo), otter, badger 

(Meles meles), stoat, European mink (Mustela lutreola) and American mink.  

The hair-tube technique used by Mullins et al. (2010) successfully removed 114 hair 

samples from pine marten, 53 of these samples were selected for genotyping 

polymorphisms with the panel of eight microsatellite loci, and 94% of samples were 

amplified with all loci, and a low genotyping error (less than 2%)  was associated with 

the samples. Full genotypes were obtained for 49 samples, which corresponded to 

seven different individuals, with the number of recaptures ranging from one to 18.  

 

 

Fig 1.30: Hair-tube design used in Mullins et al. (2010) to collect pine marten hair 

non-invasively. The top inset is a hair-patch containing pine marten hair. The lower 

inset is a view into the hair-tube showing the placement of the sticky patch.  
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1.8.4.1 Other methods for the identification of individuals  

SNP genotyping 

Single nucleotide polymorphisms (SNPs) are the most abundant polymorphism in the 

genome as there is about one SNP for every 500 bp in many wildlife populations 

(Allendorf and Luikart 2007). An example of a SNP might be a G replaced by a C in 

different individuals at a particular position in the in a DNA sequence. Typically, these 

SNPs only have two alleles and thousands of them can be used to assess allele 

frequencies across populations. These alleleic patterns tend to cluster across 

populations, making them informative to infer population differentiation (Helyar et 

al. 2011). Microsatellites on the other hand can have a higher number of alleles, and 

therefore fewer loci are needed for population studies, but the segregation signal of 

SNPs can be very strong, meaning that fewer are needed (Heylar et al. 2011) (Fig 

1.31). Allendorf and Luikart (2007) use the example of two humans who will differ 

from each other at up to several million SNPs, resulting in the creation of a 

differentiation signal. In 2007, Allendorf and Luikart predicted that SNPs would likely 

replace the use of microsatellite markers in conservation genetic studies, but to date 

this has still not happened.  

Some of the challenges associated with the use of SNPs relate to the data analysis 

such as parentage, linkage and relatedness (Heylar et al. 2011). SNPs are useful for 

inferring population substructure, but it has been difficult to develop software that 

can cope with large data sets. SNP marker development is also associated with 

ascertainment bias. This is where SNPs are developed from a small number of 

samples representing a species, and typically these samples all come from one 

population, meaning the derived SNPs are not representative of the entire 

population. When the SNP panel is then applied to a wider population 

representative, there may be more SNPs present that are missed by the panel and 

thus result in an underestimation of the genetic diversity (Allendorf and Luikart 2007; 

Heylar et al. 2011). 
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Fig 1.31: Comparison of the characteristics of mitochondrial DNA, microsatellites 

and single nucleotide polymorphism (SNPs) as genetic markers (Morin et al. 2004).  

Morin et al. (2004) reviewed methods relating to the discovery of SNPs in non-model 

species (species other than mice or humans). The method relies on the amplification 

of sections of DNA sequences across multiple individuals and subsequently aligning 

the sequences and screening for polymorphisms for SNP design. Primers can be 

designed based on conserved segments of the genome between multiple species 

such as mouse and human to amplify orthologous gene regions. Around 50 SNPs are 

needed for population genetic studies, and SNPs occur approximately every 200 – 

500 bp, meaning about 70 – 100 independent genome sections of 500 – 800 bp of 

sequence are needed. As it is sometimes difficult to amplify conserved primers in all 

species, an alternative approach relies on methods based on sequencing of amplified 

fragment length polymorphisms (AFLPs) (Morin et al. 2004). The process has been 

enhanced by the use of next generation sequencing technologies that has improved 

the speed and accuracy of SNP discovery (Helyar et al. 2011).  

RAD-tag sequencing 

As with the previously described RFLP (restriction fragment length polymorphisms), 

the introduction of restriction-site associated DNA (RAD) tags can be used to identify 

thousands of SNPs, but across a reduced representation of the genome of the 
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species, thus reducing the cost and time involved. The technique is also known as 

one of the methods that allow genotyping by sequencing (Baird et al. 2008; Heylar et 

al. 2011). The addition of RAD tags allow sequencing of nucleotides adjacent to 

restriction sites and subsequent detection of SNPs. The required number of markers 

can then be generated based on the choice of the restriction enzyme used, and 

additional restriction enzymes can allow for more SNPs to be detected. The method 

can allow pooled populations to be genotyped for bulk segregation analysis (to infer 

associations) and also multiplexing of individuals for fine-scale mapping (Baird et al. 

2008).  

Emerson et al. (2010) applied a RAD tag method to investigate the phylogeography 

of the pitcher plant mosquito (Wyeomyia smithi). The authors used RAD tag 

technology to isolate SNPs that are fixed within populations and variable among 

populations to determine the phylogeographic pattern of the species. Without any 

prior investment in genomic resources, Emerson et al. (2010) was able to resolve 

fine-scale genetic structure in a species. Similar results could have been achieved if 

the entire COI gene had been sequenced across all individuals. However, the use of 

RAD tags to achieve a similar result, produced over 3,000 SNPs across the nuclear 

genome (over 13,000 loci), all within two lanes of a single run of an IIlumina 

sequencer. This required the use of only one restriction enzyme for identifying 

population structure among closely related populations, a technique that could be 

applied to any species, making it particularly useful for species that researchers have 

little genetic background information for.  

1.8.4.2 Marker choice 

Although, biases have been associated with SNP markers, similar challenges can also 

arise with the use of microsatellite markers. For instance the use of microsatellite 

markers developed for one species, but applied to another, can result in an 

underestimation of genetic diversity. Researchers also tend to select the most 

variable markers for population genetic studies, and this may inflate inferences of 

genetic diversity and differentiation between populations. More recent work has 

suggested that researchers need to carefully select their markers based on their 
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research question. Relatedness studies need the most variable markers, while 

studies assessing the genetic diversity of a population should select markers that 

include a range of allelic diversity (Queiros et al. 2013).  

1.9 Outline of thesis 

 The main objective of this project was to develop genetic methods that could 

be used to identify red squirrels and grey squirrels from non-invasive sources 

such as hair. 

 The species identification assays were subsequently applied to a molecular 

dietary study, where both squirrels were genetically identified from pine 

marten scats, along with other small mammal species.  

 DNA based methods for sex determinationwere investigated for use with the 

red squirrel and grey squirrel.  

 Microsatellite markers were redesigned and optimised to identify individual 

red squirrels from low quantity DNA sources. The genetic toolbox was applied 

to a red squirrel hair-tube study in Co. Waterford. 

 The red squirrel population in Co. Waterford was compared to other 

individuals in Ireland using microsatellite and mitochondrial DNA analysis to 

investigate levels of genetic diversity.  

 The genetic techniques developed in this study were used to assess the 

genetic diversity of a remnant population of red squirrels in mid Wales.  
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2.1 Introduction 

In Section 1.8.1 methods for species identification were discussed. However, many 

of those methods rely on good quality DNA such as that found in tissue samples. The 

target DNA source in this study was non-invasive DNA obtained from low quality and 

quality DNA sources such as hair. Therefore, DNA methods needed to be developed 

that will accuractly and efficiently amplify low quantity and quality DNA, a method 

that has not previously been developed for squirrels.  

The development of molecular techniques suitable for the species identification of 

red and grey squirrels is described in this chapter. The first method relied on the use 

of real-time PCR, employing both species-specific SYBR® Green 1 real-time PCR 

detection and the use of species-specific TaqMan® probe real-time PCR detection. 

The technique relies on the development of species-specific primers for both 

detection strategies and the addition of TaqMan® probes for the latter. The second 

method involved the development of a conventional PCR assay, a triple primer PCR 

assay consisting of one common forward primer and two reverse primers. PCR 

products can be DNA sequenced for species verification and can be used to resolve 

the mitochondrial DNA gene haplotype. Potential sources of squirrel DNA were 

examined including hair, feeding remains, and a small number of squirrel faecal 

samples.  
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2.2 Materials and Methods 

2.2.1 Sample collection  

For assay development, tissue samples from known species (red squirrel n = 5, grey 

squirrel n = 5) were initially used and tested to ensure that the assays were species-

specific. A panel of 25 plucked hair samples from both species of squirrels was used 

to assess the applicability of the assays with use hair samples. To ensure that the 

assays were species specific, other potential non-invasive targets including rat 

(Rattus norvegicus), wood mouse (Apodemus sylvaticus) and pine marten were 

amplified with the primers sets. The assays were then applied to a hair-tube study 

conducted by E. Sheehy in the Irish Midlands (Co. Laois and Co. Offaly) to identify the 

species from 68 hair samples (Sheehy 2013).  

In addition, maize kernels and chewed pine cones used to bait hair-tubes for red 

squirrels were collected and investigated for their potential as an alternative source 

of environmental DNA. Faecal samples from known red squirrels were also tested.  

Faecal samples were obtained from a live-trapping programme carried out by the 

Mammal Research Group, NUI, Galway.  

2.2.2 DNA extraction 

DNA was extracted from tissue or muscle using ZR Genomic DNATM – Tissue 

Microprep (Zymo Research, cat. no. D3051) according to the Solid Tissue protocol 

with Zymo-SpinTM II columns (Zymo Research, cat. no. D3041).  

Hair DNA extraction 

DNA was extracted from plucked hair following a modified Chelex-100 protocol 

(Walsh et al. 1991; Statham 2005). Normally, 10 -20 hairs, but sometimes as few as 

three hairs were transferred into a microcentrifuge tube. All  scissors  and  tweezers  

used  in  the  extractions  were  alcohol flamed  between samples to prevent cross 

contamination. Hair samples were digested  for at least three hours  at 56 °C  in 200 

µl of a digestion buffer containing  20 mg Proteinase K (AppliChem GmbH cat. no. 

A7932, 0500), 40 mM dithiothreitol (Molekula, cat. no. 578517) and 5% (w/v) Chelex-
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100 resin (Bio-Rad, cat. no. 142-1253). Samples were incubated in a Biosan TS-100  

shaking  incubator. After digestion, the samples were heated to 100 °C for 8 minutes 

and centrifuged at 13,000 xg for 3 minutes. The supernatant was removed and stored 

at -20 °C. 

Food remains 

Genomic DNA was extracted from the surface of chewed pine cones by placing a cone 

in a universal container with 500 µl of a wash buffer solution (NaCl 5M, Tris 1M pH 

7.8-8, EDTA 0.5 5M and SDS 20%). The container was rotated for one hour to wash 

any genomic DNA from the surface of the cone. The solution was centrifuged at 

12,000 xg for 5 min. The supernatant was removed and purified using Zymo DNA 

Clean and Concentrator-25TM  kit (Zymo Research, cat. no. D40006) according to the 

manufacturer’s instructions for the short protocol. 

Genomic DNA was isolated from maize kernels by placing a kernel in a 

microcentrifuge tube with 200 µl of wash buffer (as described above) and rotated for 

one hour. The kernel was removed and solution was centrifuged at 12,000 xg to settle 

any debris. The supernatant was removed and purified using Zymo DNA Clean and 

Concentrator-25TM kit (Zymo Research). 

Faecal pellets 

Approximately 0.2 g of squirrel faecal pellets was taken from each pellet using a 

disposable forceps. The sample was first placed in one ml STAR buffer (Stool 

Transport and Recovery buffer) (Roche, cat. no. 03335208001) and vortexed to mix. 

The mixture was then allowed to stand for 30 minuties. The solution was centrifuged 

for one minute at 10,000 xg. DNA was then isolated from 150 µl of the supernatant 

using the Zymo ZR Genomic DNA kit according to the Solid Tissue protocol with Zymo-

SpinTM II columns.  
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2.2.3 Primer Design 

Design of real-time PCR assays 

Real-time PCR assays for red and grey squirrel were designed to amplify short 

sections of mitochondrial DNA D-loop DNA (~ 100 bp products). Two assays were 

initially developed to target species-specific single nucleotide polymorphisms (SNPs) 

in the mitochondrial DNA control region. Species assignment was based on either 

melt-curve analysis (SYBR® Green 1) or TaqMan® probe fluorescence. The primers 

and probes were designed to target a short region of mitochondrial D-loop DNA using 

haplotypes AF111001–AF111027 (Barratt et al. 1999) and AM412650–AM412675 

(Finnegan et al. 2008). Sequences were aligned using MegAlign 5.05 (DNASTAR) and 

conserved species-specific regions were identified and used to design primers and 

probes using Primer Express 2 software (Applied Biosystems), targeting species-

specific nucleotide polymorphisms towards the 3’ ends of the primers and in the 

middle of the TaqMan® probes to enhance the specificity and sensitivity of the 

amplification.  

2.2.4 PCR 

2.2.4.1 Real-time PCR 

Real-time PCR protocol 

PCR for the SYBR® Green 1 assays consisted of 5 µl 2 X Power SYBR® Green PCR 

Master Mix (Applied Biosystems, cat. no.  4364346), 0.2 µM of each primer and 1 µl 

DNA in a total volume of 10 µl. Negative controls contained molecular grade water 

instead of DNA. PCR for the TaqMan® probe assays consisted of 5 µl of TaqMan® 

MGB Universal PCR Mastermix (Applied Biosystems, cat. no. 4304437), 0.2 µM of 

each primer, 0.2 µM probe and 1 µl DNA in a total volume of 10 µl. Negative controls 

contained molecular grade water instead of DNA.  

All PCR reactions were carried out in an ABI 7300 real-time PCR system with 

MicroAmp Optical 96-well reaction plates (Applied Biosystems, cat. no. N8010560), 

and sealed with MicroAmp Optical Adhesive Film (Applied Biosystems, cat. no. 
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4311971) and amplifications were performed using an Applied Biosystems, 7300 

Real-Time PCR System (Applied Biosystems, cat. no. 4351103) with the following 

profile 2 minuties at 50 °C, 10 minutes at 95 °C and then 40 cycles of 15 s at 95 °C, 60 

s at 60 °C. Fluorescence was recorded following each cycle and the Ct values were 

used to describe the reactions. The Ct value is the cycle at which the fluorescence 

passes a predetermined threshold level, representing the accumulation of amplified 

PCR product (Moran et al. 2008). A dissociation step of 15 s at 95 °C, 30 s at 60 °C and 

15 s at 95 °C was added for melt curve analysis (SYBR® Green 1 only) to confirm 

specific amplification. The dissociation curve identified the melting temperature of 

the DNA (dissociation of the double strand of DNA). The dissociation step gradually 

increases the temperature of the plate, and as the amplicon melts, the decrease in 

the SYBR® Green 1 dye is recorded.  

Real-time PCR Assay sensitivity and specificity 

The sensitivity of the SYBR® Green 1 and TaqMan® MGB probe systems were tested 

on both red and grey squirrel tissue DNA prior to hair DNA . To test the sensitivity of 

the assay a 10-fold dilution series was performed. Standard curves were generated 

for each real-time PCR assay. The R² value and the gradient of the curve were 

calculated in Excel to assess the efficiency of the assays.  

The species identification assays were tested against non-target species for cross-

species reactivity. This was to ensure that the assays correctly identified the correct 

target. Each assay was tested with non-targets including non-target squirrel species, 

wood mouse (Apodemus sylvaticus), rat (Rattus norvegicus) and pine marten.  

Real-time PCR assay – applications 

The real-time PCR assays were tested on hair from known squirrels (trapped 

squirrels), and from a hair-tube study. DNA was extracted from maize kernels used 

to bait red squirrel hair-tubes and pine cones found in the same area and subjected 

to real-time PCR analysis to test for the presence of squirrel DNA. 1 µl of DNA extract 

was used in the PCR reactions. In the hair-tube study conducted by E. Sheehy the 

area also contained pine marten, and the non-squirrel DNA extracts were also tested 
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for the presence of pine marten DNA using the primers designed by Mullins et al. 

(2010): PM3F (5′-CTTGCCCCATGCATATAAGCA-3) and PM2-Rev (5′-

GCCTGGTGATTAAGCTCGTGAT-3) and a species specific TaqMan® probe (5′-6-FAM-

CGTGCACCTCACTTAG-3′), following the same real-time PCR protocol already 

described for squirrel TaqMan® probe assays.  

2.2.4.2 Conventional PCR 

Conventional PCR Protocol 

PCR consisted of 5 µl of GoTaq® Hot Start Green Master Mix (Promega cat. no. 

M5123), 0.2 µM of each primer and 1 µl of DNA in a total volume of 10 µl. Negative 

controls contained water instead of DNA. PCR was carried out in a 2720 Thermal 

Cycler (Applied Biosystems). The PCR programme consisted of 95 °C for 5 minutes 

followed by 30 cycles of 94 °C for 30 s, 57 °C for 30 s, and 72 °C for 30 s followed by 

5 minute final extension at 72 °C. 

 

Conventional PCR Assay Specificity 

 

PCR assays were initially tested on known tissue DNA prior to testing with DNA 

extracted from hairs. To test the primers for cross-species reactivity, red and grey 

squirrel samples along with DNA samples from  rat, wood mouse and pine marten 

were used to test for cross-species reactivity of the primers (n = 5). PCR products 

were separated and visualised on an agarose gel stained with ethidium bromide 

(containing 0.25 µg/ml). The gel was prepared by dissolving 2 g of agarose (Sigma, 

cat. no. A9539) in 150 ml 1 X TAE buffer (40 mM Tris base, 20 mM glacial acetic acid, 

1 mM EDTA, pH 8.0) at approximately 60 °C and 2 µl of ethidium bromide (Sigma, cat. 

no. E1510) was added for fragment visualisation under UV light using GeneSnap 

V6.10 image analysis system (SynGene).  
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DNA sequencing 

 

A subset of the PCR products (n = 10 from both species) were purified using DNA 

Clean and Concentrator-5 Kit (ZYMO Research), used according to the 

manufacturer’s instructions and sequenced in both directions with BigDye 

Terminator Cycle Sequencing Kit 3.1 (Applied Biosystems, part no. 4337454). The 

sequencing reactions were prepared in MicroAmp™ optical 8-tube strips (Applied 

Biosystems, cat. no.  4316567), and contained 1 µl of 2.5 x Ready Reaction Premix, 

3.5 µl of 5 x BigDye sequencing buffer, 3.2 pmol of primer (SvSc_F), and 2 µl of 

purified PCR product and water in a total volume of 20 µl. The sealed tubes (caps: 

Applied Biosystems, part no. 4323032) were placed in a 2720 Thermal Cycler (Applied 

Biosystems). The extension reaction protocol was as follows: 96 °C for 1 minute and 

25 cycles of 96 °C for 10 s, 50 °C for 5 s and 60 °C for 4 minute.  An EDTA and ethanol 

precipitation clean up step was then used as follows: 5 µl of 125 mM EDTA was added 

to the bottom of each tube. This was followed by 60 µl of 100 % ethanol to each tube. 

The tubes were then resealed, inverted four times, and allowed to sit at room 

temperature for 15 minutes. The tubes were positioned into a plate adapter and 

centrifuged at 3000 xg at 4 °C for 30 minutes, and afterwards, the ethanol was 

removed by inverting the plate and centrifuging for less than 10 seconds to allow the 

ethanol to be collected on tissue paper. This was followed by the addition of 60 µl of 

70% ethanol to each well, the plate was resealed and centrifuged 3000 xg at 4 °C for 

30 minutes for 15 minutes. The plate was then inverted as before to remove the 

ethanol. The tubes were then allowed to air dry for 30 minutes at room temperature. 

The final step involved the addition of 20 µl of Hi-Di™ formamide (Applied 

Biosystems, cat. no. 4311320) to each reaction tube. The samples were denatured 

for 3 minutes at 96 °C and then slowly cooled to 4 °C. 

Sequences were obtained by running the products on an ABI310™ automated DNA 

sequencer (Applied Biosystems), using a short capillary with POP-4™ Polymer (cat. 

no. 402838).  Nucleotide sequences were analysed using the BLAST software at  

http://www.ncbi.nlm.nih.gov/BLAST/ from the GenBank (NCBI) database (Altschul et 

al. 1990).  

 



Chapter 2:  Development of species identification assays for the detection of red squirrel 
(Sciurus vulgaris) and the grey squirrel (Sciurus carolinensis) 

62 
 

2.3 Results 

2.3.1 Real-time PCR 

For the species identification of red squirrel DNA, a short section of mitochondrial D-

loop sequence was targeted (74 bp) in a SYBR® Green 1 real-time PCR assay using the 

primers Red_F (5’-TGTGAGTATTAATGTGCATGCTT-3’) and Red_R (5’-

CATAGAACATATCATGTTTAATCAACA-3’). For TaqMan® probe real-time PCR assays, 

the same forward and reverse primers were used in conjunction with a fluorescently 

labelled oligonucleotide probe. The probe was designed to be short (17 bp), Red_P 

(5’-6FAM-AGCATGTGGTGGAGGTT-MGB-3’) (Fig 2.1 [a]). For the identification of grey 

squirrel DNA, a section of mitochondrial D-loop DNA was also targeted (150 bp) using 

the primers Grey_F (5’-GGGGAATGTAAAATTGAAGGG-3’) and Grey_R (5’- 

TTGGTCCAGTACAATAAATGTAAGAA-3’) (Fig 2.1 [b]). A second reverse primer was 

later designed to reduce the overall amplicon to 94 bp by redesigning the reverse 

primer next to the probe Grey_R2 (5’-ACATTAATATTACATCCCCATGCA-3’) (Fig 2.1 

[c]). The probe Grey_P (5’-VIC- AGTATCTATGGACATGCTTATAT-3’), was labelled with 

a different label (Fig 1.2 [b, c]). All assays were designed to include as many SNPs as 

possible between each species. Primers were purchased from Eurofins MWG Operon 

and probes from Applied Biosystems. 
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Fig 2.1: Mitochondrial DNA D-loop region sequence alignment for TaqMan® probe and SYBR® Green 1 assays for red (a) and grey (b, 

c) squirrels. Sequence accession numbers used here are AF111011.1 and AF111027.1 (Barratt et al. 1999). Primer and probes are 

underlined and differences between the species are highlighted. The reverse primer of the grey squirrel assay was redesigned in (c). 

The reverse primer in (c) is positioned directly next to the probe and is differentiated from the probe in the bold text.  

       

(a) Red squirrel real-time PCR assays 
 
Red  TGTGAGTATTAATGTGCATGCTTATAAGCATGTGGTGGAGGTTTTAATGTTGATTAAACATGATATGTTCTATG  409 
Grey TATGAGTATCTATGGACATGCTTATATGCATGGGGATGTAATATTAATGTTGATTAAACATACTATGTACTATG   338  
 
(b) Grey squirrel real-time PCR assays 
 
Red   TAGGGCTTTAAATGTGGAGGGTTAGATCCTAATGTTTTATGTACTATGTGAGTATTAATGTGCATGCTTATAAGCATGTGGTGGAGGTTTTAATGTTGATTAAACATGATATGTTCTATGTACTTTCTTATTATTATGTACTGTACCATTTAA 440 
Grey GGGGGAATGTAAAATTGAAGGGAGGACTGTATGTTTTATGTACTATATGAGTATCTATGGACATGCTTATATGCATGGGGATGTAATATTAATGTTGATTAAACATACTATGTACTATGTACTTCTTACATTTATTGTACTGGACCATT-AA 365  
                     
 
(c) Reduced size grey squirrel real-time PCR assays  
 
Red   TAGGGCTTTAAATGTGGAGGGTTAGATCCTAATGTTTTATGTACTATGTGAGTATTAATGTGCATGCTTATAAGCATGTGGTGGAGGTTTTAATG  385 
Grey GGGGGAATGTAAAATTGAAGGGAGGACTGTATGTTTTATGTACTATATGAGTATCTATGGACATGCTTATATGCATGGGGATGTAATATTAATG  315 
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Real-time PCR Assay Sensitivity 

The sensitivity of the two SYBR® Green 1 and TaqMan® probe systems were tested 

on both red and grey squirrel tissue DNA. To test the sensitivity of the assay a 10-fold 

dilution series was performed on tissue DNA (Fig 2.2). Standard curves were 

generated for each real-time PCR assay (Fig 2.3), by plotting the Ct value against the 

log of the DNA concentration. The R² value and the gradient of the curve were 

calculated in Excel to assess the efficiency of the assay. The R2 values ranged from 

0.98 – 0.99 for both the SYBR® Green 1 and TaqMan® assays indicating that the assays 

were 98-99% efficient. The higher the efficiency of the assays at optimal conditions, 

the more efficient the assays will perform at low target DNA. Applied Biosystems 

recommend an efficiency level between 90-110% for the assays to perform at an 

acceptable level.  

 

Fig 2.2: Example of amplification of a 10-fold dilution series for the red squirrel 
TaqMan® probe assay, starting at 4 ng of DNA.   
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Fig 2.3: Example of a standard curve generated from a dilution series of grey 

squirrel DNA using the TaqMan® probe real-time PCR assay designed to target the 

species.  

Real-time PCR assay specificity 

Using red and grey squirrel tissue DNA samples with approximately 4-5 ng of DNA, 

the real-time PCR assays were found to be species-specific and there was no cross-

species amplification. Ct values of the red and grey squirrel SYBR® Green 1 and 

TaqMan® probe real-time PCR assays are described in Table 2.1.  
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Table 2.1: Specificity of species-specific real-time PCR assays, showing Ct values of 

specific amplification determined by SYBR® Green 1 and TaqMan® probe 

chemistries. U = no fluorescence detected. No amplification was detected with 

wood mouse, brown rat or pine marten DNA.  

 

 

 

 

 

 

 

 

 

 

Real-time PCR assay – applications 

All of the assays successfully amplified DNA extracted from hair samples of known 

individuals using a panel of 25 hair samples from both species (Table 2.2). The 

samples contained DNA of varying quantity and quality, which is reflected across the 

range of Ct values.  An example of a red squirrel dissociation curve and the 

corresponding amplification plot of a serially diluted hair sample are provided in Fig 

2.4.  

 

 

 

 Species-specific Assay 

 Grey squirrel Grey squirrel  Red squirrel Red squirrel   

 SYBR® TaqMan® SYBR® TaqMan® 

     

Species TM (°C) = 71.6 ±0.4  TM (°C)  71.9 ± 0.9  

Grey squirrel 16.97± 0.19 17.14 ± 0.05 U U 

Grey squirrel 16.33± 0.52 17.86 ±  0.43 U U 

Grey squirrel 16.89 ± 0.35 17.91 ±  0.43 U U 

Grey squirrel 16.35 ± 0.69 17.53 ±  0.09 U U 

Grey squirrel 16.0 ± 0.04 16.14 ± 0.67 U U 

Red squirrel  U U 14.27 ± 0.14 14.435 ± 1.29 
Red squirrel  U U 15.27 ± 0.02 15.09 ± 0.63 
Red squirrel  U U 16.42 ± 0.30 16.81 ± 1.42 
Red squirrel  U U 17.48 ± 1.42 17.16 ± .87 
Red squirrel  U U 17.63 ± 0.28 17.54 ± 0.51 

Wood mouse U U U U 

Brown rat U U U U 

Pine marten U U U U 
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Table 2.2: A selection of known red and grey squirrel hair samples amplified with SYBR® Green 1 and TaqMan® probe assays.  

RS hair 
sample 

RS SYBR® Ct (mean ± 
SD) 

RS TaqMan® Ct  (mean ± 
SD) 

GS hair sample GS SYBR® Ct (mean ± 
SD) 

GS TaqMan® Ct  (mean ± SD) 

 TM (°C) 71.89 ±  0.18   TM (°C)  71.6 ± 0.4  

RSH1 25.5 ±  0.71 26.14 ±  0.66 GSH1 20.65 ± 1.41 23.64 ± 0.26  

RSH2 26.07 ±  0.54 25.56 ±  1.04 GSH2 21.85 ± 1.14 24.12 ± 1.29 

RSH3 27.07 ±  0.67 30.87 ±  0.21 GSH3 22.12 ± 0.91 24.82 ± 1.41 

RSH4 27.91 ±  0.89 28.5 ±  0.08 GSH4 22.34 ± 0.02 24.83 ± 0.74 

RSH5 27.99 ±  0.43 27.82 ±  1.36 GSH5 23.07 ± 0.14 25.91 ± 1.67 

RSH6 28.44 ±  0.28 26.91 ±  0.48 GSH6 23.61 ± 0.09 26.83 ± 0.67 

RSH7 28.8 ±  0.54 28.15 ±  0.56 GSH7 24.13 ± 0.26 26.83 ± 0.71 

RSH8 29.49 ±  0.71 31.04 ±  0.38 GSH8 24.22 ±  0.99 31.87 ± 1.81 

RSH9 29.6 ±  0.47 31.55 ±  0.3 GSH9 24.88 ± 0.4 26.45 ± 0.61 

RSH10 30.17 ±  0.13 28.99 ±  0.01 GSH10 25.18 ±0.65 28.18 ± 0.45 

RSH11 30.55 ±  0.33 30.73 ±  0.13 GSH11 25.45 ± 0.7 27.36 ± 0.89 

RSH12 30.64 ±  0.52 29.62 ±  0.21 GSH12 25.82 ± 0.7 28.45 ± 0.33 

RSH13 30.8 ±  0.65 29.03 ±  0.11 GSH13 27.43 ± 0.30 25.63 ± 0.47 

RSH14 30.97 ±  0.05 35.64 ±  1.42 GSH14 27.63  ± 0.22 29.45 ± 1.25 

RSH15 31.05 ±  0.28 30.91 ±  1.75 GSH15 27.63 ± 0.81 28.46 ± 0.48 

RSH16 31.76 ±  0.88 31.38 ±  0.16 GSH16 27.85 ± 0.26 29.96 ± 0.78 

RSH17 31.81 ±  0.13 30.54 ±  0.04 GSH17 28.35 ± 0.18 29.45 ± 1.36 

RSH18 32.26 ±  0.33 31.61 ±  0.19 GSH18 28.45 ± 1.15 30.33 ± 1 

RSH19 32.45 ±  0.25 32.77 ±  2.08 GSH19 28.49 ± 1.19 31.45 ± 0.72 

RSH20 33 ±  0.37 30.04 ±  0.25 GSH20 28.49 ±.019 31.56 ± 1.23 

RSH21 33 ±  0.06 33.09 ±  0.43 GSH21 29.07 ± 0.07 32.79 ± 0.99 

RSH22 33.02 ±  0.03 30.87 ±  0.21 GSH22 30.18 ± 3.2 33.46 ± 0.1 

RSH23 33.26 ±  0.1 31.27 ±  0.26 GSH23 30.56 ± 0.86 34.78 ± 0.17 

RSH24 33.3 ±  1.2 31.96 ±  0.53 GSH24 30.82 ± 1.03 31.48 ± 0.89 

RSH25 34.16 ±  0.37 30.38 ±  0.13 GSH25 31.83 ± 0.55 33.45 ± 1.02 
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Fig 2.4: Dissociation and amplification curves for the SYBR® Green 1 real-time PCR 

assay specific for red squirrel. (a) Shows the dissociation curve of a hair DNA sample 

that was amplified across a 10-fold dilution. (b)  The amplification curve for the red 

squirrel DNA extract from 10-1 – 10-4
. 

Hair-tube Study 

In total, 68 DNA samples were extracted from the hair collected by E. Sheehy in the 

Irish Midlands. Of the 68 samples, 20 samples were identified as red squirrel with the 

red squirrel TaqMan® probe assay, and no grey squirrel DNA was detected. As 

another species was likely present in some of the samples, the extracts were also 

tested for the presence of pine marten DNA (known to be present at the site), and 

37 of the samples were subsequently identified as containing pine marten DNA. Two 

samples contained both red squirrel and pine marten DNA, and 13 samples were not 

identified to species (Table 2.3). The average red squirrel Ct values was 26.99 ± 2.5 

and the average pine marten result was 26.67 ± 3.29.  

 

 

 

 

(a) 

 

(b)  
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Table 2.3: Species identification of samples collected from red squirrel hair-tubes 

in the Irish Midlands using TaqMan® probe real-time PCR assays for red squirrel 

(RS), grey squirrel (GS), pine marten (PM) and species (Sp).  

Sample code: RS Ct GS Ct PM Ct Sp Sample code: RS Ct GS Ct PM Ct Sp 

ADSQ12 U U 26.44 PM ADSQ03 28.41 U U RS 

ADSQ14 U U 24.46 PM ADSQ10 27.8 U U RS 

ADSQ15 U U 25.4 PM BCSQ01 24.49 U U RS 

ADSQ24 U U 34.31 PM BCSQ12 32.61 U U RS 

ADSQ29 U U 32.73 PM BCSQ28 28.48 U U RS 

BKPM05 U U 25.18 PM BCSQO2 24.32 U U RS 

BKSQ02 U U 25.71 PM CVSQ06 29.06 U U RS 

BKSQ05 U U 24.29 PM CVSQ09 25.45 U U RS 

BKSQ10 U U 31.8 PM CVSQ10 27.34 U U RS 

BKSQ27 U U 24.76 PM EMSQ12 23.76 U U RS 

BKSQ28 U U 25.72 PM EMSQ13 27.58 U U RS 

CVSQ03 U U 28.73 PM EMSQ14 28.56 U U RS 

CVSQ05 U U 25.16 PM GHSQ02 26.74 U U RS 

CVSQ07 U U 28.43 PM GHSQ04 25.59 U U RS 

CVSQ11 U U 27.93 PM GHSQ08 26.43 U U RS 

CVSQ13 U U 24.19 PM GHSQ14 26.28 U U RS 

CVSQ14 U U 23.52 PM GHSQ18 26.61 U U RS 

CVSQ16 U U 32.51 PM GHSQ20 26.36 U U RS 

CVSQ18 U U 32.57 PM ADSQ13 U U U U 

CVSQ20 U U 26.59 PM ADSQ16 U U U U 

CVSQ22 U U 25.05 PM ADSQ17 U U U U 

CVSQ23 U U 30.17 PM ADSQ20 U U U U 

CVSQ24 U U 26.77 PM ADSQ22 U U U U 

EMSQ03 U U 23.05 PM BCSQ08 U U U U 

EMSQ04 U U 24.48 PM BKSQ08 U U U U 

EMSQ06 U U 27.61 PM BKSQ15 U U U U 

EMSQ08 U U 22.96 PM BKSQ20 U U U U 

EMSQ10 U U 20.25 PM BKSQ21 U U U U 

EMSQ15 U U 28.89 PM CVSQ04 U U U U 

EMSQ25 U U 26.12 PM EMSQ11 U U U U 

EMSQ28 U U 23.97 PM GHSQ24 U U U U 

EMSQ30 U U 27.41 PM ADSQ11 32.74 U 28.88 RS/PM 

GHSQ03 U U 27.99 PM GHSQ06 31.14 U 26.4 RS/PM 

GHSQ05 U U 21.45 PM      

GHSQ13 U U 26.73 PM      
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Feeding remains 

Maize bait 

In total, 32 chewed maize samples were successfully extracted and amplified using 

the red squirrel SYBR® green 1 assay. The Ct values were high indicating low 

quantities of DNA. Lower Ct values were found for other non-invasive sampling 

methods such as hair DNA. The average Ct value for maize kernels was 36.53 ± 1.80. 

Ct values were high but the successful Ct values were consistent across replicates and 

no contamination was found in the no-template controls. The dissociation curve also 

indicated that the DNA was correctly amplified (Fig 2.5). However, only 21.88% of 

samples produced a Ct value less than 36 showing that the general quality and 

quantity of the DNA was very low.  

 

Fig 2.5: Dissociation curve for the red squirrel assay using DNA extraction from the 

surface of a maize kernel. The dissociation curve provides an example of specific 

and non-specific amplification.  

DNA was extracted from the surface of 15 pine cones and produced mixed results 

using the red squirrel SYBR® Green 1 assay. The extracts that were successfully 

amplified had higher Ct values than other non-invasive sampling methods such as 

hair. Samples were amplified using a 10-fold dilution of the DNA extract. Inhibition 

was found to occur in many samples and replicates were not reliable, as Ct values 

were found to decrease with reduced concentration of DNA. Only four cones 

produced consistent results with Ct values ranging from 32.38 ± 1.37 at a dilution of 

1/100 and 28.14 ± 1.89 at a dilution of 1/1000. No contamination occurred in the no-

template controls. Pine cones produced low quantity and quality DNA, with 
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unreliable reproducibility. This may have been caused by extraction of the pine cone 

resin, which was co-extracted with the DNA and led to inhibition in the real-time PCR 

reaction.  

Squirrel faecal samples 

Squirrel faecal samples were obtained during a squirrel live trapping monitoring 

programme and represent an alternative method to hair samples for genetic analysis. 

DNA was extracted from five samples and were successfully amplified with the red 

squirrel assays and worked best using a dilution factor 1/100. Ct values ranged from 

27.45 ± 1.41; Tm°C 71.85 ± 0.21 to 32.67 ± 1; Tm°C 71.4 ± 0.0.  

2.3.3 Conventional PCR assay 

Design of conventional PCR assays  

PCR primers were chosen to amplify mitochondrial D-loop products in both red and 

grey squirrels.  The forward primer was designed to amplify both red and grey 

squirrel SvSc_F (5’ TTCACGGAGGTAGGTAGATTAAGA-3’), while species specific 

reverse primers were chosen for both species. The red squirrel reverse primer 

Svul_R (5’ TTGATGTCTATGTAATTCGTGCAT-3’) was designed to target 350 bp of 

sequence, and the grey reverse primer Scar_R   

(5’-TGGTCCAGTACAATAAATGTAAGAAG) was designed to target 300 bp of sequence. 

A common primer was chosen as this region of the sequence was similar between 

both species, and the region where the reverse was chosen was more variable. The 

primer Scar_R, is a one base pair shift to the reverse primer (Grey_R) which was 

redesigned to match the melting temperature of the common primer in this assay 

(SvSc_F). Available sequences from the Genbank database were aligned and the 

primers and mismatches between the species were highlighted, where the 

sequences overlapped. The technique successfully distinguished between both 

species and produced clear species-specific bands using gel electrophoresis (Fig 2.6). 

The assay was shown to be template specific (when tested with both tissue and hair 

DNA) and did not cross amplify with the other species including rat, wood mouse or 

pine marten. The assays were capable of amplifying DNA from both tissue and hair 
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samples. The DNA sequence analysis validated that the assay correctly identified the 

correct species.  

 

Fig 2.6: Gel image of red and grey squirrel amplification illustrating the 50 bp size 

variation between the grey squirrel product (300 bp) and red squirrel (350 bp).  

Lane 1 contains a 50 bp size standard. Lanes 2 and 3 contain negative controls and 

lanes 4, 6, 8 contain grey and red squirrel PCR products are in lanes 5, 7 and 9.  
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2.4 Discussion 

 

Real-Time PCR assays developed in this study successfully distinguished between red 

and grey squirrels using DNA extracted from tissue and hair, and were shown to be 

species-specific. The assays have successfully been tested on samples collected 

throughout Britain and Ireland, and were shown to amplify DNA from hair samples 

from throughout the region (O’Meara et al. 2012). The red squirrel assays were also 

successfully applied to other sources of red squirrel DNA including feeding remains 

and faeces. 

 

The hair-tube study conducted by Sheehy (2013) in the Irish midlands showed that in 

areas where pine marten were plentiful (Sheehy et al. 2014), there was an increased 

possibility of pine marten entering the hair-tubes targeting squirrels. However, the 

combination of the red squirrel real-time PCR assay (this study) and the pine marten 

assay designed by Mullins et al. (2010) successfully differentiated the species in this 

situation.  

 

The DNA extracted from feeding remains provided mixed results for monitoring the 

presence of red squirrels. DNA extracted from maize bait provided more reliable 

results than DNA extracted from chewed/stripped pine cones. As mentioned, resins 

were extracted with the DNA in the case of the pine cones, which could not be 

avoided during the DNA extraction process. Squirrel DNA extracted from maize bait 

may be a more promising area for further research into the uses of environmental 

DNA to survey squirrels, as less PCR inhibition was encountered. It is also difficult to 

tell how long a chewed pine cone had been exposed to environmental elements, 

which could lower the quality and quantity of squirrel DNA present. New 

improvements in the area of DNA extraction kits such as the DNeasy® mericon Food 

Kit (QIAGEN), designed to extract DNA from ingredients used in processed food could 

be targeted for future research. Nichols et al. (2013) successfully used this kit to 

extract ungulate DNA from browsed twigs, and such kits could be worth investigating 

for their application to squirrel feeding remains. In this study, we were interested in 

obtaining good quality DNA extracts that could be later used to identify individual 
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squirrels, and as better results were obtained from hair samples, DNA extracted from 

feeding remains was not pursued any further in this study.  

 

The advantages of this real-time PCR including precision, sensitivity and specificity 

make the technique particularly useful for identifying samples from non-invasive 

sources (O’Neill et al. 2013). In this study, the technique was shown to be particularly 

useful for the identification of squirrels using DNA samples extracted from hair, faecal 

and feeding remains. The Ct values obtained from the species identification assays 

confirm the species and also provide an assessment of the quality and quantity of the 

target DNA extracted from the sample. The results showed that hair and faecal 

samples provided the best source of DNA, but it is very difficult to collect faecal 

samples of squirrels. This method would also be useful in identifying the species prior 

to genotyping and subsequent genetic population analysis of non-invasively collected 

material. 

 

The conventional PCR assays amplified hair and tissue DNA well which makes this 

method useful for species identification and DNA sequencing of hair-tube samples. 

Furthermore, the area of the mitochondrial D-loop used for primer design in this 

study has also been used in a number of genetic studies of the red squirrel (Barratt 

et al. 1999; Finnegan et al. 2008). The region also contains a number of geographically 

specific haplotypes making this assay particularly informative for use in population 

analysis for both red and grey squirrels. While, there are currently primers available 

for the identification of haplotypes of red squirrels, the assays described in this study, 

amplify a shorter amplicon (350 bp) which is useful for non-invasive studies where 

low quantity and quality DNA is typically used.   

 

2.5 Conclusion 

 Real-time PCR assays were designed for the species identification of red 

squirrels and grey squirrels 

 All assays were shown to be species-specific and only amplifed the target 

species 
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 Assays were successfully applied to sources of non-invasive squirrel DNA: hair 

samples, feeding remains and faecal samples 

 Conventional PCR assays were designed to target both red and grey squirrels. 

These primers are suitable for generating PCR products for downstream 

sequence analysis 
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3.1 Introduction  

Hard-part analysis of a large number of predator scats over a large scale to detect 

prey items may not be feasible taking constraints such as labour, time, specialist 

training and overall cost into consideration. Molecular dietary analysis has emerged 

as a reliable tool to identify prey items in the diet over the last decade (Deagle et al. 

2005; Murray et al. 2011; Shehzad et al. 2012). A variety of molecular methods have 

been successfully used to identify prey items in the diet (Section 1.8.2), and real-time 

PCR has been shown to be a reliable method to detect prey items when background 

information about the predators’ diet is known (Murray et al. 2011).  

 

Over the last 100 years three mammalian species have been introduced into Ireland; 

the North American grey squirrel, the bank vole (Myodes glareolus) and the greater 

white-toothed shrew (Crocidura russula). The grey squirrel has competed with the 

indigenous red squirrel population, and the combined presence of the bank vole and 

greater white-toothed shrew has been shown to affect the abundance of the 

indigenous wood mouse and pygmy shrew (Sorex minutus) (Montgomery et al. 

2012). These species may all be connected in the diet of the pine marten, and 

molecular analysis of scats collected across a wide distribution area could be a 

suitable method to assess for the presence of all species.  

 

In this study, the first aim was to investigate if the real-time PCR technique developed 

for species identification of red squirrels and grey squirrels (Section 2.3.1) could be 

used to detect squirrel DNA in pine marten scats. Secondly, small mammal data 

generated from pine marten scats was also included in the analysis of this study to 

inform the distribution of small mammals and to compare the results to the current 

known distribution of the species. The third aim was to assess how the results 

obtained from this approach compared to previous dietary studies of Irish pine 

marten.  
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3.2 Materials and methods 
 
3.2.1 Sample collection 

Feeding trial 

The feeding trial took place in Carmarthenshire, Wales. Grey squirrels were fed to a 

captive pine marten on 11 days over a 28 day feeding trial. Other dietary items 

included chicken, fruit and nuts. A total of 23 scats were collected during the feeding 

trial. The feeding of the pine marten, scat collection and data recording was 

conducted by H. Denman and J. MacPherson. Scats were collected and stored at -20 

°C in sealed polythene bags to prevent cross contamination.  

Field samples 

Two hundred and seventy one samples were collected between March 2010 and 

October 2011 in the Irish Midlands, Laois and Offaly (Sheehy 2013), with 209 of those 

samples genetically identified as pine marten, and 84 samples from Portlaw Co. 

Waterford in August 2010 (P. Turner). The presence of red squirrels and the absence 

of grey squirrels were known at both these sites. One hundred and sixty eight 

samples were collected across Ireland between June and September 2005-2007 as 

part of the National Pine Marten Survey (NPMS) (O’Mahony et al. 2012). Background 

information on squirrel distribution at woodland level was not available at these 

sites. Scats were collected and stored as before. The field collection of samples 

involved the pooling of samples from three different sample collections to test for 

the presence of red and grey squirrel DNA (Table 3.1). 

Table 3.1: Genetically identified pine marten scats used in this study.  

Site Collected by No. of scats 

Midlands Sheehy (2013) 209 

Waterford P. Turner 84 

NPMS O’Mahony et al. (2012) 168 

    Total: 461 
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3.2.2 DNA analysis  

DNA had previously been extracted from scats from O’Mahony et al. (2012), and DNA 

was extracted from the Portlaw, Co. Waterford scats by C. O’Reilly. DNA was 

extracted from the scats collected by E. Sheehy following the protocol described for 

faecal DNA extraction from squirrel faecal pellets (Section 2.2.2). 

 

Pine marten DNA extracts were identified by targeting a species-specific fragment of 

the mitochondrial DNA control region using a pine marten specific 5’ nuclease assay 

(Mullins et al. 2010) (Table 3.2). Samples from the Midlands that failed to be detected 

as pine marten were also tested for fox DNA using a specific 5’ nuclease assay 

(Mullins et al. 2010; Table 3.2). All pine marten samples (Table 3.1) were 

subsequently tested with species-specific real-time PCR assays designed to detect 

red and grey squirrels (Section 2.2.4.1; Table 3.2). A subset of samples (n = 252), were 

tested for the presence of small mammal DNA (bank vole, pygmy shrew and wood 

mouse) using real-time PCR assays targeting small mammal DNA (Moran et al. 2008; 

Table 3.2). This subset of samples which included the samples from O’Mahony et al. 

(2012) and the samples from Portlaw Co. Waterford was chosen as it represented 

the widest geographical area. This analysis was conducted by C. O’Reilly.  Real-time 

PCR primers for the greater white-toothed shrew were designed by C. O’Reilly to 

target a short region of mitochondrial CytB gene using haplotypes AY918341-

AY918400 (Brändli et al. 2005). 

 

Real-time PCR with the SYBR® Green 1 and TaqMan® MBG Probe systems were as 

described in Section 2.2.4.1, except the SYBR® Green 1 Master Ready Mix (Applied 

Biosystems) was replaced with FastStart Universal SYBR® Green Master (Rox) (Roche, 

cat. no. 04913914001) and TaqMan® Universal PCR Master Mix (Applied Biosystems) 

was replaced with FastStart Universal Probe Master (Rox) (Roche, cat. no. 

04914058001).  

 

As the greater-white toothed shrew assay had not been previously published and 

confirmed, a 482 bp fragment of the CytB gene was amplified using PCR primers 
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CrocF482 (5’-CGCTTCTTCGCATTTCACTTT-3’) and CrocR (Table 3.2), (designed by C. 

O’Reilly). The PCR and conditions were as described for the conventional PCR in 

Section 2.2.4.2. PCR products were resolved, cleaned and DNA sequence analysis was 

performed as in Section 2.2.4.2.  
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Table 3.2: Details of real-time PCR primer and probes used in this study.  

 

Target species Assay type Forward and Reverse Primers (5’-3’) Probe (for TaqMan® assays) Source 

Pine marten TaqMan® 
PM3F: CTTGCCCCATGCATATAAGCA 

6-FAM: CGTGCACCTCACTTAG Mullins et al. (2010) 
PMREV2: GCCTGGTGATTAAGCTCGTGAT 

Fox TaqMan® 
PM-FOR: CACCATGCCTGCATGCCTCGAGAAACCAT 

VIC: CTTGCTCGAAGTAT O’Reilly et al. (2008) 
PM-REV: GGCCCGGAGCGAGCGAGAAGAGG 

Red squirrel TaqMan® 
RedF: TGTGAGTATTAATGTGCATGCTT 

6-FAM: AGCATGTGGTGGAGGTT Chapter2; O’Meara et al. (2012) 
RedR: CATAGAACATATCATGTTTAATCAACA 

Grey squirrel SYBR® Green 
GreyF: GGGGAATGTAAAATTGAAGGG 

VIC: AGTATCTATGGACATGCTTATAT Chapter 2; O’Meara et al. (2012) 
GreyR: TTGGTCCAGTACAATAAATGTAAGAA 

Bank vole SYBR® Green 
CG(95): ACTTTGGCTCCCTACTTGGCCTT  

Moran et al. (2008) 
CG(266): ATGGAGGCTCCGTTTGCATGCA  

Greater 
white-toothed shrew 

SYBR® Green 
CrocF: ATAAGCCAATGCATATTCTGAATTTTAG  Designed by COR, 

Published in O’Meara et al. (2013) CrocR: CATGTTAATGTAAAGAGGTCCGCTAC  

Pygmy shrew SYBR® Green 
SM(241): TGAGGCGCAACAGTTATTACCA  

Moran et al. (2008) 
SM(544): GGAATGCGAAGAATCGAGTGA  

Wood mouse SYBR® Green 
AS(96): CTTCGGCTCATTGCTAGGAAT  

Moran et al. (2008) 
AS(264): TGAGGCTCCGTTTGCATGTA  
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3.3 Results  
 
3.3.1 Feeding trial  
 
The feeding routine, scat collection and detection of pine marten and grey squirrel 

DNA is provided in Table 3.3. The 23 pine marten scats collected from the feeding 

trial all tested positive for pine marten DNA with Ct values ranging from 22.48 - 28.15. 

Twelve of those samples tested positive for grey squirrel yielding Ct values ranging 

from 29.38 - 36.79 (Table 3.3). All the positive grey squirrel results were replicated 

for verification. There was a positive correlation between the number of scats 

collected within one day of feeding with grey squirrel, and that scat containing grey 

squirrel DNA (r = 0.78, 14 d.f., P = < 0.001). 
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Table 3.3: Feeding trial with a captive pine marten over 28 days. The diet consisted 

of grey squirrel, chicken, fruit and nuts. Pine marten and grey squirrel DNA was 

detected in scats using real-time PCR.  

 

Day Diet Scat collected 
Pine marten 

DNA detected 
Grey squirrel 

detected 

1 Grey squirrel    

2 Chicken    

3 Chicken    

4 Chicken    

5 Grey squirrel    

6 Grey squirrel    

7 Grey squirrel S1, S2 S1, S2 S1, S2 

8 Grey squirrel S3 S3  

9 Grey squirrel    

10 Fruit & nuts S4 S4 S4 

11 Grey squirrel S5 S5 S5 

12 Fruit & nuts S6, S7, S8 S6, S7, S8 S8 

13 Grey squirrel    

14 Grey squirrel S9, S10 S9, S10 S9 

15 Grey squirrel S11, S12 S11, S12 S11, S12 

16 Fruit & nuts S13, S14, S15 S13, S14, S15 S13, S14, S15 

17 Grey squirrel    

18 Fruit & nuts S16 S16 S16 

19 Fruit & nuts    

20 Fruit & nuts S17 S17  

21 Fruit & nuts    

22 Chicken    

23 Chicken    

24 Chicken    

25 Chicken S18 S18  

26 Chicken S19, S20 S19, S20  

27 Chicken S21, S22 S21, S22  

28 Chicken S23 S23   
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Table 3.4: Scat samples collected from pine marten feeding trial with the resulting 
pine marten and grey squirrel Ct values. U = unidentified.  
 
 

Scat sample Pine marten  Ct Grey squirrel Ct  

S1 25.28 29.38 

S2 28.15 36.52 

S3 25.86 U 

S4 24.02 32.64 

S5 26.03 32.84 

S6 24.59 U 

S7 27.81 U 

S8 27.69 35.78 

S9 25.25 36.99 

S10 23.38 U 

S11 25.41 36.7 

S12 22.48 34.56 

S13 26.17 36.34 

S14 23.38 35.56 

S15 23.7 36.79 

S16 27.9 35.48 

S17 24.09 U 

S18 25.49 U 

S19 25.86 U 

S20 23.45 U 

S21 25.46 U 

S22 27.48 U 

S23 26.57 U 

 
3.3.2 Field Study 

 

3.3.2.1 DNA identification of scats 

 

In the field study, scat samples collected at all sites were firstly tested for the 

presence of pine marten DNA using real-time PCR and samples with a  Ct value < 33 

were deemed positive for pine marten and to have an adequate quantity of DNA for 

subsequent analysis (Fig 3.1). In total, DNA was extracted from 271 samples; 209 

samples were identified as pine marten and 26 were identified as fox. The Ct values 

corresponding to fox identification ranged from 13 – 34. A table of fox Ct values is 

provided in Table 3.5. 
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Fig 3.1: Example of the real-time PCR amplification of pine marten DNA 

 

Table 3.5 Ct values of fox samples collected from the Midlands. 

 

Scat Extract (Sheehy 2013) Fox Ct  Scat Extract (Sheehy 2013) Fox Ct 

SCT219 13.18  SCT185 30 

SCT224 17.42  SCT047 30.19 

SCT203 21.53  SCT018 30.56 

SCT215 23.15  SCT013 30.73 

SCT022 25.09  SCT037 30.9 
SCT257 25.45  SCT114 30.97 
SCT073 26.71  SCT164 32.41 

SCT214 27.11  SCT017 33.09 

SCT186 27.32  SCT015 33.55 

SCT191 27.53  SCT204 33.93 

SCT223 28.67  SCT120 33.95 

SCT077 29.34  SCT181 33.95 

SCT033 29.65  SCT072 34.04 

 

3.3.2.2 Squirrel DNA detection 

 

Red squirrel DNA was detected in samples from all sites: Midlands (n = 7), Waterford 

(n = 1) and the NPMS (n = 1). Ct values ranged from 21-34. Grey squirrel DNA was not 

detected in any of the field collected samples.  The corresponding Ct values for both 

pine marten and red squirrel detection from the Midlands site are displayed in Table 

3.6, as both the pine marten and red squirrel real-time PCR was conducted for this 

study. Samples that tested positive for red squirrel DNA were replicated four times 

for verification. To assess if there was a relationship between the pine marten Ct 

value and the Ct values of red squirrel and grey squirrel detected in the pine marten 
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scats, a non-parametric Spearman’s rank correlation was conducted using the data 

in Tables 3.4 and 3.6. A correlation was found between the increasing pine marten 

Ct value and the squirrel Ct value (r = 0.52, 17 d.f., P = 0.022), suggesting that if the 

pine marten DNA quality was of poor quality, resulting in a high Ct value, the 

detection of good quantity and quality prey DNA would be less likely. An example of 

the replicated detection of red squirrel DNA in a pine marten scat (SCT089) is 

displayed in Fig 3.2.  

 

Table 3.6: Detection of pine marten and red squirrel DNA from pine marten scats 

collected from the Midlands, and the corresponding Ct values.   

 

Scat Sample (Sheehy 2013) Pine marten Ct Red squirrel  Ct 

SCT059 24.58 31.33 

SCT089 20.25 21.49 

SCT138 19.04 22.03 

SCT161 20.31 23.44 

SCT233 24.73 28.49 

SCT241 18.43 31.01 

SCT265 32.47 34.26 

 

 

 

Fig 3.2: Real-time PCR detection of red squirrel DNA in DNA extracted from a pine 

marten scat (SCT089).  

 

3.3.2.3 Small Mammal DNA Detection 

Scat samples from Waterford and the NPMS were tested for the presence of small 

mammal DNA. Positive Ct values for the small mammal assays ranged from wood 
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mouse; 22-37, pygmy shrew; 22-36 and bank vole; 22-34 (Fig 3.3). The melt curve 

analysis revealed species-specific amplification of these samples and the Tm values 

were within the described range by Moran et al. (2008). The greater white-toothed 

shrew assay which was newly designed by C. O’Reilly was found to be species-specific 

(i.e it did not amplify with pine marten DNA), and did not cross amplify non-target 

DNA including the pygmy shrew, wood mouse, brown rat and bank vole. The Ct 

values ranged from 22-34, and the corresponding Tm value averaged 74 ± 0.2 °C.  

 
 
Fig 3.3: Real-time PCR detection of (a) pygmy shrew, (b) bank vole and (c) wood 
mouse from pine marten scats. Examples shown are replicated data. 
 
Frequency of small mammal detection 
 
Small mammal DNA was detected in the diet of pine marten. Wood mouse was found 

to be the most common small mammal occurring in 14.7% of the scats sampled. This 

was followed by pygmy shrew (13.9%), bank vole (3.2%), greater white-toothed 

shrew (2.4%), and red squirrel (2.1%). Grey squirrel did not occur in the field collected 

samples. When the results were mapped, wood mouse was found in 25 of the 10-

km2 sites, pygmy shrew in 26 sites, bank vole in five sites, and greater white-toothed 

shrew in six sites (Fig 3.4). The squirrel data was not mapped due to the low 

frequency detection, and most of the positive samples occurred in the Midlands 

where intensive scat collections took place in sites where pine marten and red 

squirrels were known to occur (Sheehy et al. 2014). 
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Fig 3.4: Distribution of small mammals (a) WM wood mouse, (b) PS pygmy shrew, 

(c) BV bank vole and (d) GWTS greater white-toothed shrew (O’Meara et al. 2014). 

Dark circles represent positive sites and white circles represent negative sites.  
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3.4 Discussion 
 
In this study, a protocol was developed for the detection of squirrels and small 

mammal DNA in the pine marten diet. This was achieved using a panel of species-

specific real-time PCR assays. This was the first study to use a molecular appraoch to 

test DNA extracted from pine marten scats to test for the presence of target species 

in the pine marten diet. The method was firstly tested using a feeding trial and then 

applied to field samples to confirm the utility of the approach.  The results showed 

that low quality DNA scat samples were also likely to yield low quality prey DNA, 

which should be taken into consideration for future studies.  

3.4.1 DNA identification of scats 

From the Midlands site, 86.71% of scats were identified to species, with a total of 

9.59% of the putative pine marten scats identified as fox. Combining the fox samples 

with the samples that failed to be identified as either fox or pine marten provided a 

total of 22.89%. If dietary analysis had been conducted on the entire data set, this 

could have potentially introduced a large error into the data. However, it is possible 

that some of the samples that failed to be identified as pine marten or fox simply 

contained poor quantity and quality DNA that could not be identified to species. 

Previous pine marten dietary studies conducted in Ireland by Lynch and McCann 

(2007) and Warner and O’Sullivan (1982) both identified scats by relying on the smell 

only, a method even expert field pine marten surveyors agree can be misleading 

(Ruiz-González et al. 2007; Balestrieri et al. 2011; Caryl et al. 2012). 

3.4.2 Squirrel detection 

The grey squirrel feeding trial demonstrated that grey squirrel DNA could be detected 

in the diet of the predator. Although grey squirrel DNA was detected in only 52% of 

the overall scats collected, grey squirrel DNA was detected in 75% of the scats 

collected within one day of feeding of grey squirrel. The higher Ct value, in 

comparison to the host DNA also represents the lower quantity and quality of DNA 

found in the prey DNA, which has been observed in similar studies (Matejusová et al. 

2008). There was a positive correlation between the quantity of squirrel DNA 
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detected in scats and the DNA quantity of pine marten DNA, and this means that 

poor quality pine marten DNA samples are unlikely to yield good quality prey DNA.   

There was no evidence of grey squirrel DNA in any of the field survey scats collected, 

despite some potential for overlap between pine marten and grey squirrel in the 

sample collection from O’Mahony et al. (2012). This shows that the grey squirrel does 

not frequently occur in the pine marten diet. However, the technique developed in 

this study was subsequently applied to a molecular dietary analysis of pine marten 

scats collected in the east of Ireland, and grey squirrel DNA was detected in 

approximately 10% of the scats tested (Sheehy et al. 2014).  

 

The occurrence of red squirrel at just over 2% in scats was higher than previous pine 

marten hard part analysis of scats (Warner and O’Sullivan 1982; Halliwell 1997; Lynch 

and McCann 2007). Lynch and McCann (2007) found that red squirrel was found in 

less than 0.5% of scats. Interestingly, Warner and O’Sullivan (1982) found that the 

consumption of red squirrel by pine marten in Ireland was just over 1%, but red 

squirrel was only detected in winter months from November to February. Warner 

and O’Sullivan (1982) collected 125 scats over the winter period where red squirrel 

occurred in 6% of scats. Interestingly, Sheehy et al. (2014) found that squirrel 

consumption increased in early summer. Caryl et al. (2012) found no evidence of red 

squirrel predation by pine marten in Scotland, despite having four times the sample 

size and having personal observations of red squirrel in the survey site. In that 

particular site, field vole accounted for 30% of the pine marten diet. Typically, red 

squirrel predation by pine marten appeared to be only common in Northern Russia 

and Sweden, when other prey items were limited (De Marinis and Masetti 1995). It 

may be possible that the consumption of squirrels in the pine marten diet in Ireland 

is a little higher than in Britain due to the absence of field voles in Ireland, but further 

research is needed.  

3.4.3 Small mammal detection 

The bank vole and greater white-toothed shrew were recorded within the described 

distribution of the species (Tosh et al. 2008; Montgomery et al. 2012), although the 
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greater-white toothed shrew was also detected in Co. Laois, where it had not 

previously been recorded. Tosh et al. (2008) first identified the greater-white toothed 

shrew in owl pellets collected in Co. Limerick and Co. Tipperary. The samples from 

Waterford (n = 85) were not found to contain any bank vole (despite the known 

presence of bank vole in the area).  

The frequency of occurrence of small mammals detected in this study was higher 

than some of the previously reported hard-part analysis studies (Warner and 

O’Sullivan 1982; Lynch and McCann 2007). There are a number of factors that may 

have contributed to this. The small bone remains from pygmy shrews for instance 

are difficult to manually identify, therefore the DNA method developed in this study 

may have provided a more accurate method of identification of the species. A hard 

part analysis study in Poland reported that intact skulls from small mammals are 

rarely found in carnivore scats, making identification of small bone remains more 

difficult (Krauze-Gryz et al. 2012).  

3.4.4 Comparison to European studies 

Previous dietary studies of marten species across their range have shown that small 

mammals, especially voles, are the most important food group in the diet (Lynch and 

McCann 2007; Caryl et al. 2012). De Marinis and Masetti (1995) showed that the 

wood mouse was a favoured small mammal in pine marten diet in only a few 

countries, mostly in the Mediterranean region. On island systems such as that in 

Minorca and Ireland, other prey items, especially fruit items, can amount to 30% of 

the diet, possibly as a result of the absence of field voles and formerly bank voles 

(Warner and O’Sullivan 1982, Lynch and McCann 2007). In this study, over 60% of 

scats did not contain any of the target species’ DNA, indicating that other prey items 

such as insects and fruit were heavily supplementing the pine marten diet.  

In most studies, shrews and insectivores are grouped into a single category, but 

collectively can account for as much as 24% of the diet in studies from Switzerland, 

Poland and France (De Marinis and Masetti 1995). Caryl et al. (2012) have shown that 

the pine marten in Scotland predominantly feed on the field vole (39%), but when 
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fruit becomes more plentiful in summer months, the pine marten becomes more of 

a generalist feeder, similar to the Irish pine marten. In Poland and Italy, the preferred 

mammal prey items of the pine marten are wood mice and bank voles (Rosellini et 

al. 2008; Balestrieri et al. 2011).  

Zhou et al. (2011) described the general preference of the Martes species across the 

Holarctic region for fruit in more southerly countries, with the consumption of small 

mammals increasing in higher latitudes, which places the Irish pine marten as an 

exception to this generalisation. In addition, Zalewski (2004) also found that pine 

marten in Mediterranean regions were more likely to consume wood mouse than in 

northern areas, where field and bank vole consumption was more common. Other 

Irish species have however shown similar trends, and both the barn owl (Tyto alba) 

and short eared owl (Asio flammeus) have also shown preference for wood mouse 

over other small mammals in Ireland (Cullen and Smiddy 2012).  

3.4.5 Comparison of molecular and traditional hard part analysis techniques 

Sheehy et al. (2014) compared both molecular and traditional hard-part analysis of 

pine marten scats. The results showed that the methods were comparable for most 

of the assays used in this study, but found that the wood mouse was underestimated 

with the molecular analysis. There may be several explanations for this which could 

be related to the DNA extraction protocol used in this study. A small proportion (0.2 

g) of the overall pine marten scat was taken, and it is possible that if the DNA of the 

prey item such as wood mouse was in low quantities, or not evenly distributed in the 

scat, the DNA extraction may have failed to co-extract the prey DNA. King et al. (2008) 

suggest multiple DNA extractions from different locations in the scats which may help 

detect prey items occurring at low or degraded quantities. Similarly, the storage of 

the scats prior to extraction may affect the results, with King et al. (2008) suggesting 

that scats could be stored in silica or ethanol in addition to freezing. Finally, although 

predator DNA could be detected, degradation of the prey DNA may cause it to go 

undetected in some cases due to the low quantities of prey DNA present in scats. 

King et al. (2008) recommend that traditional hard part analysis also be used in 

studies where more detailed and accurate results are needed. However, Sheehy et 
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al. (2014) found that the results were mostly comparable and gave an accurate 

estimate of pine marten diet and therefore, the method described in this study is a 

useful method to screen samples for mammalian prey DNA, while being aware of the 

benefits and the limitations of the technique.  

3.5 Conclusion 

 The DNA from two squirrel species, the red squirrel and the grey squirrel were 

successfully identified in DNA extracted from pine marten scats.  

 The occurrence of mammal DNA in the diet of pine marten in this study was 

found to be broadly comparable with other Irish studies, with the exception 

of the pygmy shrew and red squirrel (detected more often in this study) which 

may be due to the increased detection ability of the suite of assays developed 

in this study (capable of identifying single hairs), and bias in the sample 

collection.  

 Grey squirrel DNA was not detected in any of the field collected samples. 

However, it was detected in pine marten scats from Co. Wicklow in Sheehy et 

al. (2014). It is possible that grey squirrels and pine marten are less likely to 

overlap in distribution as has been suggested by Sheehy and Lawton (2014), 

but further research is needed across a broader area.  

 In terms of limitations of this study, only mammal prey was identified, which 

is only a proportion of the overall constituents of the pine marten diet in 

Ireland. Other prey items such as invertebrates, reptiles, birds and fruit have 

been found to be equally important food items in the diet of the Irish pine 

marten.  

 Future work could develop other assays for the identification of such food 

groups using real-time PCR, or a next generation sequencing approach could 

be developed to target other taxa.  
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4.1 Introduction 

Non-invasive DNA assays facilitate the study of elusive, rare and endangered species, 

and are useful for estimates of population parameters. Sex determination of non-

invasive samples provides further important information regarding the gender ratio 

and social organisation of the population. However, such assays remain largely 

unavailable for the red squirrel, although such studies have been quite limited for 

Sciurids in general as there are few studies relating to the sex identification of the 

Sciuridae. The ZFX/ZFY has not previously been successfully used for the sex 

identification of squirrels. Ermakov et al. (2006) found that ZFY primers amplified 

both sexes, leading Ermakov et al. (2006) to suggest that the region was not confined 

to the Y-chromosomes in the Sciuridae. Some studies have had success using the SRY 

gene for sex identification of the red squirrel,Bryja and Konecny (2003) used SRY 

primers developed by Pomp et al. (1995) to amplify a short section of the SRY gene 

in red squirrels, But Ermakov et al. (2006) found SRY primers amplified multiple 

fragments of the SRY in Sciurids and Gorrell et al. (2012) found that non-specific 

amplification also occurred. However, both Ermakov et al. (2006) and Gorrell et al. 

(2012) did find the SMCY gene was sex specific in the Sciuridae. Gorrell et al. (2012) 

also designed short internal primers for sex identification of tree squirrels, including 

the North American grey squirrel, and these were shown to be sex specific.  

The aim of this study was to assess the suitability of a number of genes for sex 

identification in red squirrels and grey squirrels including the ZFX/ZFY, SRY, DBY, and 

SMCY. Regions of the genes were then DNA sequenced, and assays for real-time and 

conventional PCR for sex determination of squirrels were designed for use with tissue 

DNA and non-invasive samples.  
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4.2 Materials and Methods 

4.2.1 Sample collection and DNA extraction 

Tissue and hair DNA samples from known sex red squirrel and grey squirrel (n = 5 of 

each) were initially used to test published primers for ZFX/Y, SRY, DBY and SMCY 

(Table 4.1).  

4.2.2 PCR 

Primer pairs were used to generate PCR products for the corresponding genes from 

Table 4.1. The PCR consisted of 5 µl of GoTaq® Hot Start Green Master Mix 

(Promega), 0.2 µM of each primer and 1 µl of DNA in a total volume of 10 µl. Negative 

controls contained water in place of DNA. The PCR programmes were as published 

by the corresponding authors in Table 4.1, except in the case of the primers 

developed by Aasen and Medrano et al. (1990), where the protocol described by 

Statham et al. (2007) was used. PCR products were separated, visualised, cleaned 

and DNA sequenced as per Section 2.2.4.2. Real-time PCR for the SYBR® Green 1 

assays was as described in Section 2.2.4.1. The number of cycles was increased from 

40 – 50 to reflect the decreased quantity of nuclear DNA compared to the 

mitochondrial DNA.  

The purified PCR products for primer pairs LGL331/LGL335 and DBY7F/R could not be 

directly sequenced and required cloning due to the amplification of multiple 

products. The purified PCR product was cloned using the Qiagen PCR Cloning Kit (cat. 

no. 231222) following the manufacturer’s instructions.  

4.2.3 Real-time PCR 

Real-time PCR with the TaqMan® labelled probes consisted of 5 µl of TaqMan® 

Universal PCR Mastermix, 0.25 µl of the Custom TaqMan® Assay SNP Genotyping 

Mastermix (cat. no. 4332077) (supplied at a 40X concentration, Applied Biosystems) 

and 1 µl DNA in a total volume of 10 µl. The PCR program used was 2 minutes at 50 

°C, 10 minutes at 95 °C, and 50 cycles of 15 s at 95°C and 1 minute at 60 °C.  
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Table 4.1:  Previously published primers used in this study.  

Target gene Primers Primer sequence (5’-3’) Authors 

ZFX/ZFY  P1-5EZ /P2-3EZ F:ATAATCACA TGGAGAGCCACAAGC 
R:GCACTTCTTTGGTATCTGAGAAAGT 

Aasen and Medrano  
(1990) 

ZFX/ZFY LGL331/LGL335 F: CCA ATCATGCAAGGATAGAC 
R: CCAATCATGCAAGGATAGAC 

Cathey et al. (1998) 

SRY SRYA-5/SRYA-3 F: TGAACGCATTCATGGTGT GGT 
R: AATCTCTGTGCCTCCTGGAA 

Pomp et al. (1995) 

SRY SRY593 /SRY764 
 

F: AAGCGACCCATGAACGCATT 
R: GTATTTCTCTCTGCATGG 

Palsboll et al. (1992) 

DBY7 DBY7F/R F: GGTCCAGGAGARGCTTTGAA 
R: CAGCCAATTCTCTTGTTGGG 

Hellborg and Ellegren 
(2003) 

DBY8 DBY8F/R F: CCCCAACAAGAGAATTGGCT 
R: CAGCACCACCATAKACTACA 

Hellborg and Ellegren 
(2003) 

SMCY7 SMCY7F/R F: TGGAGGTGCCCRAARTGTA 
R: AACTCTGCAAASTRTACTCCT 

Hellborg and Ellegren 
(2003) 

SMC8 SMCY8D/SMCY9R F: ATGCTCTCGTGGGGATGAAG 
R: ACAGGCATGTTGAAGTAGTC 

Ermakov et al. (2006) 

SMC8 
(internal) 

ThuSMCF/R F: CCTTCCTGACATTCCTAGAG 
R: TTTAGTTTCCCTTGGTTCAG 

Gorrell et al. (2012) 

 
4.2.4 DNA Sequence Analysis  

Nucleotide sequences were analysed using the BLAST software at  

http://www.ncbi.nlm.nih.gov/BLAST/ from the GenBank (NCBI) database (Altschul et 

al. 1990). DNAStar’s SeqMan 5.05 software was used  to compare forward and 

reverse sequences and was also to ensure base calling accuracy prior to building 

contigs, which is a sequence constructed based on overlapping sequences. The 

consensus sequences were then exported to MEGA V.5.05 (Tamura et al. 2011) for 

multiple alignments and compared to sequences on GenBank (based on the BLAST 

analysis).  

  



Chapter 4: The search for sex specific markers for the red squirrel (Sciurus vulgaris) and the 
grey squirrel (Sciurus carolinensis)  
 

96 
 

4.3 Results 

4.3.1 ZFX/ZFY (P1-5EZ and P2-3EZ primers) 

The primers P1-5EZ and P2-3EZ (Aasen and Medrano 1990) were used to amplify a 

447 bp product in male and female red and grey squirrels (Fig. 4.1). This primer pair 

were expected to have amplified both the ZFX and the ZFY together in the case of 

male samples, and just the ZFX in female samples.  

 

Fig 4.1: Amplification with P1-5EZ and P2-3EZ primers. Lane 1 50 bp ladder, lane 2 

negative control, lanes 3 and 4 male red squirrel, lane 5 male grey squirrel, lane 6 

female red squirrel and lane 7 female grey squirrel.  

The PCR products were sequenced for DNA sequence analysis. Double peaks were 

recorded in the sequencing chromatograms derived from male red squirrels (Fig 4.2). 

These second peaks correspond to the ZFY region, a conflict between co-amplified 

regions from both the ZFX and ZFY which has been reported in other species (Statham 

2005). There were some sequence variations between both red squirrels and grey 

squirrels, which were later avoided for primer design so that the same assay could 

be used for both species.  
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Fig 4.2: DNA sequencing chromatogram of ZFX/ZFY PCR products generated using 

P1-5EZ and P2-3EZ primers using DNA from male (M) and female (F) red squirrels. 

The first box shows the presence of a double peak at ‘T’, where a ‘G’ can also be 

seen in the male sequence, and is absent in the female sequence. The second box 

shows the presence of a double peak at ‘G’, where a ‘T’ can also be seen in the male 

sequence and is absent in the female sequence.  

By removing the base seen in the ZFX sequence from the double peak in the ZFX/ZFY 

mixed sequence it was possible to create the ZFY sequence. The two sequences were 

subsequently created (ZFX and ZFY) of both red squirrels and grey squirrels to allow 

subsequent primer design for both species. The sequences were aligned using a 

Clustal W alignment (Fig 4.3). Primer and probes were designed using the  Custom 

TaqMan® SNP Genotyping Assay Service. The assay was designed with a common 

forward and reverse primer along with two specific probes, one designed to amplify 

the ZFX and the other for the ZFY (Fig 4.3).  
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ZFX             AAAGGAGCCAACAAAATGCACAAGTGTAAATTCTGTGAATATGAGACAGCTGAACAAGGG 60 
ZFY             AAAGGAGCCAACAAAATGCACAAGTGTAAATTCTGTGAATATGAGACAGCTGAACAAGGG 60 
                     
ZFX             TTGTTGAATCGCCACCTTTTGGCAGTCCACAGCAAGAACTTTCCTCAAATTTGTGTNGAG 120 
ZFY             TTGTTGAATCGCCACCTTTTGGCGGTCCACAGCAAGAACTTTCCTCATATTTGTGTNGAG 120 
 

     ZFX             TGCGGTAAAGGTTTNCGNCATCCATCNGAGCTCAAAAAGCACATGCGAATCCATACTGGN 180 
ZFY             TGCGGGAAAGGTTTNCGNCACCCGTCNGAGCTCAAAAAGCACATGCGCATCCATACTGGN 180 
 
ZFX             GAGAAGCCTACCANTGCCAGTACTGNGAATATAGGTCTGCAGACTCTTCTAACTTGAAAA 240 
ZFY             GAGAAGCCTACCANTGCCAGTACTGNGAATATAGGTCTGCAGACTCTTCTAACTTGAAAA 240 
 
ZFX             NNCATGTAAAAACTTTGTTGAATCGCCACCTTTTGG 276 
ZFY             NNCATGTAAAAACT---------------------- 254 
                                

 

Fig 4.3: Alignment of ZFX and ZFY sequences conserved between red squirrel and 

the grey squirrel. N is used where a SNP occurred in either the red squirrel or the 

grey squirrel. The forward and reverse primers were conserved between both 

sexes, and the probes contained a SNP (yellow), each specific to the ZFX or the ZFY.  

The real-time PCR results revealed that the ZFX probe amplified both red and grey 

squirrel DNA. However, the ZFY probe failed to work with either species (Fig 4.4). 

However, both the ZFX and ZFY assays amplified the ZFX of pine marten. Further 

sequence analysis of the assay revealed that the intended ZFY squirrel primers were 

conserved in the pine marten ZFX, with only one bp substitution in the reverse primer 

(Fig. 4.5).  
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Fig 4.4: Example of real-time PCR amplification with the Custom TaqMan® SNP 

Genotyping Assay designed to target ZFX/ZFY sequences. The ZFY failed to amplify 

either sex, but amplified the ZFX in a pine marten. Blue = ZFY assay amplification, 

Pink = ZFX assay amplification.  

  
Squirrel_ZFY      GTGTAAATTCTGTGAATATGAGACAGCTGAACAAGGGTTGTTGAATCGCCACCTTTTGGC 83 
Squirrel_ZFX      GTGTAAATTCTGTGAATATGAGACAGCTGAACAAGGGTTGTTGAATCGCCACCTTTTGGC 83 
Marten_Zfx        GTGTAAATTCTGTGAATACGAGACAGCCGAACAAGGGTTGTTGAATCGCCACCTTTTGGC 180 
Squirrel_ZFY      GGTCCACAGCAAGAACTTTCCTCATATTTGTGTNGAGTGCGGGAAAGGTTTNCGNCACCC 143 
Squirrel_ZFX      AGTCCACAGCAAGAACTTTCCTCAAATTTGTGTNGAGTGCGGTAAAGGTTTNCGNCATCC 143 
Marten_Zfx        GGTCCACAGCAAGAACTTTCCTCATATCTGTGTGGAGTGCGGGAAAGGTTTCCGTCACCC 240 
Squirrel_ZFY      GTCNGAGCTCAAAAAGCACATGCGCATCCATACCGGNGAGAAGCC-TACCANTGCCAGTA 202 
Squirrel_ZFX      ATCNGAGCTCAAAAAGCACATGCGAATCCATACTGGNGAGAAGCC-TACCANTGCCAGTA 202 
Marten_Zfx        GTCAGAGCTCAAAAAGCACATGCGCATCCATACCGGGGAGAAGCCGTACCAGTGCCAGTA 300 
Squirrel_ZFY      CTGNGAATATAGGTCTGCAGACTCTTCTAACTTGAAAANNCATGTAAAAACT-------- 254 
Squirrel_ZFX      CTGNGAATATAGGTCTGCAGACTCTTCTAACTTGAAAANNCATGTAAAAACT-------- 254 
Marten_Zfx        CTGCGAGTATAGGTCCGCAGACTCTTCTAACTTGAAAACACATGTAAAAACGAAGCATAG 360 

                   
Fig 4.5: Clustal W alignment of squirrel ZFX/ZFY with the pine marten ZFX. The 

alignment confirms that the intended target for the squirrel ZFY is conserved on 

the pine marten ZFX.  

The results of the ZFX/ZFY assay show that the assay was functional as it amplified 

the ZFX in squirrels, and the ZFY assay amplified the pine marten ZFX.However, this 

shows that there was a problem in terms of the design of the ZFY assay as it did not 

amplify the intended target.  
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4.3.1.2 ZFX/ZFY (LGL-331 and LGL-335 primers) 

The primers LGL-331 and LGL-335 (Cathay et al. 1998) were also used to generate 

~1000 bp portions of the ZFX/ZFY genes in squirrels. This primer pair were expected 

to generate a single product in females (ZFX) and two products in males (ZFX/ZFY).  

Two products were found in the amplified squirrel samples, one at 500 bp and a 

second product at 900 bp (Fig 4.6). The males all produced two products, and the 

females produced one, although a faint second female product seen at SV04. 

However, repeat PCRs showed that only the 900 bp fragment could be reliably 

obtained and the generation of the 500 bp product did not appear to be consistent 

with gender identification.  

 

Fig 4.6: Amplification of male and female squirrels with LGL-331 and LGL-335 

(Cathay et al. 1998).  

The PCR products from Fig 4.6 were subsequently cloned and sequenced. The DNA 

Blast analysis (Altschul et al. 1990) revealed that the 900 bp product showed closest 

homology to both ZFX and ZFY sequences on Genbank, while the 500 bp product 

showed very poor homology to other sequences on Genbank with only about 150 bp 

showing homology to the ZFX region in other species. A table of closest identity hits 

(Table 4.2) shows that the 900 bp product showed a high degree of overlap (93%) 

homology (97%) to the ZFX region of other mammals, but the 500 bp product only 

showed 29-31% overlap and 84% homology to the ZFX.  
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Table 4.2: BLAST search results for squirrel ZF sequences derived from the LGL-

331/LGL-335 primers.  

 

Further sequence analysis revealed that the region of the 500 bp product that 

showed homology to the ZFX sequences in Table 4.2, also overlapped with the larger 

900 bp product in this study (Fig 4.7).  

900 bp             ACAAGAGTGAGCCCGTGGCCAATAGTATTCAGAGCACATACTAAATTTTTGAAGAAGCCA 776 
500 bp             --------GAGCATATGCCCAGTAATATTCAGAAAACACT---AATGTTTGAAAAAAGTA 393 
 
900 bp            AAACAGAACTTGATTTGATCCCTTATGATCTTTTCTTTTCCTTTTTTAGCAATAATTATT 836 
500 bp            AAACAGAACAGGGTTTGAACCCTTGTGTTTTTTTCTTTTCCTTTCATAGCAATAAT---- 449 
                   

Fig 4.7: Clustal W alignment showing the region of overlap between the 500 bp and 

the 900 bp sequence overlap. 

 Based on the sequences derived from the LGL-331/LGL-335 primers, new primers 

were designed to target the internal region of both these sequences. Two forward 

primers were designed specific to both sequences while a common reverse primer 

was used targeting a 600 bp product from the larger region and a 450 bp product 
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from the shorter sequence region. The aim of this was to investigate if the second 

sequence was sex specific.  

GAAAAGGAATTCCTCAAATATGTTGCAAGCAGTAACTTTTTGTAAAAAAAAAAAAAATTA 300 

------------------------------------------------------------  

            

----------------------------------TTAGACCTGATTCCAGACAGTACCAA 26 

GTATATTTAAAGAACCTAATTATGTCAGCATAAAGCAGGCATAATTT-ACAGAGCAGCAG 359                        

 

ACAGGTGAGAACACATGAATTCCACAGCACTG-CAAGCTCTGCTGGGCAACTCTCAGAGG 85 

TCTTAAGTCCTTCAAAGCATGCGACATTCCTGTCTATCCTTGTATAATGACTTGCATACT 419 

 

ACA---CTCATTCATCCACAGAGG-----ACATTCATT--CATTAATTACCTGTTGTAAT 135 

AAAAATTTTATAGATATATTTAGGTTTTAATGTAAATTAGCATAAATTGTTTTTTTGAAT 479 

 

AACCAAATATAGAAATGCTAA--ATAAACTCTGAGTTTTTTGTTTTTTTTTTTAACAGAT 193 

AACCAAA-GTAGGAATTTTGATTATAAAACTTTACTTCTATGAATAATTTTCCC-CAGAT 537 

 

TTCTAAGTTGT---AGTTTCATCACTACTTAGT--------------TGTTCA---ATTT 233 

TTCTGAATTGATAAGGTTTAACCACTGGTTAATAGAAGTTACATATTTATTCATTAATTT 597 

 

 --TAAACTGGAAGGATTGAGATTAGTATGGTCATAAGCACACAGATTTTTGTTTTTATA 291 

TGTTAAACTGAAGGGAGTGAGGTTGGTACAGTTCTACTTA-GTGAAGTTTCCAGACCAGG 656 

 

GGATTGCAATGTCTCTA--GTTGAAAAGCGGTGAAAAAAAAGTTCTTATTTTACAG---- 345 

TTCTCATTATATCTCTTATGTTGAAAAATGATAAAAGGGATGTTAGTAGCAGATAGCAAA 716 

 

--------GAGCATATGCCCAGTAATATTCAGAAAACACT---AATGTTTGAAAAAAGTA 394 

ACAAGAGTGAGCCCGTGGCCAATAGTATTCAGAGCACATACTAAATTTTTGAAGAAGCCA 776 

 

AAACAGAACAGGGTTTGAACCCTTGTGTTTTTTTCTTTTCCTTTCATAGCAATAATTATT 454 

AAACAGAACTTGATTTGATCCCTTATGATCTTTTCTTTTCCTTTTTTAGCAATAATTATT 836 

 

GGCCCTGATGGACATCCCTTGACTGTCTATCCTTGCATGATTTGAA 500 

GGCCCTGATGGACATCCCTTGACTGTCTATCCTTGCATGATTGGA- 881 

 

Fig 4.8: Clustal W alignment of internal PCR primers for the amplification of the two 

sequences generated by the LGL-3111/LGL-335 primers. The position of two 

sequence specific forward primers and the common reverse primer is shown.  

The conventional PCR primers were subsequently tested with a panel of known sex 

tissue samples, where it was found that the larger product sometimes did not amplify 

(possibly due to the larger size) (Fig 4.9), and replicated data showed that both primer 
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sets amplified both sexes. There was also a product found at the 50 bp line which 

was assumed to be primer dimer, but due to the intensity of the band, it may have 

been amplification of a second PCR product.  

 

Fig 4.9: Amplification of male and female red squirrels with the internal primers 

(Fig 4.8) designed from the sequences derived from the LGL-331/LGL335 primers. 

The optimised PCR protocol consisted of denaturation 95 °C for 5 min, 40 cycles of 

95 °C for 60 s, 56 °C for 60 s, 72 °C for 50 s, final extension 72 °C for 5 min. 

A panel of real-time PCR primers were also designed based on the sequences and all 

primers amplified both sexes, again showing that this gene region was unsuitable for 

sex differentiation in squirrels (Fig 4.10 [a, b]). All primer pairs amplified both sexes. 

The primers were shown to be working properly, and Ct values were found to 

increase as the DNA template decreased using a dilution series (Fig 4.10 [c]). 
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Fig 4.10: Real-time PCR amplification of (a) a male red squirrel (b) a female red 

squirrel with primers designed from the LGL-331/LGL-335 sequences. All primers 

amplified both sexes. (c) An example of a dilution series of a tissue sample with a 

starting template of 4 ng of DNA.  

4.3.2 SRY primers 

Two sets of SRY primers were used with the squirrel DNA panel. The primers designed 

by Pomp et al. (1995) (originally designed to sex pig embryos) were expected to yield 

a 157 bp product, but over 700 bp was produced in this study, and multiple bands 

were present which may have been difficult to sequence, and were not used for 

further analysis (Fig 4.11). Similar non-specific binding was also experienced using 

the other SRY primer sets (Table 4.1). The SRY gene was not further persued for sex 

identification of squirrels.  
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Fig 4.11: Example of SRY amplification with the primers SRYA-5/SRYA-3. 

Amplification was seen in both male and female samples. Samples 1-5 are female 

and 6 -10 are male.  

4.3.3 DBY primers 

The DBY assays did not reliably amplify male-specific DNA sequences from both 

species and were also non-specific as DNA from known females were also amplified. 

The primers DBY7 sometimes produced an amplicon of ~350 bp in both squirrel 

species and a second band was sometimes visible at 100 bp. The expected amplicon 

size was 250-700 bp for DBY7 and 185-200 bp for DBY8 (Hellborg and Ellegren 2003). 

In addition, when using grey squirrel DNA, the assay produced a second band (Fig 

4.12). 

 

Fig 4.12: Amplification with (a) DBY 7 and (b) DBY 8 primers. 
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The BLAST analysis of grey squirrel DBY sequence revealed the closest identity (87%) 

to crab eater seal (Lobodon carcinophaga). The neighbour joining tree (Fig. 4.13) 

revealed that the DBY sequence of the grey squirrelwas quite genetically divergent 

to other species on the Genbank database. On the upper branch of the tree, three 

cervid species group together, and on the lower section of the tree two shrew 

species: Crocidura russula and Crocidura leucodon grouped together along side 

another group of three pinnipeds. Despite the availability of Mus and other rodent 

DBY sequences, the sequences used to construct the tree were the closest hits to 

grey squirrel.  

 

 

Fig 4.13: Neighbour joining tree of DBY sequences neighbour joining trees was 

constructed using 1000 bootstraps and genetic distance was computed using the P-

distance method (Nei and Kumar 2000).  

Real-time PCR assays were designed based on the sequences derived from the larger 

amplified fragment, thought to be male specific (Table 4.3). The primer pair were 

tested with male and female squirrels, and were not found to be sex specific (Fig 

4.14).  
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Fig 4.14: Example of amplification of DBY real-time PCR assay with a female squirrel 

(blue). The pink line is a ZFX positive control. The real-time PCR DBY primers were 

not found to be sex specific.  

4.3.4 SMCY primers 

All the SMCY primers amplified products of the expected size in males of both 

squirrels, with  500 bp for SCMY7 (Fig 4.15), and 600 bp for SCMY8/9.  

 

Fig 4.15: Amplification with the SMCY7 primers (Hellborg and Ellegren 2003). The 

left hand side of the image shows male red squirrel amplification, and the right 

hand side of the image shows male grey squirrel amplification. The primers were 

sex specific with both species.  

The SMCY red and grey squirrel sequences (from this study) were truncated to 491 

bp to compare with other published Sciurid sequences (Ermakov et al. 2006; Chang 

et al. 2011; Gorrell et al. 2012; Ermakov et al. 2006). The neighbour joining tree (Fig. 

4.16) showed that the SMCY sequence derived from both red and grey squirrels were 

most closely related to North American red squirrel (Tamiasciurus hudsonicus). The 

tree grouped the Asian squirrels in one group, the ground squirrels in the second 

group and red squirrel, grey squirrel and T. hudsonicus in the third group. The tree 

C 
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clearly separated the three known groups of squirrels to Sciuridae, Tamiops and 

Spermophilus or Urocitellus.  

 

Fig 4.16: Neighbour joining tree of SMCY sequences of Sciurid species constructed 

using 1000 bootstraps and genetic distance was computed using the P-distance 

method (Nei and Kumar 2000).  

The internal primers designed by Gorrell et al. (2012) to amplify the SMCY of male 

Tamiasciurus hundsonicus, and had been shown to also amplify male grey squirrels 

were used in this study in a real-time PCR SYBR® Green 1 reaction with the red and 

grey squirrel sample panel. The results showed that the primers successfully 

amplified male grey squirrel samples, with some late amplification with the female 

grey squirrel samples. However, the primers amplified both sexes of red squirrels, 

and were not suitable for sex differentiation in that species.  

4.3.4.1 SMCY Real-Time PCR primer design 

Two sets of real-time PCR assays (to increase the target area covered by the assay) 

were designed for sex identification of both red squirrel and grey squirrel (Table 4.3). 
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The internal primers ThuSMCYF and ThuSMCYR (Gorrell et al. 2012)(Table 4.1) were 

successfully used for sex identification of grey squirrels using real-time PCR in this 

study. The Ct values increased with decreased DNA template, indicating that the 

assay was working and targeting the intended sequence. There was however late 

amplification in female samples (> 30 Ct). Both the forward and reverse primers only 

differed by a single base pair from the sequence obtained from the red squirrel, 

suggesting that if the region was sex specific in grey squirrels, it should also be sex 

specific in red squirrels (Fig. 4.17). However, this was not observed in this study, as 

the assay amplified both sexes of red squirrel.  

CLUSTAL 2.1 multiple sequence alignment 
 
 
SMCY_SV         ATGATAAGCTGCTTCTCTGGTGATGGCTGTGAAGATAATTATCACATCTTCTGCCTATTG 60 
SMCY_SC         ATGATAAGCTGCTTCTCTG-TGATGGCTGTGAAGATAATTATCACATCTTTTGCCTATTG 59 
 
SMCY_SV         CCACCCCTTCCTGACATTCCTAGAGGGGTGTGGAGGTGCCCAAAGTGCATCTTGGCAGTA 120 
SMCY_SC         CCACCCCTTCCTGACATTCCTAGAGGGGTGTGGAGGTGCCCAAAGTGCATCTTGGCAGTA 119 
 
SMCY_SV         AGTCTTGTCTATCATG---TACATWTATGTTTTAATTTTAGTGCTTGTTAATTTTCTTTC 177 
SMCY_SC         AGTCTTGTCTATCATGTCTATCATTTATGTTTTAATTTTAGTGCTTATTAATTTTCTTTC 179 
                 
SMCY_SV         ATTTCTCTTCCTGAACTAAGGGAAACTAAAAGTATGTAATAATTTCTATCCTTTTTTGAG 237 
SMCY_SC         ATTTCTCTTCCTGAACCAAGGGAAACTAAAAGTATGTAATAATTTCTATCCTTTTTTGAG 239 
                 
SMCY_SV         TACATTTTGGTTACATATYTCAAGAATGYKTGAGTACACTAGCCATGAGATGGTAGACCT 297 
SMCY_SC         TACATTTTGGTTACATATTTCAAGAATATGTGAGTACACTAGCCATGAGATGGTAGACCT 299 
 
SMCY_SV         TAAACCAGAGAGAAAGGACAGTAATTAGATGACTTCAACTATGGAAGGAAAGACAAAGAT 357 
SMCY_SC         TAAACCAGAGAGAAAGGACAGTTATTAGATGACTTCAACTATGGAAG------CAAAGTA 353 
                 
SMCY_SV         ATTTACTAGATACTATAGAAATTTTCCTAACTGGAAACATAAGAAAACTTGAAGTTATAG 417 
SMCY_SC         TTTTACTAGATACTATAGAAATTTTCCTAACTGGAAACATAAGAAAACTTGAAGTTATAG 413 
                 
SMCY_SV         AGTAAGATATAGAATACAACCTAATGAAACTTCTTTAGACCTAGTCATAGTAMYTCTTTA 477 
SMCY_SC         AGTAAGATATAGAATACAACCTAATGAAACTTCCTTAGACCTAGTCATAGTAACTCTTTA 473 
                 
 
SMCY_SV         CCTGCTGCCTTTGTTTTGCTAAAATACTTTCTTATTTCAGGAGTGTAAGCGGCCCCCTGA 537 
SMCY_SC         CCTGCTACCTTTGTTTTGCTAAAATACTTTCTTATTTCAGGAGTGTAAGCGGCCCCCTGA 533 
                
 
SMCY_SV         AGCTTTTGGTTTTGAACAGGCTACCCAGGARTACACTTTGCAGAGTTTTGGTGAGATGGC 597 
SMCY_SC         AGCTTTTGGTTTTGAACAGGCTACCCAGGAGTACACTTTGCAGAGTTTTGGTGAGATGGC 593 
                 
 
SMCY_SV         TGATTCCTTCAAGGCT 613 
SMCY_SC         TGATTCCTTCAAGGCT 609 
 

 
 

Fig 4.17: SMCY alignment of red and grey squirrel sequences with the internal 

primers ThuSMCYF and ThuSMCYR (1) designed by Gorrell et al. (2012). 2 and 3 

show the positions of real-time PCR primers designed in this study (SQ1SMCY and 

SQ2SMCY).  

1 

2 

3 
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The real-time PCR assays SQ1SMCY and SQ2SMCY designed in this study amplified 

both species and both sexes of red and grey squirrel (Fig 4.18). The standard curve 

exhibiting an R2 value of 0.999 indicating that the amplification was accurate as a 

result of an observed linear relationship between a dilution series of genomic DNA 

concentration and Ct value over the range tested. The internal assays based on the 

sequence in Gorrell et al. (2012) did not reliably amplify either sex. 

 

Fig 4.18: Real-time PCR amplification with SQ1SMCY and SQ2SMCY primers. Both 

primer sets amplified both sexes.  

To further investigate why internal sections of the SMCY were amplifying both male 

and female squirrels, the forward primer from SQ1 and the reverse primer from SQ2 

were used to amplify  an ~250 bp product and the primer ThuSMCYF (Gorrell et al. 

2012) was also used in conjunction with SQ2SMCYR (Fig. 4.19). All combinations were 

shown to amplify male and female squirrels from both species. The region was 

sequenced to verify if it was the SMCX target by alignment with SCMY sequences The 

sequence derived from females in this study was identical to that of the SMCY region 

from male squirrels indicating that at least a partial region of the sequence is not sex 

specific.  

 

Fig 4.19: Schematic diagram of the SMCY gene region with the arrows broadly 

indicating primer binding sites and direction of extension. 
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Table 4.3: Primers used to amplify sex gene targets, and the subsequent primers designed for the sex identification of squirrels 

using real-time PCR (qPCR) and conventional PCR (cPCR).  
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4.4 Discussion 

The aim of this work was to investigate the utility of previously published sex 

determining markers with red and grey squirrels in order to develop a sex 

determining assay for use with non-invasive samples. The ZFX/ZFY system is one of 

the most frequently used assays in non-invasive studies (Statham et al. 2007; Mullins 

et al. 2010; Pilgrim et al. 2012). However, the results in this study have confirmed 

that while the ZFX can be consistently and accurately reproduced in both red and 

grey squirrels, the ZFY could not. Results from the LGL331 and LGL335 primers 

(Cathey et al. 1998) indicated that the ZFY was not present in squirrels, despite a 

second fragment sometimes amplifying with the ZFX sequence. Sequence analysis 

revealed that this region was not sex-specific. Similar difficulties were experienced 

with the P1-5EZ and P2-3EZ primers (Aasen and Medrano 1990) also targeting the 

ZFX/ZFY region despite the appearance of double peaks in the chromatogram for 

known males, a diagnostic feature that has been used previously for sex 

determination in other species (Statham et al. 2007).  

This is not the first study to report problems amplifying the ZFY in Sciurids. Ermakov 

et al. (2006) reported that the region was absent from the Y-chromosome in ground 

squirrels, or that the region occurred in autosomes, meaning that the region was not 

sex-specific. Those observations appear consistent with the results from this study 

and highlight the importance and need for careful interpretation of the results prior 

to sex determination. However, in this study the ZFX assays that were designed are 

conserved in both red and grey squirrels.  

The SRY region again proved to be not suitable for sex determination in either 

squirrel species. Kusahara et al. (2006) successfully designed male specific assays for 

the Pallas’s squirrel. However, Gorrell et al. (2012) also found that the method was 

not reliable in Scuirids. Ermakov et al. (2006) found that the SRY gene was unsuitable 

for sex determination in ground squirrels as the primers they used amplified multiple 

PCR products. The multiple banding was consistent with the results from the other 

SRY primers used with squirrels in this study. The SRY region may be repeated on 
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autosomes in the squirrel genome as the patterning was non-sex specific and remain 

suitable for use with another Y-specific marker for sex determination.  

The DBY region has also been successfully used for sex determination in a number of 

studies covering a variety of species including the Florida manatee (Trichechus 

manatus latirostris) and the naked mole rat (Heterocephalus glaber) (Tringali et al. 

2007; Katsushima et al. 2010). The primers DBY7 and DBY8 were not sex-specific in 

red and grey squirrels in this study. The sequences obtained from the DBY region 

confirmed that the region was comparable to other available DBY sequences from 

other mammals on the Genbank database. However, the region had not been 

previously investigated for its utility for gender determination of squirrels, and the 

results from this study have shown that this region may not be specific to the Y-

chromosome of squirrels.  

The SMCY gene promised to be the most suitable gene for sex determination in both 

squirrel species, as it has been successfully used for other Sciurids (Gorrell et al. 

2012). However, work from this study has generated some interesting but conflicting 

results. The primers targeting the SMCY7 region (Hellborg and Ellegren 2003) were 

successfully used to generate male-specific sequence from male samples of red and 

grey squirrel. However, subsequent development of internal real-time PCR primers 

for sex specific amplification of red and grey squirrels generated products from both 

male and female squirrels, revealing further complexities within the squirrel Y-

chromosome.  

The internal SMCY primers designed by Gorrell et al. (2012) did distinguish the sex of 

grey squirrel (using real-time PCR), but late amplification occurred in female samples 

which may lead to some ambiguity when applying the assay to non-invasive samples. 

The primers designed by Gorrell et al. (2012) were not sex specific in the red squirrel, 

despite only 1 bp changes in both the forward and reverse primers from the red 

squirrel sequence obtained in this study. This study raises questions about the 

general use of the SMCY region for sex determination in all of the Sciurid species and 

requires further investigation prior to its application to other species. The results 

from this study suggest that while the primers developed by Gorrell et al. (2012) are 
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sex specific in the described species, but the assays may not be suitable for sex 

identification of other closely related species. Furthermore, difficulties were 

experienced in this study when applying primers designed to target regions within 

the SMCY gene for sex-specific amplification, as both sexes were amplified. This study 

suggests that further research is needed as there may be undocumented 

complexities within the region.  

The grey squirrel chromosome painting study conducted by Li et al. (2004) showed 

that the Y-chromosome probe hybridized with other sections of the grey squirrel 

genome. Li et al. (2004) found this result ‘surprising’, and suggested that sections of 

DNA from the squirrel Y-chromosome were replicated across other chromosomes in 

the grey squirrel genome. The results from this study support this, as the primers 

designed to target short DNA sequences on the squirrel Y-chromosome may have 

amplified targets on autosomes, which may help explain why so many of the assays 

designed in this study were not found to be sex specific. This is the first study to 

attempt to use real-time PCR for sex identification of the Sciuridae, and it appears 

that the sensitivity of real-time PCR has shown the difficulties of designing accurate 

sex identification assays in red and grey squirrels.   

It is possible that a number of these assays are not sex-specific in a wider range of 

fauna as McDevitt (pers comm.) also found that the DBY region amplified in female 

pygmy shrews (Sorex minutus). As researchers generally only publish the positive 

results from their research, it is difficult to assess if the problems surrounding this 

study are in fact more commonly experienced. As this work has clearly shown 

ambiguity in the sex specificity of genes currently used for sex differentiation in the 

Sciuridae, a wider review of molecular sex differentiation and accuracy is needed in 

the field of conservation genetics, and especially for its application to the Sciuridae. 

The wider implications of this study have also shown that the use of Y-chromosome 

markers for evolutionary studies may also have inaccuracies, as certain regions of the 

Y gene may not be Y-chromosome specific such as the SMCY region where a ~300 bp 

was found to occurr in both male and female squirrels, thus creating problems for 

the inferences of the evolution of the parental line of a species. 
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4.5 Conclusion 

 ZFY, SRY and DBY largely proved unsuccessful for the identification of male 

squirrels 

 ZFY and DBY primers designed in this study amplified both sexes 

 Some SMCY primers were shown to be suitable for sex differentiation of red 

squirrels and grey squirrels when amplyfing larger DNA fragments 

 Overall, the internal primers designed to target short sections of the squirrel 

Y-chromosome in this study were found to amplify both sexes, suggesting 

that the DNA targets were resent on other chromosomes other than the 

intended Y-chromosome target and requires further investigation 
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5.1 Introduction  

Hair-tubes have been successfully used to survey red squirrels in Britain and Ireland 

(Gurnell et al. 2001; Finnegan et al. 2007). The method relies on a PVC tube that has 

a removable sticky block to capture hairs from red and grey squirrels as they enter 

the tube. Finnegan et al. (2007) successfully used hair-tubes to assess the distribution 

of both red and grey squirrels across six sites in both conifer and broad-leaved 

woodland near Co. Dublin, Ireland. Morphological techniques were to identify the 

hairs to species (Finnegan et al. 2007). The addition of a DNA approach adapted to 

work with hair-tube samples to identify the species and individual from hair-tubes 

could be a useful way to add value to the current survey strategy as it is less labour 

intensive and the DNA can be used for additional analysis such as population 

genetics. 

The aim of this work was to develop a non-invasive genetic method to census red 

squirrels. This firstly involved designing a hair-tube to remove hair from squirrels.  

Secondly, a panel of nine microsatellite loci were chosen to individual red squirrels 

from hair-tube samples. The technique was then applied to a hair-tube survey.  
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5.2 Materials and Methods 

5.2.1 Study area and sample collection 

Hair-tube surveys took place in conifer and mixed woodland sites between 2009 and 

2011 in County Waterford, Ireland (Fig 5.1). One grey squirrel site was selected in 

County Kilkenny (KD). Combined, these sites represented over 600 ha of conifer and 

mixed woodland sites that were surveyed for the presence of red squirrels. Sites 

were chosen after an initial assessment of the woodland by looking for evidence of 

feeding signs including split hazel nuts and stripped pine cones (Fig 1.12; Strachan 

1998).  

 

Fig 5.1: Study area in Co. Waterford (South East Ireland) showing the location of 

selected study sites: Brownswood (BW), Nire Valley (NV), Ballymacabry (BC), Boola 

Bridge (BO), Guilcagh (GC), Gardenmorris (GM), Mahon Bridge (MB),  Ballyscanlon 

(BS), Faithlegg (FL) and Kildalton (KD). The Rivers Suir (East) and Colligan (West) are 

also mapped.  

Hair Sampling 

The hair-tubes were made from 300 mm lengths of 70 mm diameter PVC piping (Fig 

5.2). Hair patches were made using corrugated card, based on the design used in 

Mullins et al. (2010). The card was covered in double sided sticky tape and a small 

section of mouse glue patch (10 x 14 mm) and was placed on the sticky patch. Patches 

were positioned inside the tube close to the wire (Fig 5.2 [a]). Patches were placed 

in both ends of the tubes. Tubes were tied to the tree using wire or cable ties, and 
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positioned at chest height and a minimum of 30 m apart. At least four baiting sessions 

took place every 7 – 14 days. Bait consisted of maize, peanuts and hazelnuts. Patches 

with hair were removed and placed in a 30 ml airtight universal sterile container 

(Sparks Lab Supplies, Dublin, Ireland), and frozen at -20 °C until DNA extraction. Hair 

patches remained in the tubes if there was no evidence of hair, and removed hair 

patches were replaced.  

Tubes in the Nire Valley (NV), Ballymacabry (BC) Boola Bridge (BO) were managed by 

a volunteer (M. Desmond). The volunteer received training to check the tubes, rebait 

the tubes and was shown how to store and record the samples. Project officers (A. 

Harrington) from the Mammals in a Sustainable Environment (MISE) provided regular 

support and went to the field with the volunteer.  

A remote camera (Stealth Cam® LLC, TX, USA) was placed on a tree at the Mahon 

Bridge (MB, Fig 5.1) study site to observe the red squirrels using the hair-tubes. The 

landowner at Mahon Bridge (MB) (S. Murphy) assisted with the remote camera and 

regularly checked and moved it to other locations when necessary.  
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Fig 5.2: Remote collection of squirrel hair using hair-tubes. (a) Baited hair-tube 

wired to a tree. Possible entry routes into the tube include (b) above or (c) below. 

(d) A squirrel that removed the bait is seen sitting on the hair-tube. (e) Hair-patch 

with hair after being removed from the hair-tube. (f) Removing hair from the hair-

patch using forceps and scissors in the lab.  

5.2.2 DNA Protocols 

DNA extraction and species identification 

DNA was extracted from the hair samples collected in 2010 using the Chelex method 

as described in Section 2.2.2. DNA was extracted from hair samples collected during 

2011 as described in Section 4.2.1. DNA extracts were identified to species following 

the protocol for red and grey squirrel identification (Section 2.2.4.1). A number of 

samples that failed to amplify as either squirrel were tested for pine marten DNA 

using the primers by Mullins et al. (2010) and described in Section 2.3.  

 

 

Nuclear DNA screening  

To test if extracts contained a sufficient quantity of nuclear DNA for microsatellite 

genotyping, the Custom TaqMan® SNP Genotyping Assay designed to target the ZFX 

sequence (Fig 4.3) (previous chapter), was used to screen the DNA extractions to 

assess the quantity and quality of nuclear DNA. Real-time PCR was as described in 

Section 4.3. Samples that produced a Ct value less than 35 were subsequently 

selected for downstream genotyping.  

5.2.3 Microsatellite analysis 

Twelve microsatellite markers (as detailed in Table 5.1) were initially screened for 

use with red squirrel hair samples. Microsatellites with small amplicons with 2 bp 

repeat motifs (where possible) were selected for screening. Broquet et al. (2007) 

showed that shorter motifs had the highest rate of amplication success and a lower 
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assosociated error rate in comparison to longer motifs. All microsatellites were 

initially tested with red squirrel tissue samples standardised to 4 ng of DNA per 

reaction, and amplified in singleplex reactions. The 10 µl PCR reaction consisted of 5 

µl GoTaq Hot Start Green Master Mix (Promega), 0.2 µM of each primer, 1 µl (Chelex 

extracted DNA) to 4 µl (Zymo Kit extracted DNA), in a total volume of 10 µl. The initial 

PCR conditions consisted of 94 °C for 2 min, 40 cycles of: denaturation at 94 °C for 45 

s, annealing at 52–58 °C for 45 s and extension at 72 °C for 110 s, and a final 

elongation at 72 °C for 10 min, derived from Grill et al. (2009).  

The PCR products were diluted (1:20) in water prior to fragment analysis, and 1 µl 

was added to 15 µl of HiDi Formamide with 0.15 µl size standard (GS500 LIZ™ cat. no. 

4322682). Fragment analysis was carried out on an ABI PRISM® 310 Genetic Analyser 

with 4% polyacrylamide (POP-4® polymer, cat. no. 402838), in a  47  cm  x  50 µm 

capillary, under default run conditions. Alleles were scored using the GeneMapper 

software version 3.7 (Applied Biosystems).  
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Table 5.1: Microsatellite loci tested in this study for amplification with red squirrels.  

 

Microsatellite Data analysis of non-invasively collected hair samples 

To control and assess the level of genotyping errors, the software GIMLET, version 

1.3.4 (Valière 2002) was used to assess the replicated data for the presence of errors 

including the presence of allelic drop out and false alleles. GIMLET was also used to 

calculate the percentage of positive PCRs in the dataset. Secondly, MICRO-CHECKER, 

version 2.2.3 (van Oosterhout et al. 2004) was used to identify possible genotyping 

errors, including the presence of null alleles, large allele dropout and scoring errors 

due to stutter peaks (using default settings). Unique genotypes were identified with 

GENALEX, version 6.5b (Peakall and Smouse 2006). GENALEX was also used to assess 
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for deviations from Hardy–Weinberg equilibrium (HWE), observed (HO) and expected  

(HE)  heterozygosities, the number of alleles (A) and range of allele size, and was also 

used to estimate the probability of identity (PID). 

5.2.4 Mitochondrial DNA analysis 

The primers SvSc_F and Svul_R (Section 2.3.2) were used to amplify a 350 bp of the 

mitochondrial D-Loop DNA from a subset of 12 individuals selected across the sites. 

PCR, gel electrophoresis and DNA sequencing was as described in Section 2.2.4.2 . 

Nucleotide sequences were analysed using the BLAST software at http://www.ncbi. 

nlm.nih.gov/BLAST/ from the GenBank (NCBI) database (Altschul et al. 1990). 

Sequences were compared by multiple alignments in MEGA V.5.05 (Tamura et al. 

2011) and haplotypes were identified using ARLEQUIN (version 3.5; Excoffier and 

Lischer 2010).  

  



Chapter 5: Non invasive genetic sampling and individual identification of the red 
squirrel (Sciurus vulgaris)  
 

123 
 

5.3 Results 

5.3.1 Non-invasive genetic identification of squirrels 

Fig 5.3 outlines the general strategy that was followed for identification of red 

squirrels from hair samples.  

 

Fig 5.3: Flowchart diagram showing the various stages involved in the identification 

of red squirrels from hair samples.  

Hair-patches that contained hair (n = 110) were removed from hair-tubes across the 

study area and the number of hairs found on the hair patches varied from 1-2 hairs 

to over 30. The number of patches removed per site ranged from one at Boola Bridge 

to 21 at Gardenmorris, Brownswood and Ballyscanlon (Table 5.2).  
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There was a significant  increase in the number of samples collected across all sites 

as the number of visits and rebaiting sessions increased (R2 = 0.97, P > 0.001). The 

trail camera positioned at the site in Mahon Bridge provided video footage of red 

squirrels entering the hair-tubes and removing the bait. Videos recorded from the 

site revealed that red squirrels shake the hair tubes to remove the bait, and 

attempted to avoid entering the tube, thus reducing the potential for contact 

between the hair patch and the animal (Fig 5.4). 

 

Fig 5.4: Video stills of a red squirrel at Mahon Bridge using a hair tube. The squirrel 

was recorded shaking the tube to attempt to remove the bait without entering the 

tube.  
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Species Identification 

The real-time PCR species identification test revealed that 86 of the 110 patches 

contained red squirrel DNA, with average real-time PCR Ct values per site ranging 

21.5 ± 1.27 at Ballymacabry to 34.42 ± 2.26 at Faithlegg. Eight samples from 

Gardenmorris were identified as pine marten (28.41 ± 1.60), and four samples from 

Kildalton were identified as grey squirrel (22.46 ± 2.51). The samples that failed to 

amplify as red squirrel, grey squirrel or pine marten  (n = 12) could not be identified 

to species as those samples contained a non-target species or contained DNA from a 

non-target species, and were discarded from further analysis (Table 5.2 (a)). Most of 

those samples had only 1-2 hairs, demonstrating that patches with fewer than 5-10 

hairs are generally unsuitable for DNA analysis. The positive red squirrel samples 

were subsequently amplified with a nuclear DNA assay to assess the quantity and 

quality of nuclear DNA per sample. The samples with Ct < 35 (Table 5.2 (b)) were 

subsequently selected for amplification with the microsatellite panel. This Ct value 

was used as a screening step to select samples with good quality and quantity DNA.  

Table 5.2: (a) Summary of real-time PCR results for species identification of red 

squirrel (RS), grey squirrel (GS), pine marten (PM) and non identified samples (ND).  

(b) Real-time PCR results for positive red squirrel samples amplified with the ZFX 

assay.  

(a) 
Total 
hair 

patches 
RS Ct PM Ct GS Ct ND 

Site N N  N  N  N 

GM 21 10 29.62 ± 4.95 8 28.41 ± 1.60 0  3 

BS 21 19 25.25 ± 3.70 0  0  2 

BW 21 16 26.46 ± 3.38 0  0  5 

GC 3 3 26.26 ± 5.17 0  0  0 

KD 4 0    4 22.46 ± 2.51 0 

NV 16 16 31.25 ± 2.93 0  0  0 

FL 4 2 34.42 ± 2.26   0  2 

MB 17 17 21.87 ± 5.16 0  0  0 

BO 1 1 22.51 0  0  0 

BC 2 2 21.5 ± 1.27 0  0  0 

Totals 110 86  8  4  12 
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(b)                       ZFX Ct 

Site N Ct < 35 
GM 3 32.79 ± 0.44 
BS 12 32.56 ± 1.52 
BW 12 32.38 ± 1.34 
GC 2 32.32 ± 1.34 
KD 0  
NV 16 31.01 ± 3.91 
FL 0  

MB 11 31.40 ± 1.43 
BO 1 30.45 

BC 2 32.10 ± 0.66 

Total 58  

GM Gardenmorris, BS Ballyscanlon, BW Brownswood, GC Guilcagh, KD Kildalton, NV 

Nire Valley, FL Faithlegg, MB Mahon Bridge, BO Boola Bridge, BC Ballymacabry. Neg 

samples included those that failed to amplify as red squirrel due to low quality DNA.  

5.3.2 Microsatellite Optimisation 

Amplification 

Twelve loci were screened for optimisation with the red squirrel. Attempts were 

made to optimise the PCR conditions for each locus by varying the annealing 

conditions between 52 °C and 58 °C. The PCR products were initially visualised on a 

2% agarose gel, where it was observed that the annealing temperature varied across 

the loci. In an effort to optimise the microsatellite panel to amplify using the same 

PCR profile, different annealing temperatures were used Fig 5.5. Rsu1 and Rsu4 were 

difficult to amplify and SCV23 failed to amplify using a variety of annealing 

temperatures.  
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Fig 5.5: Example of amplification of six microsatellites using a 58°C annealing 

temperature using three DNA hair samples.  

Two microsatellites that were previously developed by Shibata et al. (2006) for 

amplification with Sciurus lis were also tested for cross-utility with the red squirrel in 

this study. Both markers amplified well with red squirrel DNA and amplified across a 

range of annealing temperatures (Fig 5.6).  

 

Fig 5.6: Amplification of Scv3 (Hale et al. 2001a) Lis3 and Lis12 (Shibata et al. 2006) 

with red squirrel hair DNA.  

A dropdown PCR protocol adapted from Hellborg and Ellegren (2003) was finally used 

to amplify the majority of microsatellites in the panel. This involved one cycle of 95 

°C for 10 min, followed by 20 cycles of 95 °C for 30 s and a touchdown  from  60 °C  

to 55 °C for 1 minute decreasing by 0.5 °C per cycle, and then 72 °C for 1.50 minutes. 

This was followed by 20 cycles of 95 °C for 30 s, 45 °C for 1 minute and 72 °C for 1.5 

minutes, and a final extension of 72 °C for 10 minutes. This protocol was 

subsequently used as the majority of the loci amplified under these conditions. 

Scv23, failed to amplify at any of the PCR conditions and was discontinued from 

further analysis. Rsu1 and Rsu4 produced multiple PCR products when they were 

amplified using the touchdown PCR protocol and were discontinued from further 

analysis.  
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Design of mini-microsatellites 

Where possible, the reverse primers were redesigned to sit closer to the repeat 

region. This was done to reduce the overall size of the amplicon and to increase the 

specificity of the primer pair to work in conjunction with non-invasive samples. The 

sequences were downloaded from Genbank for all the microsatellites used, and the 

reverse primers were redesigned. Reverse primers were selected by designing a new 

primer that had a similar melting temperature to the forward primer. Mini 

microsatellites were successfully designed for Scv4, Scv31, and Scv8 and (Fig 5.7; 

Table 5.3). The original allele sizes for those primers were Scv4 (199-215); Scv31 (128-

208) and Scv8 (192-200) (Hale et al. 2001a). After redesign in this study, the product 

sizes were reduced to the follow allele size range Scv4 (114-148); Scv31 (162-166); 

and Scv8 (162-166). 

>gi|12958255|gb|AF309452.1| Sciurus vulgaris clone Scv4 microsatellite sequence 

AAAATACCTGGAGATGGAGTGAGTGAGGAGTGAGTGTGTATATGTATGTGTGTGTGTGTGTGTGTGTGTG 

    F-Primer (Hale et al. 2001a) 

TGTGTGTGTGTGTGTGTGTGTGTATTCCCAAATGATTCCTGTGCAAACTGAAGTTTGTTACTCATTAATC 

                       Mini-R-Primer (This Study) 

TAAGGAGTTGAAACATTTCCATCTGCACTATTTGGATAGTCATCTACAGATGAGACAAAATTGCTTGCAT 

TCAAGAGGATTCCTGGATC 

R-Primer (Hale et al. 2001a) 

 

Fig 5.7: Scv4 microsatellite sequence showing the position of the original forward 

and reverse primers (grey colour) from Hale et al. (2001a). The reverse primer was 

redesigned in this study (green colour) to sit next to the repeat region (TG). This 

reduced the amplicon from the original 214 bp to 111 bp.  

Multiplex PCR 

The nine microsatellite panel were successfully combined into three groups for 

multiplex PCR (Table 5.3). The programme AutoDimer (Vallone and Butler 2004) 

showed that there was some risk for the formation of primer dimer and hairpin 

structures if Scv3 and Scv4 were placed in the same multiplex reaction (Fig 5.8).  
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3'NGGAGTGAGTGAGGTAGAGGTC-5' 

  x|||||||xx||||||x||| 

5'CCCCTCACTTCCTCCATTTC-3' 

Fig 5.8: Illustrating the possibility of Scv3 and Scv4 binding to one another in a 

multiplex reaction.  

Preliminary multiplex reactions contained equal quantities of primers (Fig 5.9). By 

looking at the intensity of the PCR bands, primer concentrations were varied to allow 

equal amplification of the products. This was done through a process of increasing or 

decreasing the concentration of one of the microsatellites in the multiplex (Fig 5.10). 

The final primer concentration primer labels are in Table 5.3.  

 

 

Fig 5.9: Optimisation of microsatellite multiplexes. Primer concentrations were 

increased/decreased based on band intensity.  Set 1 – 3 are outlined in Table 5.3.  

 

Fig 5.10: An example of the optimised multiplex PCR for two individual hair DNA 

samples. Both individuals were amplified with the three multiplex reactions in 

duplicate.  
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The PCR products were then diluted (1 µl of pooled PCR mix into 19 µl of water) prior 

to fragment analysis (Fig 5.11). The three multiplexes were later pooled for combined 

analysis to save resources 

 

Fig 5.11: Microsatellite loci from the three multiplexes. Lis3 is missing from the 

third multiplex.  

The success rate for PCR amplification with non-invasive samples ranged from 0.97 

with miniScv4 to 0.67 with Scv20, the smallest and largest sized amplicons in this 

study respectively.  
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Table 5.3: Final microsatellite panel including redesigned reverse ‘mini’ primers. 

The microsatellites were divided into three multiplex reactions. The final primer 

concentration (conc µM) and the labels are also provided.  

 

5.3.3 Red squirrels in Co. Waterford 

In total, 30 individual red squirrels were non-invasively identified in this study Table 

5.4. The number of individual red squirrels identified in Co. Waterford ranged from 

nine in Ballyscanlon to one each in the Nire Valley and Boola Bridge. Replicated 

genotypes were recorded at four sites with the number of replicated genotypes 

ranging from one recapture to 16 recaptures.  

Low levels of allelic dropout were identified at RSu5 and miniScv20 (0.01 each). The 

overall dropout rate across all loci and PCRs was 0.03. No incidences of false alleles 

were recorded. PCR success ranged from 0.67 at miniScv20 to 0.97 at miniScv4, with 

an average of 0.85 across all loci. Summary statistics are provided in Table 5.5. The 

number of alleles per locus ranged from two at Rsu5 to four at Lis12, miniScv31, 

miniScv8, Scv6, Scv20 and Lis3, and averaged 3.6 alleles per loci. Observed 

heterozygosity ranged from 0.286 at Lis12 to 0.800 at Scv6, and averaged 0.532 

across all loci. Expected levels of heterozygosity ranged from 0.312 at Lis12 to 0.588 
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at Scv6, with an average of 0.482 across all loci. Two loci Scv6 and miniScv31 

significantly deviated from Hardy-Weinberg equilibrium (P = 0.026). Probability of 

identity averaged 3.5 x 10-1 across loci, with a cumulative PI of 4.7 x 10-5. Probability 

of identity for related individuals averaged 6.0 x 10-1, with a cumulative PIsib of 8.8 x 

10-3.  
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Table 5.4: Microsatellite genotypes of the unique individuals identified from each woodland 

Boola Bridge (BO), Ballymacabry (BC), Brownswood (BR), Ballyscanlon (Bs), Gardenmorris 

(GM) Guilcagh (GC), Mahon Bridge (MB) and Nire Valley (NV). The loci are displayed 

horizontally and the individual samples are displayed vertically.  
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Table 5.5 Descriptive statistics for the red squirrels identified in Co. Waterford. Number of samples amplified per locus (N), number 

of alleles per locus (A), observed heterozygosity (HO), expected heterozygosity (HE), Hardy-Weinberg expectations (HWE), probability 

of identity per locus (PI) and probability of identity for siblings (PIsib). * denotes deviations from Hardy-Weinberg equilibrium.  

 Rsu5 Lis12 Scv3 miniScv4 miniscv31 miniscv8 Scv6 Scv20 Lis3 Average 

N 29 28 29 27 22 28 30 29 30 28.0 

A 2 4 3 3 4 4 4 4 4 3.6 

HO 0.586 0.286 0.448 0.481 0.364 0.643 0.800 0.483 0.700 0.532 

HE 0.490 0.312 0.405 0.442 0.445 0.669 0.588 0.433 0.553 0.482 

HWE 0.293 0.695 0.751 0.931 0.026* 0.456 0.026* 0.690 0.507  

PI 3.8 x 10-1 4.9 x 10-1 4. x 10-1 4.0 x 10-1 3.4 x 10-1 1.6 x 10-1 2.6 x 10-1 3.9 x 10-1 2.8 x 10-1 3.5 x 10-1 

Pisib 6.0 x 10-1 7.2 x 10-1 6.5 x 10-1 6.4 x 10-1 6.1 x 10-1 4.6 x 10-1 5.2 x 10-1 6.3 x 10-1 5.4 x 10-1 6.0 x 10-1 
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5.3.4 Mitochondrial DNA results 

Three mitochondrial DNA haplotypes were found in the Co. Waterford study area 

from the 12 samples used to generate sequences. No sequence was generated for 

the Gardenmorrs site. One haplotype (IE16) was previously published by Finnegan et 

al. (2008), and was recorded at four sites in this study. Two novel haplotypes were 

found in the county, with IE23 found at three sites, and IE24 found at one site (Fig 

5.12). IE24 was resequenced for verification. The new names follow on from the 

haplotypes named by Finnegan et al. (2008). The relationship of these haplotypes will 

be investigated in Chapter 6.  

 

Fig 5.12: Map of haplotype distribution of remotely collected red squirrel 

individuals in Co. Waterford. Three individuals from Mahon Bridge had the IE23 

haplotype.  
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5.4 Discussion 

5.4.1 Hair-tubes for the non-invasive genetic study of red squirrels 

This is the first study that used hair-tube samples collected from red squirrels for 

genetic analysis. Trizio et al. (2005) trapped individual squirrels and successfully used 

plucked hair for subsequent analysis. Trizio et al. (2005) were able to ensure that at 

least 30 hairs were plucked per animal. In this current study, it was not possible to 

control the number of hairs that were removed from each animal, and subsequently 

some of the samples had as few as one to two hairs. An additional problem 

encountered with the hair-tubes was that squirrels took a period of time (latency) to 

use the tubes. Using trail cameras it was observed that the squirrels tended to avoid 

entering the tubes by shaking the food out. This suggests that further optimisation 

of the hair-tube design is needed. Adjustments might include securing the bait inside 

the tube, or the use of a mesh tube that squirrels might be more likely to enter. 

The sticky patch design used in this study was initially developed by Mullins et al. 

(2010) and was originally designed to collect hairs from pine marten for DNA analysis. 

During the course of this study it was found that the hair collected from the red 

squirrel was shorter and finer than that of the pine marten, and less hair was 

generally collected. The pine marten tubes were baited with chicken that was wired 

into the tubes, requiring significant effort on the part of the pine marten to remove 

the chicken, causing the pine marten to push against the tube which ultimately 

resulted in more hair being removed from the pine maten. Adapting the tubes to 

increase the surface area that squirrel hairs could be captured from may also help to 

overcome this issue such as the sticky tape snare developed by Henry et al. (2011) 

that was successfully used to survey pikas (Ochotona princeps) and remotely remove 

hairs for genetic analysis (Henry et al. 2012) (Fig 5.13). The sticky tape hair snare 

could be used at the entrance of the tube in addition to the use of a hair patch to 

capture more hairs from red squirrels. This may allow additional root follicles to be 

remotely plucked from red squirrels, as the number of root follicles has previously 

been shown to be important for genotyping (Trizio et al. 2005).  
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Fig 5.13: A sticky tape snare (containing pika hair) at the entrance of a pika 

burrow (Henry et al. 2011).  

The labour involved in non-invasive studies also needs to be considered. This study 

required up to four baiting periods in order to obtain hair samples. Trapping is more 

labour intensive, but it may be more worthwhile in terms of gaining an adequate 

estimate of the red squirrel population in a particular study site. However, some of 

the benefits of hair-tubes are that there is no requirement for licensing and 

volunteers can be easily trained to conduct hair-tube studies. This type of approach 

is also beneficial to the squirrel as it avoids disturbing the animals, or encouraging 

some individuals to become ‘trap happy’.  

5.4.2 Non-invasive genetic identification of red squirrels 

DNA Extraction procedures 

In this study, two types of DNA extractions were used. The results showed that the 

DNA extraction kit provided DNA extracts with a higher success rate that (a) passed 

the screening stage and were taken to the genotyping step, (b) provided a genotype. 

DNA extraction kits should be used in future studies, especially when the starting 

template may be poor in comparison to other species. It should be noted that by 

using the DNA extraction kit, we were able to remove the PCR inhibitors in the DNA 
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extraction and this allowed us to add four times the starting template in comparison 

to the Chelex extraction.  

Microsatellite Optimisation  

This is the first study to optimise microsatellite primers for use with remotely 

obtained hair samples from squirrels. Two microsatellite primers originally 

developed for Sciurus lis, and both loci were included in the microsatellite panel in 

this study. Both markers produced slightly lower levels of variability, but were 

generally easy to score and worked well in the multiplex set up, making them a useful 

addition to the microsatellite panel.  

The genotyping error rate reported in this study is on the lower end of estimates 

reported in a review of non-invasive studies by Broquet et al. (2007). However, more 

recent studies such as Henry et al. (2012) also reported low levels of errors, possibly 

as a result of advancements in the use of DNA extraction kits, as evidenced in this 

study, but also the additional use of a novel screening stage to select the best DNAs. 

The approach taken in this study, where the results from the ZFX assay were used as 

a screening protocol was quite strict, and this may have helped improve the results. 

A similar approach was taken in non-invasive studies for pine marten and otters 

(Mullins et al. 2010; O’Neill et al. 2013; Sheehy et al. 2014).  

The final microsatellite panel used in this study had enough statistical power to 

identify individuals and differentiate siblings, as the probability of identification was 

lower than the 0.001 threshold described by Mills et al. (2000). Two loci (miniScv31 

and Scv6) showed some evidence for deviations from Hardy-Weinberg equilibrium 

(P = 0.03). Levels of genetic diversity indicated that the population of red squirrels in 

Co. Waterford appear relatively healthy, with low to medium levels of heterozygosity 

and genetic variability across the population. In the case of miniScv31, there was a 

higher level of expected heterozygosity compared to observed heterozygosity, while 

in the case of Scv6, there was a higher level of observed heterozygosity compared to 

the expected. In the case of miniScv31, the presence of null alleles in the data may 

have caused the deviation. Inbreeding can also cause deviations from Hardy-
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Weinberg equilibrium, as can the presence of population substructure. The later is 

possible in this case, as three different mitochondrial haplotypes were found in this 

population. IE16 and IE23 were closely related, with only 1 bp difference. This 

haplotype was previously found in Limerick and Galway (Finnegan et al. 2008), but 

IE24 was more closely related to IE14, previously recorded in Co. Wexford. This 

haplotype was only recorded in the North of the Comeragh Mountains, and is also 

closely related to haplotypes found in Wales (Ogden et al. 2005), Jersey, the Isle of 

Wight (Simpson et al. 2013) and France (Dozieres et al. 2012). This will be discussed 

further in Chapter 6.  

There was no evidence of grey squirrels in any of the Co. Waterford woodlands 

samples, although grey squirrels do occur in Kildalton, Co. Kilkenny. Both pine marten 

and red squirrels were identified from hair-tubes at Gardenmorris, Co. Waterford. 

Recent studies by Sheehy et al. (2013) and Sheehy (2013) have shown that the 

presence of pine marten may have a positive impact on the red squirrel population, 

as grey squirrels are less likely to occur in high numbers where pine marten are 

abundant. Previous work by Mullins et al. (2010) and on-going work at WIT have 

shown that pine marten also occur in other sites sampled in this study including 

Brownswood, Guilcagh and Faithlegg. The occurrence of pine marten in the Nire 

Valley, Boola Bridge and Ballymacabry has not been investigated. Future studies that 

intend to use hair-tubes to survey red squirrels should consider the presence of pine 

marten as it has been shown in this work and in Chapter 2 that pine marten will use 

red squirrel hair-tubes.  

5.5 Conclusion 

 This study has successfully designed a suitable method to detect, identify and 

assess the genetic diversity of a red squirrel population using non-invasive 

genetic methods.  

 The techniques are suitable for use with the hair-tube collected samples, 

opportunistically collected road kill samples and hair plucked from squirrels 

during trapping studies.  
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 Such techniques have useful applications across Ireland and Britain for 

conservation planning, management and mitigation, and have useful 

applications for red squirrel volunteer groups, as well as conservation 

managers.   

 Using these techniques, both remnant squirrel populations and potential 

reintroduction stock can be firstly genetically screened for their suitability as 

reintroduction or translocation stock. 
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Introduction 6.1 

The red squirrel in Ireland has a relatively recent history in the country since it was 

reintroduced from Britain in the 1800s on multiple occasions (Section 1.2.5; 

Barrington 1880). The British stock is also quite mixed as translocations and 

documented reintroductions took place throughout Scotland, Wales and England 

(Shorten 1954). Some of the stock used to repopulate Britain included animals 

translocated from Scandinavia, and Continental European from countries such as 

France (Shorten 1954).  

Finnegan et al. (2008) found a high number of mitochondrial D-loop haplotypes (n = 

26) in the Irish population, most of which were unique to Ireland.  Exceptions 

included H15, a haplotype that had been previously recorded by Hale et al (2004) and 

was believed to have originated in central Europe, and two haplotypes that were 

recorded in museum samples from both Britain and Ireland. Many of the 

contemporary DNA haplotypes recorded in Ireland appear to be closely related to 

the haplotypes shared between museum samples in Britain and Ireland, and this led 

Finnegan et al. (2008) to believe that the Irish red squirrels were predominantly 

composed of translocated individuals from Britain.  

Despite a number of genetic studies of red squirrels in Ireland, Britain, Jersey, Isle of 

Wight, France, Italy and across Europe, we still do not fully understand the 

phylogeographic origins of the species within Europe (Barratt et al. 1998; Hale et al. 

2001; Hale et al. 2004; Ogden et al. 2005; Trizio et al. 2005; Finnegan et al. 2008; Grill 

et al. 2009; Dozierèz et al. 2012; Simpson et al. 2013). Although, the low divergence 

rate between red squirrels from Europe, Russia and China, suggest a historical 

migration from the East to the West, and only the Southern Italian red squirrels 

exhibit genetic differentiation (Grill et al. 2009). The previous studies have found that 

the red squirrel is genetically quite diverse, with high levels of admixture or mixing 

occurring across their distribution, some of which may be attributed to human 

translocations (Section 1.2).  
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Using samples from Chapter 5, and additional samples collected in Ireland, the aim 

of this chapter is to use microsatellite data to investigate the levels of genetic 

diversity, gene flow, and genetic structure to assess if a contemporary genetic 

signature of small, random, human mediated red squirrel introductions from 

multiple locations in the 1800s is still evident in the Irish red squirrel population 

today. Secondly, given the proposed relatively recent history of red squirrels in 

Ireland, inferences will be made about the origins of red squirrels in each area based 

on comparisons of mitochondrial DNA variability between Irish, British and central 

European red squirrels. The combination of these factors will then be discussed in 

relation to the genetic history, and conservation management of the red squirrel in 

Ireland.  
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6.2 Materials and Methods 

6.2.1 Sample collection  

 

Samples used in this study are provided in Table 6.1. The Wexford samples came from 

red squirrels translocated to Killiney, Co. Dublin for a reintroduction project, and the 

Galway samples also originated from a translocated population in Portumna, Co. 

Galway, but have been breeding in the site for a number of years (Poole and Lawton 

2009). The additional samples were used for statistical analysis and to increase the 

geographic spread of the samples. All samples were screened with nine microsatellite 

loci as described in Section 5.3.2 using the final microsatellite panel in Table 5.3. 

 

Table 6.1: Hair sample collection details.  

Location  Collectors Sample Type No 

Waterford 
D. O’Meara, P. Turner, 

A. Harrington, M. 
Desmond 

Hair-tube 30 

Midlands (Laois + Offaly) E. Sheehy Hair-tube 3 

Wexford, the Raven W. Carr Plucked hair 14 

Galway (Derryclare) C. Waters + C. Lawton Plucked hair 11 

Northern Ireland D. Tosh Plucked hair 11 

Dublin (Carrickgollogan)  S. Rubalcava Hair-tube 4 

Cork (Glengarriff) P. Sleeman Plucked hair 4 

    Total: 77 

 

6.2.2 Microsatellite data analysis 

 

To account for genotyping errors, GIMLET version 1.3.4 (Valière 2002) was used to 

assess the replicated data for the presence of errors and to calculate the percentage 

of positive PCRs in the dataset. MICRO-CHECKER version 2.2.3 (van Oosterhout et al. 

2004) was used to identify possible genotyping errors including the presence of null 

alleles (an allele that is present in a sample, but did not amplify), large allele dropout 

(one or more alleles are not present) and scoring errors due to stutter peak (using 

default settings), as errors present in the dataset would affect subsequent analysis.  
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Descriptive statistics 

Populations were divided geographically according to Table 6.1 and groups with at 

least 11 individuals were described as a population and assessed for descriptive 

statistics. Observed (HO) and expected (HE) heterozygosities, the number of alleles 

and deviations from Hardy–Weinberg Equilibrium (HWE) were assessed using 

GENALEX, version 6.5b (Peakall and Smouse 2006). The measure of the amount of 

heterozygosity across loci can be used as a general indicator of the amount of genetic 

variability. Heterozygosity is the proportion of individuals in a population that are 

heterozygous at a particular locus (Beebee and Rowe 2008). Due to small sample size, 

allelic richness (AR), an index of genetic diversity was assessed using FSTAT, version 

2.9.3.2 (Goudet 2001). Deviations from Hardy-Weinberg equilibrium can indicate 

inbreeding, population stratification, and genotyping errors (Wiggenton et al. 2005). 

The Hardy-Weinberg equilibrium law states that allele frequencies should remain 

unchanged from one generation to the next, while assuming no migration or 

mutation (Beebee and Rowe 2008). Genotypic linkage disequilibrium was assessed 

using GENEPOP, version 4.2 (Rousset, 2009). The non-random associations of alleles 

at different loci is called gametic phase disequilibrium or, linkage disequilibrium.  

 

Genetic differentiation 

“F-statistics are a measure of the deficit of heterozygotes relative to expected Hardy-

Weinberg proportions in the specified base population” (Allendorf and Luikark 2007). 

FST is a measure of allele frequency divergence among subpopulations (Allendorf and 

Luikark 2007). Calculating Weir and Cockerham’s FST is very useful because it is 

unbiased with respect to sample size. This is especially useful for analysing the data 

in this study, as some of the samples came from geographically isolated areas, but 

were represented by few individuals. The method of Weir and Cockerham (1984) 

uses an ANOVA approach to estimate within- and among-population variance 

components (Meirmans and Hedrick 2011). The programme FSTAT Version 2.9.3 

(Goudet 1995) was used to estimate pair-wise FST statistics, and the significance was 
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tested using 1000 randomisations and applying a Bonferroni correction. The 

Bonferroni correction is an ‘add-on’ statistic that accounts for the possibility of false 

positives being generated when multiple pairwise comparisons are conducted on the 

same data set, and adjusts the P value according to the number of tests that have 

been conducted. 

Analysing the presence of genetic structure 

To investigate population substructure within the red squirrel dataset, the number 

of genetic clusters present was assessed with the programme STRUCTURE version 

2.3.1 (Pritchard et al. 2000; Falush et al. 2003).  The programme uses a clustering 

algorithm to group genetic data, and can be used to detect migrants, or admixed 

individuals, as well as detect cryptic population structure (Hubisz et al. 2009).  The 

programme is provided with a prior number of clusters (K), and assumes that the 

data is within Hardy-Weinberg and linkage equilibrium. The programme then 

assesses the allele frequencies and population membership of each individual to the 

putative K, using Markov chain Monte Carlo (MCMC) to iterate the data and assign 

individuals to clusters across the assigned prior parameters (Hubisz et al. 2009). The 

Bayesian clustering algorithm implemented in the programme was used to analyse 

the data with default settings with a burn-in period of 10,000, followed by 100,000 

replicates with no prior population information. The likelihood of K equals 1 to 10, 

with each K-value replicated three times to assess the most likely number of inferred 

populations. The most likely K was assessed by implementing the delta-K method 

(Evanno et al. (2005), using STRUCTURE Harvester (Earl and van Holdt 2012). The 

method employs an ad-hoc statistic (delta-K) that is based on the rate of change log 

probability of data between successive K values, but is sensitive to the type of marker 

or the number of individuals sampled from a putative population. Bayesian statistics 

generate multiple ‘posterior probabilities’ or a posterior probability distribution by 

providing a probability that an individual’s genotype belongs to a particular 

population and can give an estimate for a number of populations present in the 

dataset (Beebee and Rowe 2008).  
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The relationship between individual and population based genotypes using 

Principle coordinate analysis 

To further investigate the presence of genetic structure, a principal coordinate 

analysis (PCoA) in GENALEX, version 6.5b (Peakall and Smouse 2006) was employed 

to further examine the genetic relationships among the samples. This multivariate 

approach was chosen to complement the STRUCTURE analysis as that might be 

affected by the presence of related individuals in the dataset. PCoA has shown to be 

more informative regarding genetic distances among major groups (Kassa et al. 

2012). The PCoA was performed for both individuals, and for populations. PCoA is 

based on genetic distance (Nei 1978). It allows the plotting of the major patterns 

within a multivariate dataset e.g. multiple loci and multiple samples. The analysis 

option in the PCoA menu finds the relationship between the distance matrix 

elements based on their first three principal coordinates (Blyton and Flanagan 2012). 

The genetic distance matrix was also analyzed via Analysis of Molecular Variance 

(AMOVA). This analysis was also conducted in GENALEX. The AMOVA made it 

possible to compare genetic variation between and within the populations to 

determine if there was population differentiation present in the data.  

Is Isolation by Distance causing genetic structure? 

Isolation-by-distance (IBD) (Wright 1943) refers to a pattern of decreasing genetic 

relatedness between individuals with increasing geographic distance. The IBD model 

assumes that organisms have the ability to move freely between two points within 

dispersal distance, but gene flow may be restricted in the presence of physical 

barriers to dispersal such as habitat fragmentation. 

Mantel’s test for isolation by distance was run on the samples using GENALEX, with 

Nei’s standard genetic distance (Nei 1972, 1978) and with 999 permutations. This 

distance measure was shown to perform well in tests of isolation by distance, and 

showed relatively low variance, high linearity, and a slope that approaches zero  at 

low geographical distances (Paetkau et al. 1997). If geographic distance was causing 

genetic differentiation in the data set then the Mantel test between genetic distance 



Chapter 6: Tracing the genetic heritage of the red squirrel (Sciurus vulgaris) in 
Ireland 
 
 

147 
 

(G) and geographic distance (D) should be significant (P < 0.05). For missing data, 

GENALEX interpolates the average genetic distance (calculated across all non-missing 

pairwise individual distances) at that locus for the relevant pairwise population 

contrast. Latitude and longitude data was provided for each sample, and the 

programme returns the distance in Km.  

Testing for relatedness within populations 

It is often difficult to obtain reliable estimates of relatedness using microsatellite data 

as it is often associated with large errors. In addition, computer simulated data has 

indicated that a high numbers of loci are required to obtain reliable estimates (e.g. > 

30 microsatellite loci). However, even with a few loci it appears that informative 

estimates of average pairwise relatedness within groups can be  achieved (Blouin 

2003). To assess if the genetically defined populations (STRUCTURE, PCoA) might be 

affected by the presence of related individuals, GENALEX, version 6.5b (Peakall and 

Smouse 2006) was used to estimate relatedness using the Pairwise RELATIONSHIP 

coefficient ‘r’ from Lynch & Ritland (1999). R has an expected value of 0 for unrelated 

individuals, 0.25 for half siblings and 0.5 for full siblings or parent–offspring 

relationships. The mean across all populations was then randomised and 

bootstrapped (999 permutations) to iteratively calculate relatedness and account for 

errors.  

6.2.3 Mitochondrial DNA analysis 

A subset of samples were sequenced in this study: Waterford (n = 12), Cork (n = 4), 

Wexford (n = 14) the Midlands (n =3), Dublin (n = 4), and Antrim (n = 10). The PCR 

protocol was as described in Section (2.2.4.1), using the primers from Section (2.3). 

 

Mitochondrial DNA data analysis 

Nucleotide sequences were analysed using the Basic Local Alignment Search Tool 

BLAST) software at http://www.ncbi.nlm.nih.gov/BLAST/ from the GenBank National 

Centre Biotechnology Information (NCBI) database (Altschul et al. 1990). DNA 
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sequences were compared by multiple alignments in MEGA V.5.05 (Tamura et al. 

2011) and DNA sequences were  assigned to haplotypes using ARLEQUIN version 3.5  

(Excoffier and  Lischer, 2010).  

To combine the mitochondrial DNA data from this study with the previously 

published dataset by Finnegan et al. (2008), sequences were truncated to 263 bp. 

DNA sequences were compared by multiple alignments in MEGA V.5.05 (Tamura et 

al. 2011) and haplotypes were described as before.   

 

Testing for population expansion 

 

DNASP version 5.10.01 (Librado and Rozas 2009) was used to estimate nucleotide 

diversity across the pooled mitochondrial DNA dataset. To assess if the Irish red 

squirrel population was undergoing a genetic expansion (which might be expected if 

the red squirrels were relatively recently introduced), deviations from a population 

expansion model were investigated using Fu’s (1997) FS statistic and Tajima’s (1989) 

D statistic. Fu’s Fs determines whether mutations are selectively neutral and 

significant negative estimates can indicate population expansion (Fu, 1997). Tajimas 

D statistic investigates if a sequence is evolving randomly, or if it is evolving under 

selection, which might indicate demographic expansion.  Harpending’s raggedness 

index (Hri) tests were also conducted to assess whether the data deviated 

significantly from a population expansion model (Harpending 1994). The probability 

was determined using the coalescent simulation tool with 1000 replicates.  

 

Testing for relationships between mitochondrial DNA haplotypes 

 

A median-joining network was constructed using the median algorithm of Bandelt et 

al. (1999) in NETWORK version 4.6 (http://www.fluxus-engineering.com). Sequences 

were aligned with MEGA version 5.0 (Tamura et al. 2007).. Simulation studies have 

demonstrated that this method provides reliable estimates of the true genealogy 

(Cassens et al. 2005). 
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In addition, a neighbour joining tree was constructed in MEGA using haplotypes 

previously recorded in Ireland, Jersey, Isle of Wight and Wales (Ogden et al. 2005; 

Finnegan et al. 2008; Simpson et al. 2013). The analysis was conducted using 1000 

bootstraps and genetic distance was computed using the P-distance method (Nei and 

Kumar 2000). To compare the DNA sequences from this study with previously 

published studies from Britain and Ireland (Barratt et al. 1998; Hale et al. 2004; 

Ogden et al. 2005; Finnegan et al. 2008) and with sequences from across Europe (Grill 

et al. 2009), sequences were truncated to 190 bp.  

Haplotypes from this study were split by geographic area and combined with 

haplotypes previously published by Finnegan et al. (2008) to compute pair-wise φST 

values between populations. This analysis takes into account divergence between 

haplotypes. The haplotype recorded in Wexford was combined with the Waterford 

population, as only one haplotype was recorded there. Haplotypes previously 

recorded in Killarney, Co. Kerry were also included. Pair-wise φST  were calculated 

using DNASP using 10000 permutations, and the resulting population affinities were 

exported into MEGA and visualised using a MDS (multidimensional scaling plot) as 

implemented in XLSTAT (XLstat v.7.5.2, http://www.xlstat.com/en/home/). To 

account for geographic biases, estimates of evolutionary divergence between all 

pairs of sequences, including the haplotypes from this study and those from Finnegan 

et al. (2008). The number of base differences per site from between sequences were 

calculated between all pairs of haplotypes in MEGA5 using 1000 bootstraps. The 

resulting affinities were again visualised using an MDS plot.  

  

http://www.xlstat.com/en/home/
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6.3 Results 

6.3.1 Microsatellite Data Analysis 

All loci and data were used for analysis following use of the programme 

MICROCHECKER as despite some evidence of null alleles there was no systematic 

presence of null alleles, large allele dropout or stutter at any locus. Individuals with 

two or more null alleles were however removed from the population assignment 

tests in STRUCTURE. A representative population was selected from Co. Waterford 

(n = 18), which included samples from all sites analysed in Chapter 5.  

Descriptive statistics 

Descriptive statistics were calculated for subpopulations with 11 or more individuals. 

The average number of alleles ranged from 2.7 in the Waterford population to 3.2 in 

the other populations (Galway, Wexford and Northern Ireland). Allelic richness also 

referred to as allelic diversity or mean number of alleles per locus ranged from 1.8 in 

the Waterford population to 2.2 in the Galway population. Average levels of 

expected heterozygosity ranged from 0.40 in the Waterford population to 0.55 in the 

Galway population. Average observed levels of heterozygosity ranged from 0.38 in 

the Waterford population to 0.60 in the Northern Ireland population. No loci 

significantly deviated from Hardy-Weinberg equilibrium across all populations, but 

all populations except Northern Ireland contained some loci that had deviations. The 

Galway and Wexford populations contained the highest number of loci with Hardy-

Weinberg deviations (Table 6.2).  
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Table 6.2: Descriptive statistics for microsatellite data for subpopulations. 

NA number of alleles, AR allelic richness, HO observed heterozygosity, HE expected 

heterozygosity, and HWE Hardy-Weinberg Equilibrium (P = 0.05), with significant values in 

bold.  
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Genetic Differentiation 

The pairwise FST estimates showed that subpopulations were highly differentiated 

from one another, which may be an artefact of sampling isolated populations (Table 

6.3). It is likely that the other populations are also significantly differentiated, but the 

results may be affected by small sample sizes.  The overall FST = 0.237, 99% c.l = 0.158, 

0.324 was found to be significantly different from zero.  

Table 6.3: Pairwise FST rates between subpopulations, and corresponding 

significance after Bonferroni correction (P = 0.002).  

 WD CK GAL WX MDS NI 

DUB 0.2278 0.2567 0.060 0.2967 0.0408 0.1894 
WD  0.257 0.216 0.343 0.182 0.2868 
CK   0.174 0.397 0.258 0.3335 

GAL    0.199 0.105 0.2151 
WX     0.234 0.2597 

MDS      0.0762 

Bold values are significant. WD Waterford, CK Cork, GAL Galway, WX Wexford, MDS 

Midlands, and NI Northern Ireland. 

Genetic Structure 

A total of 58 individuals were analysed for assignment, removing samples that failed 

to amplify at two or more loci. The STRUCTURE programme found that K = 4 was the 

mostly likely number of genetic clusters in the population, but there was also a 

second peak at K = 7. This was observed when the mean of the log of posterior 

probability was graphed. Using the Evanno et al. (2005) method implemented in 

STRUCTURE HARVESTER (Earl and van Holt 2012), there was not a clear divide 

between K = 3 and K = 4 as the most appropriate number of populations in the red 

squirrel population (Fig 6.1 [a, b]). K = 4 also showed the low deviance from the mean, 

and appeared more uniform in comparison to the other K values.  
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Fig 6.1 (a): Description of L(K) (±SD) across the three replicates and (b)  Delta K 

values computed by the software STRUCTURE (Pritchard et al. 2000) following 

Evanno et al. (2005) at K = 1-10. 
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The STRUCTURE results showed that there was a high level of genetic substructuring 

within the red squirrel data. The most likely K values (K = 2, 3 and 4) are displayed in 

Fig 6.2. At K = 2, the Galway and Wexford samples were disctinct from the remaining 

populations. At K = 3, Dublin, Galway, the Midlands and some individuals from 

Northern Ireland clustered together. The Waterford, Cork and some individuals from 

Northern Ireland and Galway clustered together, and the Wexford samples mainly 

clustered together. At K = 4, Dublin and Galway clustered together, Waterford and 

Cork clustered in a second group, Wexford mainly grouped separately, and the 

Northern Ireland population formed a fourth cluster, but there was admixture with 

other putative clusters.  

Fig 6.2: STRUCTURE plots for K = 2, K = 3 and K = 4. 
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Principal Coordinate Analysis 

In the Principal Coordinate Analysis (PCoA) (Fig 6.3), Wexford individuals were largely 

resolved from the other individuals, but there was one sample from Waterford and 

some individuals from Galway  also clustered in that quadrant, which agrees with the 

STRUCTURE output for K = 2, and where the remaining populations are generally 

unresolved.  The Waterford individuals mostly occurred in opposite quadrant along 

axis 1, but with some individual clustering in axis 2. Axis 2 was largely mixed.  The 

second axis clustered the Northern Ireland individuals together, but there was some 

admixture with individuals from Galway, Dublin, Midlands and some of the 

Waterford individuals. Some of the Waterford samples also exhibited some evidence 

of clustering. However, the majority of the Galway, Dublin midlands and many of the 

Waterford samples remained unresolved. The PCoA analysis showed high levels of 

admixture similar to the STRUCTURE results, but there was a higher level of 

geographic correlation.  

 

Fig 6.3: Principal coordinate analysis of red squirrel samples from Ireland, across 

nine loci and explaining 53.62% of the genetic variation  DUB Dublin, WD 

Waterford, CK Cork, GAL Galway, WX Wexford, MDS Midlands, NI Northern Ireland.  
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An additional PCoA analysis was conducted to visualise the clustering of geographic 

populations (Fig 6.4). This analysis accounted for 77.32% of the overall genetic 

variation. The analysis clustered the Waterford and Cork samples closely, Dublin and 

Galway grouped in the same quadrant and Wexford showed some similarity to the 

Midlands and Northern Ireland. The AMOVA results showed that 67% of molecular 

variation occurred within the populations and 33% occurred between the 

populations. The results from the population based PCoA were in agreement with 

the STRUCTURE output for K = 3 and 4.  

 

Fig 6.4: Principal coordinate analysis of red squirrel subpopulations. Grouping the 

individuals by population explained 77.32% of the total genetic variation.  

Isolation By Distance (IBD) 

The result of Mantel’s test revealed a significant pattern of isolation by distance (IBD) 

(R² = 0.1015; P = < 0.001) (Fig 6.5), which was expected as samples were used from a 

broad geographical area, without sampling between the regions. Within the 

Waterford population (where samples were collected across the county), there was 

also evidence of IBD (R² = 0.043; P = 0.05), illustrating that IBD was also occurring at 

local population level.  
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Fig 6.5: Mantel test indicating observed pattern of isolation by distance (RXY* = 

0.466; P = 0.001). *Rxy = correlation coefficient of Mantel test. P (rxy-rand > = rxy-

data) = probability of positive autocorrelation (one tailed).  

In addition, the parameter FST (pairwise FST) was standardized to FST/(1−FST) and 

plotted against the distance between populations (Fig 6.6). Populations that showed 

the least divergence can be found under the trend line and include Dublin/Midlands, 

Dublin/Midlands and Dublin/Galway, Midlands/Northern Ireland. Populations that 

showed the highest divergence from one another can be found above the trend line: 

Waterford/Wexford, Cork/Wexford, Cork/Northern Ireland. All populations were 

differentiated from one another, but there is not a straight-line correlation between 

geographic populations using this generalised approach. The percentage of 

molecular variance across all subpopulations showed that 64% of the variance was 

represented by individuals, 21% of variance was shared among individuals and 15% 

was shared among populations, and again this would contribute to IBD and high 

levels of genetic structuring.  
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Fig 6.6: Comparison of genetic distance (Log FST) versus distance (KM). Solid line 

represents trendline calculated from all population pairs. Coefficient of 

determination (R2) was 0.0118, and was not found to be significant (student T test). 

Distance is defined as the minimum roadway in km. FST / (1 − FST) was used as a 

measure of genetic distance.  

Relatedness 

The pair-wise relatedness estimation across populations revealed that all 

populations contained some evidence of related individuals (Fig 6.7). The Dublin, 

Waterford and Wexford populations contained the highest number of related 

individuals, and Galway contained the fewest number of related individuals. This can 

be attributed to the sampling effort, which was concentrated in smaller areas in 

Dublin, Galway and Wexford.  
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Fig 6.7: The average relatedness (r) figures across all populations. U upper and L 

lower 95% confidence limits. P(rand >= data) = 0.001 for Waterford and Wexford; 

0.002 for Dublin; 0.004 for Northern Ireland and 0.01 for Galway. Probability, 

P(rand>=data), for average r is based on permutation across the full data set. 

6.3.2 Mitochondrial DNA Analysis 

Across the 263 bp of sequence, 226 sites were monomorphic, 37 polymorphic 

(including a total of 46 mutations), 11 sites included singletons and 26 sites were 

parsimony informative with an overall nucleotide diversity of 0.02929 ± 0.09491 and  

gene diversity of 0.995 ± 0.00007. A total of six haplotypes were unique to this study.  

Fs and D values deviated from zero, (-0.0.34170; P < 0.0001, -1.0.05132; P > 0.1). Tau 

was estimated at 7.00. Harpending’s raggedness index was 0.04; P < 0.0001. The sum 

of squared deviations from mismatch analysis was not significant (0.113; P > 0.1). 

Despite some of the analysis indicating that the data was conforming to a model of 

demographic expansion, the combined analysis did not indicate this. However a 

significant Fs and non-significant D supports population growth and or range 

expansion (Weckworth et al. 2012). A table of all haplotypes from this study and 

those previously recorded by Finnegan et al. (2008) are provided in Table 6.4.  
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Table 6.4: Locations of recorded mitochondrial DNA haplotypes in Ireland. 

Haplotypes recorded in this study are displayed in bold. 

Haplotype Location  Source 

IE1 Dublin Finnegan et al. (2008) 

IE2 Wicklow, Dublin  Finnegan et al. (2008), this study 

IE3 Wicklow Finnegan et al. (2008) 

IE4 Wicklow Finnegan et al. (2008) 

IE5 Wicklow Finnegan et al. (2008) 

IE6 Wicklow Finnegan et al. (2008) 

IE7 Antrim Finnegan et al. (2008) 

IE8 Kerry Finnegan et al. (2008) 

IE9 Kerry Finnegan et al. (2008) 

IE10 Galway Finnegan et al. (2008) 

IE11 Galway Finnegan et al. (2008) 

IE12 Galway Finnegan et al. (2008) 

IE13 Galway Finnegan et al. (2008) 

IE14 Wexford Finnegan et al. (2008), this study 

IE15 Wicklow, Kerry Finnegan et al. (2008) 

IE16 Limerick, Galway, Waterford Finnegan et al. (2008), this study 

IE17 Down, Wicklow Finnegan et al. (2008) 

IE18 Waterford, Cork Finnegan et al. (2008), this study 

IE19 Dublin Finnegan et al. (2008) 

IE20 Kilkenny Finnegan et al. (2008) 

IE21 Wicklow Finnegan et al. (2008) 

IE22 Dublin, Galway Finnegan et al. (2008) 

IE23 Waterford This study 

IE24 Waterford This study 

IE25 Antrim This study 

IE26 Antrim This study 

IE27 Cork This study 

IEGB1 
Cork, Kerry, Galway, Wicklow, Tipperary, 

England Finnegan et al. (2008) 

IEGB2  Kilkenny, Laois, Wicklow, England Finnegan et al. (2008) 

H15 Wicklow,  the Netherlands Hale et al. (2004), Finnegan et al. (2008) 

 

The mitochondrial DNA haplotypes tended to be unique to each sampling area, and 

this was reflected by a high level of variability in the haplotype NETWORK (Fig 6.8). 

Samples from Antrim, Northern Ireland included two haplotypes, (IE25 and IE26) 

both similar to IE7, a haplotype previously recorded in Northern Ireland (Finnegan et 

al. 2008). Samples from Cork contained the haplotype IE18 and IE27, both closely 

related. IE18 was previously recorded in Cork and Lismore (West Waterford), and this 
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haplotype showed close similarity to a haplotype observed in Northern Ireland, 

possibly representing a similar colonization history, or introductions from the same 

source. In Waterford, three haplotypes were present IE23 and IE16, which were 

similar to one another, and one other haplotype (IE24) which was more similar to 

IE14 found in Wexford. IE14 was previously described as a Central European 

haplotype (Finnegan et al. 2008). IE16 was previously described in Limerick.  Samples 

from Carrickgollogan Co. Dublin contained the haplotype IE2.  

 

Fig 6.8: Mitochondrial DNA median-joining network. Constructed from 263 bp of 

control region mitochondrial DNA. Samples from this study are in green. Previously 

published haplotypes by Finnegan et al. (2008). Northern Ireland (IE25, IE26), 

Waterford (IE23, IE24, IE16), Wexford (IE14), Dublin (IE2) Cork (IE18, IE27).  

The locations of the sequenced samples from this study are mapped in Fig 6.9., with 

closely related haplotypes, those differing by only one to two single bases coloured 

the same. Only Counties Wexford and Waterford shared similar haplotyes (IE14, 

IE24).  
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Fig 6.9: Distribution of red squirrel haplotypes observed in this study. Haplotype 

relatedness can be seen in Fig 6.6. Haplotypes IE23, 24, 25, 26 and 27 are new 

haplotypes.  

To infer phylogenetic relationships between the populations surveyed in this study, 

a non-metric multidimensional scaling (MDS) analysis based on the φst distance 

matrix calculated was performed. The plot shows an affinity between haplotypes 

from Cork and Northern Ireland, Galway and Waterford/Wexford and Dublin and the 

Midlands (Fig 6.10). The analysis also included haplotypes previously recorded in 

Killarney National Park, and that population also clustered with the Midlands and 

Dublin population.  
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Fig 6.10: Two-dimensional MDS plot of pair-wise relatedness values from red 

squirrel haplotypes from each of the geographical areas surveyed. The stress value 

for the MDS plot is 0.130. CK Cork, NI Northern Ireland, WAWX 

Waterford/Wexford, GAL Galway, MDS Midlands, DUB Dublin, KIL Kerry.  

As the NETWORK analysis had shown that geographic areas contained red squirrels 

from divergent origins, estimates of evolutionary divergence were also calculated 

between all pairs of haplotypes. The results correlated well with previous knowledge 

of divergent haplotypes and provided insights into at least four haplotype groups (Fig 

6.11). IE14 and IE7 clustered on the left upper axis, while the majority of haplotypes 

(including those from Waterford, Northern Ireland and Cork) clustered on the right 

upper axis. Another cluster of haplotypes included IE1, IE11, IE20 and IE22 previously 

recorded by Finnegan et al. (2008) in Kilkenny and Galway. IE8 previously recorded 

in Killarney National Park (Finnegan et al. 2008) did not show any similarity to the 

other haplotypes.  
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Fig 6.11: MDS plot of estimates of evolutionary divergence between haplotypes. 

Kruskal's stress = 0.243. IE haplotypes from Finnegan et al. (2008), ie haplotypes 

from this study.  

Comparison of sequences from Wales, Jersey and the Isle of Wight 

The analysis that compared Irish, Jersey, Isle of Wight and Welsh haploypes showed 

that the haplotypes were mostly divergent, as shown in the phylogeny and NETWORK 

analysis (Fig 6.12 [a, b]). However, there were some similarities that showed that 

some of the Irish haplotypes share a relatively recent ancestry with those on the 

Jersey and the Isle of Wight. IE14 (Wexford), IE17 (Northern Ireland and Wicklow), 

IE24 (Waterford) and IOW6 (Isle of Wight) all grouped together in the phylogeny 

analysis. Shared ancestry was also found between JE162 (Jersey), IOW3 (Isle of 

Wight) and IE26 (Northern Ireland), and a final group consisting of IE3, IE4, H15 (all 

found in Wicklow) and JE120 (Jersey). Similar groupings were also apparent in the 

median-joining NETWORK diagram, with additional similarities showing between 

MIDW (Mid Wales) and IE7 (Northern Ireland). IE23 and IE16 (both recorded in 

Limerick and Waterford) also shared some similarities with WC3 (Wales). The shared 
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ancestry between Ireland, Jersey, Isle of Wight and Britain, appears to occur mostly 

with red squirrels in the east of Ireland.  

 

 

Fig 6.12 (a) Neighbour-joining tree of red squirrel haplotypes from Ireland, Wales 

and Jersey/the Isle of Wight. Low bootstrap support values > 0.50 are provided at 

branches. (b) Median-joining network of red squirrel haplotypes from Ireland, 

Wales and the Jersey and the Isle of Wight.  
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In terms of the larger European context, the median-joining NETWORK revealed a 

general lack of phylogeographic structure of red squirrel populations across Europe 

(Fig 6.13). The Irish samples (green) mostly clustered together in the NETWORK and 

shared most similarity with British samples (yellow). Some of the Irish and British 

haplotypes appeared some what distinct from other haplotypes in Europe, which 

may represent the original British haplotypes prior to the reintroduction of 

Continental European red squirrels. This however, needs further analysis and 

exploration. However, one cluster of haplotypes that included samples from Wexford 

and Waterford (IE14 and IE24), grouped more closely with samples from Continental 

Europe, Italy and Britain, likely representing some of the introduced stock from 

Continental Europe. The British haplotypes were distributed throughout the 

NETWORK and there was a lack of evident structure. Samples from Iberia (orange) 

shared haplotypes with Italy, mainland Europe and Finland (grey). The Finnish 

samples were also found dispersed throughout the NETWORK. The cluster was 

largely unresolved. The British haplotypes (yellow) were distributed throughout the 

Network. Some clustering between Irish and British haplotypes occurred, but the 

British haplotypes were found intermixed throughout Europe, demonstrating a lack 

of geographic structure. This is further investigated in Section 7.3.1.  
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Fig 6.13: Median-joining NETWORK diagram of European haplotypes (190 bp). Pie 

chart size corresponds to increased haplotype number due to truncated sequences.  
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6.4 Discussion 

Microsatellite data was used in this study to compare levels of genetic diversity in 

the sampled populations, and to investigate the presence of cryptic genetic structure 

that could be caused by isolation due to random and small translocations that took 

place in Ireland in the mid 1800s. To further investigate the causes of genetic 

structure, isolation-by-distance and relatedness was also investigated in each of the 

subpopulations. The mitochondrial DNA data was then used to assess the historical 

footprint of the red squirrel in Ireland, and the combined analysis will now be 

discussed.  

6.4.1 Microsatellite variation 

On average, a low number of alleles were present across the Irish red squirrel 

population. The Galway and Wexford populations had the highest number of 

deviations from Hardy-Weinberg Equilibrium (HWE). For the Galway population, this 

may be best explained by the ‘Wahlund effect’, which is the presence of genetic 

substructuring within a population. This might be expected as the Galway population 

is composed of recently translocated individuals that have since successfully bred in 

the region (Poole and Lawton 2009). Finnegan et al. (2008) also showed that his 

population contained a high number of divergent haplotypes. Ogden et al. (2005) 

suggested that deviations from HWE are often accompanied by population declines 

and inbreeding, which is to be expected in a recently translocated population. The 

populations in Galway and Wexford are isolated so there is a low probability of 

natural recruitment into the area. However, the genetic diversity is higher than what 

was recorded in Anglesey, Wales by Ogden et al. (2005), where red squirrels have 

recently recovered from very low numbers, but no physical effects have been 

attributed to low genetically variability to date. Overall, the genetic diversity in the 

red squirrel population was relatively low, although much of the genetic variation 

was found within the sub populations and there are region specific alleles. Other 

populations that also contained deviations from HWE may be attributed to 

population substructuring as sampling had taken place from different woodlands 
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within Northern Ireland. The mean number of alleles was lower than what was found 

in Italy and Britain (Hale et al. 2001; Trizio et al. 2005).  

FST-based population differentiation was significant at both local and regional scales, 

and this was also supported by the structuring analysis (both STRUCTURE and PCoA 

analysis) that indicated strong genetic differentiation at most populations. The 

results however should be interpreted with caution as the sample sizes representing 

different localities were small within Ireland, and there was also evidence of 

relatedness within the sampling groups that could contribute to differentiation.  

During the evolution of a gene flow–drift equilibrium system, isolation by distance 

(IBD) should be first seen over small geographical distances, then over larger ones 

(Slatkin 1993; Trizio et al. 2005). The Mantel test conducted across Waterford, and 

again across the rest of Ireland, showed that there was significant evidence of IBD 

across the data set. Trizio et al. (2005) also found that red squirrels in Italy showed 

evidence of IBD at both a local and regional level and attributed this to the species’ 

sensitivity to barriers of dispersal such as habitat fragmentation. This was evident in 

the Waterford population, and that area consists of highly fragmented woodlands 

(Chapter 5). Patterns of IBD have also been shown to strongly bias genetic clustering 

programmes such as STRUCTURE, and this provides further evidence that the results 

of STRUCTURE should be viewed and interpreted with a level of caution (Frantz et al. 

2010).  

The results of the STRUCTURE do however make geographical sense as the Waterford 

and Cork red squirrels cluster in one group, Dublin, the Midlands and Galway form a 

second group, Wexford forms a third cluster, and the Northern Irish squirrels form a 

fourth cluster. The population substructure in Wexford could be attributed to the 

high levels of relatedness within the sample group, and that particular population is 

also geographically isolated in the Raven, Co. Wexford. The admixture in Northern 

Ireland may be attributed to sampling from multiple areas within the North, and it is 

likely that increased sampling may yield further insights there.  
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Previous studies have shown that barriers to dispersal can cause genetic 

substructuring caused by genetic drift, and that can result in the loss of genetic 

diversity and cause local extinctions (Hitchings and Beebee 1997). The Glanville 

fritillary (Melitaea cinxia) was shown to have a greater probability of extinction when 

populations were small and isolated with little immigration (Hanski et al. 1995; 

Hitchings and Beebee 1997). This study has also shown that red squirrels appear to 

be sensitive to the affects of habitat loss and habitat fragmentation such as what has 

been previously described in Italy (Trizio et al. 2005). The understanding of the 

presence of genetic structure in Ireland is important for the future conservation of 

this species.  

6.4.2 Mitochondrial DNA variation 

 The mitochondrial DNA haplotypes found in this study appear to be highly divergent. 

It is likely that a large number of haploypes are missing from the NETWORK diagram, 

and more sampling is needed to better assess the number of haplotypes present in 

the country. The pair-wise relatedness statistics showed that Cork and Northern 

Ireland shared some similarity to one another. This supports anthropogenic 

introductions into the area. There were also shared haplotypes between Waterford 

and Galway, again suggesting historical movement of red squirrels between these 

areas. One of the haplotypes IE16 found in both these populations was recorded in 

Limerick by Finnegan et al. (2008). The MDS plot of the haplotype analysis also 

showed similarity between these regions, and may help explain some of the 

admixture found within the Northern Ireland red squirrels.  

The disparities between the microsatellite and mitochondrial data in this study may 

also be further explored. For instance, the Wexford population appears 

differentiated at the microsatellite analysis from other groups. However, the 

mitochondrial DNA analysis revealed that similar haplotypes are present in 

Waterford, Wexford and in Northern Ireland. It is likely that this pattern reflects small 

populations that are affected by isolation and genetic drift, which appears to be 

evident in this study. The effects of this are likely further exacerbated by multiple 
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introductions from divergent origins. Fragmented populations reduce the possibility 

of gene flow and thus reduce the possibility of a rescue effect and can lead to local 

extinctions (Wentworth et al. 2012; Mondol et al. 2013).  

6.4.3 Tracing the Irish red squirrel genetic footprint 

The analysis with additional haplotypes from Wales, Jersey and the Isle of Wight 

revealed a number of interesting trends. A number of haplotypes from the East of 

Ireland appear to share a common ancestry with red squirrels in Wales, Jersey and 

the Isle of Wight. Simpson et al. (2013) investigated the origins of the red squirrel in 

the Isle of Wight and Jersey. It was found that there were two introductions into 

Jersey, one from mainland Britain and the other from France that occurred 

approximately 120 years ago. Jersey and the Isle of Wight haplotypes JE162 and 

IOW3 were shown to be of English origin by Simpson et al. (2013), and this group of 

haplotypes shared similarity with IE26 found in Northern Ireland in this study. This 

suggests that it is also likely that this Irish haplotype originated in England. The Jersey 

haplotype (JE120) that showed similarity to Irish haplotypes IE3, IE4, H15 (Wicklow), 

was shown to have originated in France by Simpson et al. (2013). This indicates a 

possible French introduction in Ireland, either directly from France or an introduction 

of French translocated red squirrels in Britain into Ireland. The final group that 

contained similarities between Ireland and the Isle of Wight contained IOW6, IE14, 

IE17 and IE24 (East Ireland). Simpson et al. (2013) showed that IOW6 found in the 

Isle of Wight shared an ancestry with red squirrels in Britain, the Netherlands, France 

and Ireland.  

Simpson et al. (2013) were able to decipher the mixed origins of red squirrels in 

Jersey that were introduced in 1894, as a phylogeographic footprint of the 

introductions was retained in both the mitochondrial and microsatellite DNA. The 

DNA results confirmed historical records of introductions of red squirrels into Jersey 

from both England and France. Evidence of similar introductions are also evident in 

the Irish red squirrel population, particularly in the east of Ireland, and it is likely that 
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multiple introductions also took place into the region, probably from the same 

sources as those used to populate Jersey.  

Reintroductions of the red squirrel started to take place in the 1800s (Barrington 

1880). Reintroductions were reported to have originated in Britain, and it is likely 

that reintroductions also took place from continental Europe into Britain (Shorten 

1954). The combination of a high number of divergent mitochondrial DNA haplotypes 

and the presence of genetic clustering in the microsatellite data provide 

contemporary evidence for multiple historical introductions of the red squirrel in 

Ireland.  

Further evidence for the presence of Continental European red squirrels in Ireland 

can be seen through morphological variation. Traditionally, the British and Irish red 

squirrels were known to have a bleached tail (Finnegan et al. 2007), although only a 

portion of the Irish red squirrel population is thought to still have this characteristic. 

A black red squirrel was recorded in Down and Midlothian in 1950 (Shorten 1954). 

The black colour is more common in Central Europe. Black morphs have also been 

reported more recently in Cork in 2012 (David Kiely pers comm.).  

A haplotype found in Killarney (IE8) by Finnegan et al. (2008) exhibited little similarity 

to British or Irish red squirrels, and Finnegan et al. (2008) suggested that this area 

may have contained red squirrels that may have represented a remnant red squirrel 

population in Ireland. Alternatively, they represent mitochondrial DNA haplotypes 

not sampled elsewhere, or haplotypes that have become extinct in parts of Britain, 

which was shown in the case of the pygmy shrew (McDevitt et al. 2011).  

6.4.4 Using genetic knowledge to aid conservation 

The red squirrels sampled from Co. Wexford in this study have since been 

translocated into Co. Dublin. Genetic screening prior to this introduction would have 

shown that this population of red squirrels are genetically related, and contain a 

mitochondrial DNA haplotype that is not common in the Dublin area, and would 

appear to have different origins than the red squirrel mitochondrial DNA haplotypes 
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previously recorded in Dublin and Wicklow by Finnegan et al. (2008). In this study, it 

was shown that IE2 was the common DNA haplotype in the Carrickgollogan area of 

Dublin, suggesting that red squirrels from Wicklow may have been a better choice 

for the area. However, given the relatively recent history of red squirrels in Ireland 

since the mid 1800s, the origin of the red squirrels may be less important. In addition, 

as that current population in Dublin had already declined, introducing new alleles 

might be beneficial to the area, which was the conservation management approach 

taken by Ogden et al. (2005) in Anglesey.  

Simpson et al. (2013) showed that red squirrels are likely to retain a genetic footprint 

of their origins for over 120 years, the genetic background of the population should 

be firstly assessed to ensure that the population is compatible with the remnant 

population present, as patterns of genetic structure caused by multiple divergent 

introductions are likely to persist in the population. Simpson et al. (2013) found a 

correlation between the mixing of divergent origin red squirrels and the occurrence 

of amyloidosis, a disease that can have genetic links. It is possible that ‘outbreeding’, 

where two individuals from geographically and genetically distinct populations breed 

could result in a reduced immunity in the population (Goldberg et al. 2005). It is 

therefore important to understand the original origins of red squirrels as specific 

ecotypes (defined as populations that have particular adaptations to environmental 

conditions) may have important roles in the long-term survival of the species 

(Weckworth et al. 2012). This may be especially important in the red squirrel as over 

40 subspecies have been previously described (Barratt et al. 1999), but it is far more 

likely that these ‘subspecies’ are in fact ecotypes that have adapted to their current 

environment. It is also possible that historic declines of the red squirrel (Shorten 

1954) were as a result of the translocation of specific ecotypes that were ill-adapted 

to their new environment.  
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6.4.5 Future work and limitations of this study 

Due to the high levels of divergence between mitochondrial DNA sequences within 

Ireland and across Europe, there is a need to sequence longer sections of the 

mitochondrial DNA to aid the wider understanding of red squirrel phylogeography. 

This became especially evident when the sequence length was truncated for wider 

European analysis (only 190 bp used in this study). It is likely that the high number of 

red squirrel mitochondrial DNA haplotypes present across Europe are caused by 

habitat fragmentation and low migration of females, resulting in locality-specific 

haplotypes with high levels of intraspecies diversity.  

6.5 Conclusion 

 It is likely that the pattern of genetic structure evident throughout Ireland is 

as a direct result of multiple introductions into Ireland over the last 200 years. 

 It appears that a lack of gene flow has led to high levels of isolation of the 

populations. Future conservation projects should consider the genetic history 

of each red squirrel population prior to relocation or translocation given the 

high levels of genetic structure found in Ireland, as genetic evidence of 

translocations are likely to persist in the genome for hundreds of years, and 

there is currently a poor understanding of the potential consequences to the 

red squirrels.  

 There are some genetic links between squirrels on Jersey, Isle of Wight, Wales 

and the east of Ireland, and management efforts could be communicated 

between the relevant conservation groups, as there may be scope for the 

establishment of a combined breeding programme. However, disease 

transmission such as squirrel para-pox virus and amyloidosis need to be 

considered.  
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7.1 Introduction 

The red squirrel population in Wales mostly consists of small isolated population 

pockets that are threatened by the presence of the grey squirrel (Ogden et al. 2005). 

The island of Anglesey in North Wales was used as an area for reintroduction of the 

red squirrel as the island could be protected from the invasion of the grey squirrel 

with a regular trapping programme. Ogden et al. (2005) assessed the current levels 

of genetic diversity of the population on the island and found that there had been a 

loss of genetic diversity on the island over the last 20 years.  Ogden et al. (2005) 

analysed squirrels from Mid Wales (n = 2) where the haplotype “MIDW” was 

recorded.  Ogden et al. (2005) also found the Mid Wales haplotype was closely 

related to a haplotype found in Clocaenog, North Wales “WC3”. Ogden et al. (2005) 

found that there was a homology between the Mid Wales and Anglesey haplotypes, 

which also showed a similarity haplotypes in Jersey and the Isle of Wight. Despite a 

lack of overall genetic structure in the European red squirrel population (Grill et al. 

2009), Ogden et al (2005) found a limited level of genetic structure within the Welsh 

population and to conserve this structure, it was suggested that Mid Wales could be 

a good source for candidate squirrels for further reintroductions into Anglesey.  

Within Mid Wales, there has also been an increase in conservation efforts to help 

protect the remaining red squirrel population. The Mid Wales Red Squirrel Project 

(MWRSP) is a partnership between the following organisations:  Carmarthenshire, 

Ceredigion and Powys County Councils, The Wildlife Trust of South and West Wales, 

Brecknock Wildlife Trust, CCW, Forestry Commission Wales, UPM Tilhill, the MISE 

project, and private forester Huw Denman (Wilberforce 2012, unpublished report). 

In 2005, the Wildlife DNA Services received 32 red squirrel hair samples from the Mid 

Wales area (Ogden and McEwing 2005). 17 of those samples yielded sufficient 

quantities of DNA to amplify mitochondrial DNA. Three haplotypes were found in the 

area, ANG1, WC3 and MIDW. The most common haplotype was WC3 which was 

recorded in 11 samples, followed by ANG1, recorded in five samples and MIDW, 

recorded in one sample. Ogden and McEwing (2005) suggested that the Welsh red 

squirrel haplotypes possibly represent ancestral red squirrel stock and are important 
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to conserve, and management is required to prevent both outbreeding and 

inbreeding of the population. Of the five haplotypes previously described in Wales, 

four are described as being closely related to each other, with three of these 

haplotypes found within the Mid Wales population. The other closely related Welsh 

haplotype (ANG2) has not been recorded in an extant squirrel, but was found in an 

old specimen dating to over 20 years ago.  

In this study, it was aimed to assess the genetic diversity of red squirrels that have 

been trapped in the Mid Wales area from 2010 - 2012 using mitochondrial DNA 

analysis to compare haplotypes from this study with that of Ogden and McEwing 

(2005). Secondly, microsatellite analysis was used to provide an assessment of the 

levels of genetic diversity in the Mid Wales red squirrel population. The results from 

the work were used to infer the origins of the Mid Wales population and to make 

suggestions for possible breeding and management programmes between other 

areas of the British Isles where there are red squirrel populations with similar 

ancestry. 
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7.2 Materials and Methods 

7.2.1 Sample collection and mitochondrial DNA haplotype determination 

Trapping of red squirrels took place in Mid Wales from 2008 - 2012 by H. Denman, P. 

Harries and J. MacPherson (Table 7.1). Samples collected in 2012 were immediately 

frozen, while samples collected prior to that were stored dry at room temperature. 

DNA was extracted using the ZR Genomic DNA Kit (Section 2.2.2). 

Nucleotide sequencing to resolve the mitochondrial DNA haplotype was conducted 

as described in Section 2.2.4.2. The region that was chosen in this study overlaps with 

previous genetic studies of the British red squirrel population (Barratt et al. 1998) 

and can also be compared to the previous haplotype results obtained from Wales 

(Ogden et al. 2005; Ogden and McEwing 2005). The primers designed by Ogden et al. 

(2005) to resolve the mitochondrial DNA haplotype of Welsh squirrels amplified 280 

bp and were also designed on the sequences previously described by Barratt et al. 

(1998), but encompassed 100% of the described haplotypes (Ogden et al. 2005).  

7.2.2.1 Mitochondrial DNA Data analysis 

Nucleotide sequences were analysed using the BLAST software at  

http://www.ncbi.nlm.nih.gov/BLAST/ from the GenBank (NCBI) database (Altschul et 

al. 1990). Sequences were compared by multiple alignments in MEGA V.5.05 (Tamura 

et al. 2011) and haplotypes were resolved using ARLEQUIN (version 3.5; Excoffier and 

Lischer 2010). To combine the mitochondrial DNA data from this study with the 

previously published Welsh dataset by Ogden et al. (2005), and two additional Welsh 

haplotypes (WC3 and WC9), first published by Barratt et al. (1998), and six haplotypes 

from Jersey and the Isle of Wight (Simpson et al. 2013). Sequences were truncated 

to 260 bp. Sequences were compared by multiple alignments in MEGA V.5.05 

(Tamura et al. 2011) and haplotypes were resolved using ARLEQUIN (version 3.5; 

Excoffier and Lischer 2010). A neighbour joining tree was constructed with 1000 

bootstraps in MEGA. To compare the haplotypes to previously published haplotypes 

from Britain and Ireland (Barratt et al. 1998; Hale et al. 2004; Finnegan et al. 2008), 

sequences were truncated to 186 bp and a median-joining network was constructed 
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using the median algorithm of Bandelt et al. (1999) in NETWORK, version 4.6 

(http://www.fluxus-engineering.com). A number of network diagrams were 

constructed, the first included haplotypes from Barratt et al. (1998), Hale et al. (2004) 

and Ogden et al. (2005). Hale et al. (2004) included samples from Britain, Sweden, 

the Netherlands, Spain and Italy. Due to the large number of haplotypes present in 

the dataset, the second network diagram only included haplotypes from Finnegan et 

al. (2008) in addition to the Welsh and island haplotypes (Barratt et al. 1998; Hale et 

al. 2004; Ogden et al.2005; Finnegan et al. 2008; Dozières et al. 2012; Simpson et al. 

2013), to investigate if there were any affinities between those regions.  

 

7.2.2 Microsatellite Amplification 

Microsatellite amplification and multiplexes were as described in Section 5.2.3.  

7.2.2.1 Microsatellite Data Analysis 

Unique individuals, observed (HO) and expected (HE) heterozygosities, the number of 

alleles (A) and allelic richness per locus per sample (AR) were assessed as described 

in Section 6.2.2. BOTTLENECK, version 1.2.02 (Piry et al. 1999) was used to evaluate 

whether any population had undergone a recent bottleneck.  
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7.3 Results 

7.3.1 Mitochondrial DNA 

The haplotypes found in this study were WC3 and MIDW, but WC3 was more 

common than MIDW (Table 7.1). MIDW was previously described in this area by 

Ogden and McEwing (2005). The neighbour joining tree constructed using sequences 

from Wales and Jersey and the Isle of Wight, revealed a close homology between the 

Welsh hap WC3 and some of the Isle of Wight and Jersey haplotypes (Fig. 7.1).  

Table 7.1: Sampling information including the date, location, grid reference and sex 

of the trapped squirrel.  

Sampling Date Location Grid Reference Sex DNA Extraction Code Haplotype 

16/01/2008 Cwm Cae'r Odyn SN740482 M dom181011.26 WC3 

21/01/2008 Cwm Cae'r Odyn SN740482 M dom181011.27 WC3 

10/12/2008 Nant-ystalwyn, Dôlgoch SN803575 F dom181011.28 WC3 

10/12/2008 Nant-ystalwyn, Dôlgoch SN803575 F dom181011.29 WC3 

03/06/2009 Cwm Cae'r Odyn SN738489 ? dom181011.30 WC3 

05/06/2009 Cwm Cae'r Odyn SN738489 ? dom181011.35 WC3 

03/03/2010 Bryn Mawr SN659499 ? dom181011.32 WC3 

16/06/2012 Llethr Gwinau SN720469 F ps150812.12 WC3 

16/06/2012 Llethr Gwinau SN720469 F PS150812.11 WC3 

18/06/2012 Bryn Arau Duon SN720469 F PS150812.9 WC3 

21/06/2012 Llethr Gwinau SN721469 F PS150812.10 WC3 

23/10/2012 Cwm Cae'r Odyn SN 7415 4795 M dom051112.2 WC3 

23/10/2012 Cwm Cae'r Odyn SN 7415 4791 F dom051112.3 MIDW 

24/10/2012 Llethr Gwinau SN 7216 4677 F dom051112.5 MIDW 

24/10/2012 Cwm Cae'r Odyn SN 7437 4789 F dom051112.4 WC3 

24/10/2012 Cwm Cae'r Odyn SN 7437 4789 M dom051112.6 WC3 

25/10/2012 Cwm Cae'r Odyn SN 7415 4795 M dom051112.7 WC3 

25/10/2012 Cwm Cae'r Odyn SN 7437 4789 M dom051112.8 failed 

26/10/2012 Cwm Cae'r Odyn SN 7437 4789 M dom051112.1 WC3 

30/10/2012 Cwm Cae'r Odyn SN 7437 4789 M dom201112.2 WC3 

30/10/2012 Cwm Cae'r Odyn SN 7437 4789 M dom201112.1 failed 

31/10/2012 Cwm Cae'r Odyn SN 7415 4956 F dom201112.4 WC3 

01/11/2012 Cwm Gwenffrwd SN 7415 4795 M dom201112.3 WC3 
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Fig 7.1: Neighbour joining tree of Welsh, Isle of Wight and Jersey and red squirrel 

haplotypes.  

The first median joining network was constructed using sequences from Wales, 

Jersey and the Isle of Wight and haplotypes from Hale et al. (2004) that included 

some samples from Sweden, Germany, Italy and the Netherlands (Fig. 7.2). The 

network placed the Welsh haplotype WC3 on the same branch as haplotypes H26, 

H27 and H28, all of which originated in Cumbria, North England. The other Welsh 

haplotype found in this study, MIDW grouped with haplotypes from Anglesey, Ang1 

and Ang2 and also included haplotypes from Jersey and the Isle of Wight (JE162 and 

IOW3). Simpson et al. (2013) described those haplotypes as being predominantly 

English. These two strands were connected by haplotypes H23, H24 and H25, from 

Cumbria, North England. Interestingly, H23 was directly connected to H16, H17 and 

H19, all Italian haplotypes. The Isle of Wight haplotype (IOW1) was placed next to 

H19, again indicating a possible Italian/Central European origin for this group. A 

Swedish haplotype H18 was also found on this branch, a haplotype also shown to 

have anthropogenic origins from Central Europe. Welsh hapotypes (WC9, WMZ1, 
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WMZ2) grouped together with an Isle of Wight haplotype (IOW29) and were 

connected to H3, H13 and stemmed from H14. H3 was previously recorded in the 

east of England and H13 was found near Glasgow. However, H14 was recorded in the 

Netherlands. The Isle of Wight haplotype (IOW6) also stemmed from the Dutch 

haplotype, which appears to be of Italian/French origin in the network. Two Spanish 

haps (H11 and H12) were loosely grouped with haplotype H6, (the Netherlands) and 

H7, H8 and H9 (North England and Scotland).  

 

Fig 7.2: Median joining network of haplotypes from England (EN), Wales (WA), the 

Channel Islands (CI), the Netherlands (NE), Spain (SP), Italy (IT) and Sweden (SW).  
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Finally, the third network (Fig. 7.3) included haplotypes from Wales, Jersey, the Isle 

of Wight, Ireland, England, the Netherlands, Italy, Spain, France and Sweden, 

highlighting the mixed origins of the group.  

 

Fig. 7.3: Network diagram of European haplotypes across 186 bp of mitochondrial 

DNA. The haplotypes from the Netherlands (H6 and H15) are orange. AHL178 is a 

Scottish haplotype.  

7.3.2 Microsatellite Data 

As hair samples were used for the source of DNA in this study, a genotype was 

generated for each sample using two independent PCRs. Where a replicate could not 

be obtained for a loci, no score was recorded for that sample, or it was repeated. 

Samples collected and analysed in 2012 produced better quality DNA than samples 

collected in the previous years. Reliable genotypes were not generated from samples 

collected before 2012. The number of alleles (A) ranged from 2 – 6 at Scv3 and 
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miniScv31 and levels of allelic richness (AR) ranged from 1.84 (miniScv4) to 5.54 

(Rsu5). Levels of expected heterozygosity (HE) ranged from 0.111 at Scv3 to 0.760 at 

Rsu5 and observed heterozygosity (HO) values ranged from 0.118 at miniScv3 to 1.0 

at miniScv6 (Table 7.2). Tests for Hardy-Weinberg Equilibrium (HWE) revealed that 

miniScv4 and miniScv6 showed significant deviations from HWE P = < 0.001. Despite 

the deviations from HWE, there was no evidence of a genetic bottleneck in the 

population. 16 individuals were identified with at least seven microsatellites. One 

individual was sampled twice (Table 7.1).  
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Table 7.2: Descriptive statistics for the Mid Wales red squirrel population 

 Rsu5 Lis12 Scv3 miniScv4 miniScv31 miniScv8 Scv6 Scv20 lis3 Mean 

N 17 10 17 14 17 17 17 16 17 15.8 
A 6 4 2 5 6 3 3 4 3 4.0 
AR 5.4 4.0 1.8 4.9 5.0 3.0 2.6 3.6 2.9 3.7 
As 185-217 201-207 136-138 112-120 163-181 162-166 176-180 167-217 171-175  

HO 0.765 0.400 0.118 0.429 0.529 0.706 1.000 0.313 0.824 0.565 
HE 0.760 0.510 0.111 0.724 0.619 0.656 0.528 0.576 0.542 0.558 

HWE 0.0165 0.2882 P<0.001 0.0070 0.1375 0.1375 P<0.001 0.0023 0.1426  

Summary statistics across nine microsatellite markers: A = No. of alleles, AR = Allelic richness, As = Allele size range, HE = Expected 

Heterozygosity, HO = Observed Homozygosity, HWE = Hardy-Weinberg Equilibrium. 
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7.4 Discussion 

This study has provided evidence of a small but viable red squirrel population in Mid 

Wales. The mitochondrial DNA analysis was used to identify two haplotypes found in 

the Mid Wales area, and by analysing the data with previously described haplotypes 

from the British Isles and Continental Europe, inferences about the history of the Mid 

Wales red squirrel population could be made. The Mid Wales and Anglesey red 

squirrels appear to have originated from multiple sources, probably due to multiple 

introductions into and within Britain (see Chapter 1). There was a connection 

between some of the Isle of Wight, Jersey, Ireland and Central European haplotypes. 

The haplotype WC3 also shared some similarities with haplotypes from Cumbria. 

WC3 is the dominant haplotype in the area and it may be possible that individuals 

with this haplotype have a selective advantage in the area. The last genetic study that 

took place in the Mid Wales area by Ogden and McEwing (2005) recorded an 

additional haplotyoe (ANG1), which was not recorded during this study.  

As conservation efforts for red squirrels are taking place throughout Britain, a 

breeding programme between these various interest groups, especially between Mid 

Wales, Anglesey and the Isle of Wight and Jersey could be considered. Red squirrels 

with similar ancestry in Ireland include IE14, which includes squirrels found in the 

Raven, Co. Wexford that have also been used for a reintroduction project in Co. 

Dublin, and indicating a potential source for cross-border conservation efforts. 

Ogden et al. (2005) and Ogden and McEwing (2005) suggested that the Mid Wales 

population could be used to support the conservation of the Anglesey population, 

but as this study has shown that there is a viable population of red squirrels in the 

Mid Wales area, this population is worth monitoring more intensively to evaluate the 

density of red squirrels in the area. Furthermore, grey squirrel control efforts are on 

going in the area (Huw Denman, pers comm.) and it may be worth supplementing 

the current population with additional individuals given the good quality and 

substantial habitat in the region.  

Although the phylogeographic structure of red squirrels in Europe is still largely 

unresolved due to the large number of introductions that took place in Britain, 
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Ireland and Europe, there are some local clusters of similar haplotypes that may have 

shared a common history. For instance, some of the Welsh, Jersey and Isle of Wight 

haplotypes appear to be similar to samples from the Netherlands, Italy and France 

(Hale et al. 2004; Grill et al. 2009; Simpson et al. 2013).  

The microsatellite data indicated a low to medium level of heterozygosity in the 

population, with two loci showing significant deviations from HWE. Those two loci 

also exhibited higher levels of expected versus observed heterozgosity which could 

be caused by a bottleneck, despite the bottleneck analysis showing that there was 

no significant evidence of one. In addition, the number of observed alleles were low 

at these loci, another factor that is observed in populations that have undergone a 

genetic bottleneck, as rare alleles are the first to be lost in the population resulting 

in as few as 2-3 alleles (Marshall et al. 2009). However, another possibility of HWE 

deviations may have been caused by the Wahlund effect that leads to population 

substructure (Simpson et al. 2013). We have some evidence for this as two different 

mitochondrial haplotypes were found within the population, and these haplotypes 

appear to have come from different populations and this may be reflected in the 

contemporary nuclear DNA results.  

7.5 Conclusion 

 The Mid Wales red squirrel population has an interesting genetic heritage 

from multiple sources and conservation efforts should consider the divergent 

origins of the population.  

 Breeding programmes between Mid Wales, Anglesey, Jersey, the Isle of Wight 

and Southeast Ireland could be considered.  
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8.1 Summary 

The loss of woodland cover combined with hunting pressures for the export of skins 

in the 15th and 16th Centuries resulted in the depletion of the Irish red squirrel 

population. There is some debate as to how long the red squirrel had been in Ireland 

prior to this due to a poor representation in the archaeological record. It is clear 

however, that the contemporary population of squirrels in Ireland originated from 

introductions that took place from at least ten documented introductions in the 

1800s (Barrington 1880). Some of the sources of the reintroductions have been 

attributed to Britain, but within Britain, introductions also took place from France 

and other Continental European countries. It was therefore not surprising that 

previous mitochondrial DNA studies of the red squirrel in Ireland showed that the 

squirrel exhibited high levels of genetic variability and a large number of 

mitochondrial DNA haplotypes, which supported the historical introductions 

(Finnegan et al. 2008).  

The grey squirrel was first introduced into Ireland just over 100 years ago and since 

then has successfully spread throughout the east of Ireland. The presence of the grey 

squirrel has been attributed to the decline of the red squirrel in the areas where the 

species overlap. Other factors that have contributed to the red squirrel decline 

include habitat fragmentation and loss, disease, and weather conditions. As a result 

of the decline of the red squirrel, there is a need to monitor both species in order to 

carefully plan the conservation and management of both species.  

Methods to survey for squirrels include searching for feeding signs such as stripped 

pine cones, and using hair-tubes to remotely collect hair samples that can be 

identified to species using microscopy. In order to increase the information yielded 

from non-invasive squirrel surveys, a molecular toolbox was developed in this study. 

This firstly involved the design of species identification assays. This was achieved by 

developing real-time PCR assays that successfully identified and distinguished both 

red and grey squirrels. The assays were designed to amplify DNA from poor and or 

low quality sources such as feeding signs and hair. The assays were also successfully 

applied to a pine marten molecular dietary study, where it was shown that squirrel 
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DNA could be detected in the faeces of the species, after it had predated on the 

target species. This showed that it was possible to detect the presence of both red 

and grey squirrels from multiple sources, without physically observing or trapping 

the animals.  

In order to further investigate the population dynamics of the red squirrel, methods 

for molecular sex identification were investigated. The most successful gene for sex 

identification in this study was the SMCY gene (present on the Y-chromosome) when 

a large PCR product was amplified ~600 bp. Internal primers designed to amplify 

much shorter products (~150 bp) by Gorrel et al. (2012) successfully amplified male 

grey squirrels, but amplified both sexes of red squirrel. In this study, real-time PCR 

primers were designed to detect male squirrels, but both sexes amplified with the 

primers. A similar pattern was observed with other other primers developed in this 

study, targeting other Y-chromosome genes. This may be best explained using the 

work by Li et al. (2004) that showed that sections of the Y-chromosome were 

distributed across the squirrel genome. It is likely that the short sequence regions 

targeted for primer design in this study were amplifying sections of DNA that may 

have been located throughout the genome. This study has shown the difficulties of 

developing sex specific markers for species whose genome and evolution is still not 

properly understood.  

To identify individual red squirrels, microsatellite markers were screened, 

redesigned, and optimised to amplify DNA extracted from hair samples. A panel of 

nine markers were finally selected that could distinguish individuals. In order to 

reduce the workload and the number of poor quality samples genotyped, a screening 

method was introduced based on the ZFX assay from Chapter 4. This assay was used 

to select DNA samples with a good quality and quantity nuclear DNA content. The 

panel of microsatellites was then used on the selected samples to identify individual 

red squirrels from a hair-tube study conducted in Co. Waterford. The mitochondrial 

D-loop DNA haplotype was also obtained.  

In Chapter 6, the individual red squirrels from Co. Waterford were analysed in 

combination with sub-populations from throughout Ireland to compare the 
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microsatellite DNA and mitochondrial DNA variation. The microsatellite data showed 

that all sub-populations were genetically distinct from one another. This was evident 

using measures of genetic distance, and Bayesian clustering analysis that showed the 

presence of multiple genetic populations. It was shown that an underlying factor in 

the genetic distinctiveness was the presence of isolation-by-distance, a term used to 

describe genetic differentiation caused by geographic separation over generations. 

This was especially evident in this study and may have been more pronounced by the 

method of sampling used in this study that selected geographically separated 

individuals, without sampling intermediate individuals. The mitochondrial DNA 

analysis also showed that each area contained unique mitochondrial DNA 

haplotypes, again supporting the separation of each of these subgroups. Both the 

microsatellite and mitochondrial DNA analysis support the historical data that 

isolated introductions, from divergent sources took place in Ireland.  

The DNA toolbox was finally applied to a red squirrel population in Mid Wales. The 

analysis showed the presence of two mitochondrial DNA haplotypes that showed a 

similar genetic history to red squirrels in the Isle of Wight and Jersey. Red squirrel 

breeding programmes could be established with conservation groups in the core 

areas of Anglesey, the off shore Islands, and the south of Ireland, to increase the 

genetic diversity of the current populations.  

8.2 Future Work 

 DNA extraction kits used for processed food could be tested with squirrel 

feeding signs to investigate if a higher quality of DNA could be yielded. 

 The real-time PCR approach used in this study to detect mammalian prey 

items could be compared to a next-generation sequencing approach to detect 

additional prey groups in the pine marten diet. The techniques could also be 

applied to other species such as foxes or mink, and could be adapted to other 

countries where additional mammalian prey items are present in the 

carnivore diet.  

 The accurate sex identification of squirrels, especially from non-invasive 

sources warrants further research. The complexities within the squirrel 
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genome are poorly understood and could be further investigated using a rad-

tag sequencing approach that could be used to identify sex associated 

regions. Such approaches have recently been used for creating sex linked 

markers in other species (Anderson et al. 2012; Palaiokostas et al. 2013).  

 The molecular techniques optimised to identify individual red squirrels in this 

study were shown to work successfully with hair samples. However, some 

problems were encountered with the general use of hair-tubes as success 

rates were quite low, and substantial effort to collect samples was required. 

Tubes need to be further optimised to increase the amount of hair collected, 

and to encourage squirrels to enter the tubes more frequently.  

 The genetic analysis of red squirrels in Ireland showed that there are high 

levels of localised genetic diversity and variability, but the data showed that 

the populations exhibit high levels of genetic differentiation. This is caused by 

a combination of factors including the historical introductions of the species, 

and the sampling approach used in this study. However, future conservation 

efforts should be considered to increase gene flow. The genetic tools 

developed in this study are useful for translocation programmes to assess the 

genetic background of remnant populations and the proposed reintroduction 

populations to inform the conservation management of the species.  

 This study has shown that the red squirrel has a very high number of 

mitochondrial DNA haplotypes. As a consequence, there is a risk that the 

species identification assays, especially the TaqMan® probe assay will not be 

conserved across all populations. Using the SYBR® Green 1 assay may be a 

better alternative when background information of the population is not 

known. Another alternative is to resesign the probe sequence following DNA 

sequence analysis of the target study population. 

 In some areas of Ireland, such as the Irish Midlands, a decline has recently 

been documented in the grey squirrel population, while the red squirrel 

population has increased (Sheehy 2013). The genetic toolbox developed in 

this study could be adapted to study the genetics of the grey squirrel in 
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Ireland to investigate if a genetic bottleneck has occurred in the population 

that may be contributing to the species decline.  

 Red squirrel conservation efforts are on-going in Mid Wales, and further 

genetic analysis will be conducted on samples collected in 2013 and 2014 to 

inform longterm conservation management programmes.  
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