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Abstract 

 Dudley Castle, West Midlands provides the earliest archaeological evidence 

for breed improvement in England. Domestic cattle, sheep, pigs and fowl 

simultaneously increase in size in the late 14
th

 century (Thomas 2005a,b, 2006). This 

correlates with the agrarian change after the Black Death. Thomas (2005a,b,2006) 

proposed two hypotheses to explain this size increase in the Dudley Castle cattle: (1) 

that it was a result of improved upkeep of the animals after the Black Death or (2) that 

selective-breeding and/or importation of new stock effected the size increase. Current 

archaeozoological techniques are insufficiently sensitive to determine the ultimate 

cause. I have trialled an ancient DNA method based on the analysis of nuclear DNA 

microsatellite markers to try to determine the cause. Microsatellites have proven 

effective in analysing relationships between cattle breeds (e.g. Cañon et al. 2000; 

Freeman et al. 2006a; López Herráez et al. 2005). 

 I adopted a tripartite research strategy. First, I attempted to assess DNA 

preservation through evaluation of collagen preservation. Second, mitochondrial DNA 

was amplified and sequenced to determine if nuclear DNA is likely to have survived 

in the Dudley Castle fauna. Locating the cattle in the mitochondrial DNA phylogeny 

helped check the DNA sequences’ authenticity. Finally, I assessed the feasibility of 

using nuclear DNA markers for analysing breed improvement.  

Several microsatellites were recovered from the Dudley Castle fauna, 

supporting the feasibility of this method. Furthermore, I have demonstrated that 

current mtDNA lineages may be based on sequences that are too short for statistically 

robust phylogenetic analysis. I also found evidence supporting the effectiveness of 

analysing collagen preservation as a proxy for DNA preservation and that primer 

specificity is an important factor in circumventing contamination in aDNA extracts. 
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I. Introduction 

 Dudley Castle, West Midlands, United Kingdom is a motte-and-bailey castle, 

built in the Norman style around 1071 C.E. It underwent numerous subsequent 

renovations and expansions. Located in the market town of Dudley, 15 km northwest 

of the city of Birmingham (Thomas 2005a; See Appendix C), it was the home of the 

Earls of Dudley until 1750, when a fire destroyed a large part of the castle. Whilst no 

longer inhabiting the castle, the Earls of Dudley maintained the property until 1937 

when the Dudley Zoological Gardens were built upon its grounds. 

Rescue excavations under the Dudley Zoo Development Trust (Boland 1984, 

in Thomas 2005a,b) were conducted between 1983 and 1993 after it was determined 

that pollution and natural weathering were endangering the castle’s structures. These 

excavations were followed by a smaller excavation by the Birmingham University 

Archaeological Unit. Ten phases of activity between the 11
th

 and 18
th

 centuries were 

identified during the excavations 

and correlated with historical 

events (Thomas 2005a; See 

Appendix B). Archaeological 

contexts’ dates were further 

confirmed by ceramic dating 

(Thomas 2005a). 

The excavations at 

Dudley Castle recovered a large 

faunal assemblage of over 15,000 

fragments (Thomas 2005b). 

 
Figure 1: Dudley Castle Keep (West Midlands, 

United Kingdom). Image provided by Dr. Richard 

Thomas (School of Archaeology and Ancient 

History, University of Leceister). 



 10 

Whilst dominated by domestic mammals and fowl, the assemblage included a large 

proportion of game animals, typical of a high-status site (Thomas 2005b). This 

assemblage was subsequently analysed by Thomas (2005a,b, 2006), who noted a 

substantial, simultaneous body size increase in cattle, sheep, pigs and fowl in the later 

half of the 14
th

 century. This provides the earliest archaeozoological evidence of breed 

improvement in England and supports an early date for the onset of the “Agricultural 

Revolution.”  

Thomas (2005a,b, 2006) interpreted the size change as a result of  agrarian 

improvements following the Black Death of the late 1340s C.E and proposed two 

causes for the increase: improved upkeep of the animals or a genetic change as a 

result of selective breeding or importation of new stock. Based on some limited 

morphometric data, Thomas (2005a,b, 2006) contends that the size increase was a 

direct result of improved feeding and herd management practices. Although the 

archaeozoological evidence alone lacks the resolution to conclusively determine the 

source of the breed improvement seen at Dudley Castle, ANCIENT DNA evidence in 

conjunction with the morphometric data could resolve this question. 

In this study, I have attempted to assess the feasibility of using nuclear DNA 

MICROSATELLITE markers to address breed change in past populations. A significant 

change in microsatellite ALLELIC frequencies between the Dudley Castle cattle 

populations before and after the Black Death would support the hypothesis that the 

earliest cattle improvement was a result of genetic change. The absence of a change in 

microsatellite variability would provide additional support for Thomas’s (2005a,b, 

2006) hypothesis that the size change was a result of improved upkeep. 

Microsatellites are well-characterised in modern cattle populations and have been 

shown to be an accurate method for analysing cattle breed relationships (e.g. Cañon et 
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al. 2000; Edwards et al. 2000; Freeman et al. 2006a; Jordana et al. 2003; Kantenen et 

al. 2000; López Herráez et al. 2005; MacHugh et al. 1994, 1998; Martín-Burriel et al. 

1999). Furthermore, the Food and Agricultural Organisation of the United Nations 

(2004) has compiled a standardised panel of 30 microsatellite markers complete with 

optimal POLYMERASE CHAIN REACTION conditions, facilitating GENOTYPING of DNA 

samples and comparison between new samples and existing data sets (Freeman et al. 

2006a). 

In the following dissertation, I illustrate the techniques adopted to study early 

breed improvement and the results obtained. Chapters II and III describe the historical 

and genetic contexts of this study. Chapter IV examines the ancient DNA 

methodology. Finally, chapters V to VII discuss the ancient mtDNA and 

microsatellite data obtained. 
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II. Historical Context 

 In this chapter, I discuss the Dudley Castle cattle in terms of the “Agricultural 

Revolution.” Section I discusses the current arguments over the beginnings of the 

general agrarian improvement in England. In section II, I examine how 

archaeozoology, in particular the analysis of the Dudley Castle fauna, has been 

applied to the study of the beginnings of selective breeding, one of the primary factors 

of the Agricultural Revolution. 

 

I. The Agricultural Revolution 

 Current historical opinion over the beginnings of modern agriculture falls into 

two broad camps. The English population breeched its pre-agricultural improvement 

human carrying capacity of 5–6 million by 1750 and reached 16.6 million by 1850 as 

a result of the Industrial Revolution (Overton 2002). Following the work of Karl Marx 

and Lord Ernle of the 19
th

 and early 20
th

 centuries, traditional or “Marxist” historians 

argue that, paralleling the Industrial Revolution of the 18
th

 and 19
th

 centuries, English 

farming underwent an “Agricultural Revolution” in order to feed the exploding 

population. (Kerridge 1969; Overton 1984, 1996). Revisionist historians, most 

notably Eric Kerridge (1967, 1969) respond that the agricultural improvement was a 

gradual change beginning in the early 16
th

 century rather a revolution in the 18
th

 and 

19
th

 centuries. Several (e.g. Campbell et al. 1996; Campbell & Overton 1993; Dyer 

1997; Power & Campbell 1992; Verhulst 1990) have stretched the beginning of the 

‘agricultural revolution’ to the Mediaeval Period. Some Marxist historians (e.g. 

Mingay 1969; Overton 1996) reply that the marked improvement in agricultural 

efficiency between the 18
th

 and 19
th

 centuries alone justifies the existence of an 

‘agricultural revolution,’ regardless of the gradualness of agrarian innovation. 
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According to “Marxist” historians, the ENCLOSURE of large farms, the 

mechanisation of agriculture, the FOUR-FIELD or “NORFOLK” SYSTEM of crop rotation 

and selective breeding resulted in the Agricultural Revolution of the 18
th

 and 19
th

 

centuries. Under the emerging capitalist system, enclosure of large farms encouraged 

economies of scale and large-farm owners to impose innovations upon workers. 

Mechanisation improved worker output and efficiency, whilst the four-field system 

improved lands’ crop yields. By rotating turnips, nitrogen-fixing legumes (including 

clover, peas, beans and vetch) and two grains, the four-field system reduced the time a 

field was left fallow, took advantage of farmers’ winter underemployment to sow 

turnips, and provided fodder, thereby encouraging farmers to replace cattle with more 

efficient horse traction. Finally, selective breeding improved the meat, milk and 

labour production of domestic animals. 

Revisionists counter that the Marxist model is simplistic and that many of its 

assumptions are incorrect. British farming systems varied so dramatically—not only 

between regions, but between individual farms within a region—that no single 

improvement was universally adopted since top-down imposition of innovations 

without regard for environmental and market factors could be ruinous (Campbell et al. 

1996; Kerridge 1967,1969; Overton 1996, 2002; Power & Campbell 1992). Farming 

systems and the improvements farmers adopted were shaped by numerous factors 

including the proportion of the arable and pastoral lands, soil quality, access to 

markets, local demand for various agrarian goods, the number and varieties of animals 

owned by the farmer, the land available for raising livestock and the accessibility of 

fertilisers (Overton 2002). 

Hopcroft (1994) and Kerridge (1967) have demonstrated that enclosure did not 

directly correlate with increased productivity. The conversion of the open fields 
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(champion) to private holdings was a slow process with mixed results. For instance, 

the east (especially Kent and Norfolk) and the southwest (Devon and Cornwall), 

where enclosure occurred by the 13th century, were some of the most precociously 

‘improved’ regions with the highest agricultural output, whilst the Midlands, where 

the commons endured until 1801, were some of the least productive regions (Hopcroft 

1994). Whilst this seems to support the top-down Marxist model, the aristocracy 

historically held fewer powers over the peasants in the east and southwest than in the 

Midlands. In the Marxist model of improvement, we would expect the opposite 

(Hopcroft 1994). In fact, landlords and large-farm owners could both encourage and 

slow innovation, as well as enforce the adoption of inappropriate ‘improvements’ 

(Hopcroft 1994; Overton 2002). Advice books dedicated to fad, unproven farming 

methods had become common by the 17
th

 century, which contributed to the 

imposition of detrimental techniques on large swathes of farmland (Overton 2002). 

Contradicting the Marxist model, Hopcroft (1994) argues that small farmers, whilst 

continually risking poverty, were a source of numerous agrarian advancements 

through extensive experience with their lands and frequent small-scale 

experimentation. 

 Similarly, the beginnings of mechanisation, modern crop rotations and 

selective breeding are not as clear-cut as the Marxist model proposes (Kerridge 1969; 

Overton 1984). Although Marxist historians claim mechanisation began with Jethro 

Tull’s invention of the seed drill in 1701, numerous prior innovations, such as the 

transition from oxen to horse traction and the invention of new fertilising strategies 

(including the application of manure, night soil, seaweed, ploughed-under grasses, 

chaff, animal bones and other wastes to add nitrogen to soil, multiple ploughings per 

year to incorporate fertilisers into and aerate the soil and the controlled flooding of 
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upland meadows to refresh fields for grazing by coating them in a fresh layer of 

nutrient-rich silt), were equally responsible for agricultural improvement in Britain 

(Kerridge 1969). Horse traction was more efficient than oxen-based traction and freed 

cattle to be more lucratively raised for meat and dairy production. This came at the 

expense of increased fodder needs, which were prohibitively expensive for many 

farmers (Astill 1997; Verhulst 1990). The four-field system, whilst a great boon to 

agricultural productivity, grew out of preceding crop rotations (turnips and legumes 

were introduced well before the putative 18
th

–19
th

 century Agricultural Revolution) 

and rarely worked perfectly due to inter-farm variability (Kerridge 1969). For 

instance, the cultivation of grains tended to raise soil acidity which prevented turnips 

from thriving (‘turnip sickness’) and necessitated occasional fallowing and spreading 

of lime or marl to make the fields more alkaline. 

Moreover, despite Marxist historians’ contentions (e.g. Thirsk 1967: 189), 

selective breeding did not begin with the appearance of herd books in the 18
th

 century 

and the popularisation of commercial breeds like Robert Bakewell’s New Leceister 

sheep and Dishley Longhorn cattle and the Colling brothers’ Shorthorn cattle 

(Overton 2002). Historical records document the appearance of distinct local breeds 

and varieties since at the least the Middle Ages (Thirsk 1967: 186). These primitive 

breeds were well-adapted to their local environment and functions and often out-

performed the commercial breeds of the 18
th

 and 19
th

 centuries (Overton 2002; 

Walton 1984). Mediaeval farmers, even without formal knowledge of the genetic 

principles of inheritance, improved their animals by mating better animals and being 

highly selective of the bulls they maintained (Tan 2002; Trow-Smith 1957: 112). Due 

to the expense of bull-keeping, bulls were often shared among the entire community, 

so careful selection of raised and bred bulls was required to prevent economic disaster 
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(Tan 2002). However, dating the appearance of the first active breed improvement has 

proven elusive.  

 

II. Archaeozoology and the Agricultural Revolution 

 The inconclusiveness of historical evidence has led archaeologists to apply 

faunal analysis to help date the onset of the Agricultural Revolution. 

Archaeozoological evidence indicates that selective breeding began in the Mediaeval 

to Post-Mediaeval Periods (14
th

–17
th

 centuries), and thereby supports the revisionist 

view for the commencement of the agrarian improvement (Albarella 1997b; Davis 

1997; Davis & Beckett 1999). Domestic animals, including cattle, sheep, pigs, fowl 

and possibly horses, increase in size in several mediaeval and post-mediaeval 

assemblages (Albarella 1997b; See Table 1). Further supporting the revisionist model, 

the dating and degree of this increase varies significantly between sites, disproving a 

revolutionary, concurrent introduction of selective breeding. However, size increase 

alone does not guarantee breed improvement since the size at slaughter depends on an  

Table 1: Mediaeval to early-modern English sites showing archaeozoological evidence for breed-size increase. 

Adapted from Davis 1997: 420–425. 

Site Taxa Showing Size Increase Date and Extent of Size Increase References 

Closegate, Newcastle Sheep By the end of the 17
th
 century, 

sheep metapodials are markedly 

longer than those of the 

mediaeval and early modern 

assemblages at the site. 

Davis 1991, in Davis 

1997 

Dudley Castle, West Midlands Sheep, Cattle, Pigs, Fowl In the mid-14
th
 century, all 

domestic species, especially 

cattle, undergo a statistically 

significant size increase. 

Thomas 2005a,b, 2006 

Exeter, Devon Sheep, Cattle, Pigs From the 16
th
 century onwards, 

sheep metrics consistently show 

increased sizes compared to 

mediaeval sheep at Exeter. 

There is some limited evidence 

that cattle and pig sizes also 

increased in the Post-Medieval 

Period. 

Maltby 1979 
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Table 1 (continued): Mediaeval to early-modern English sites showing archaeozoological evidence for breed-

size increase. Adapted from Davis 1997: 420–425. 

Site Taxa Showing Size Increase Date and Extent of Size Increase References 

Launceston Castle, Cornwall Sheep, Cattle Cattle underwent a major size 

increase, contemporary with 

shape changes in the postcrania 

and dentition, between the mid-

late 15
th
 century and the 16

th
-

17
th
 centuries. Sheep also 

underwent a small, but 

statistically significant, increase 

at this time, but underwent a 

drastic size increase between the 

16
th
 and 19

th
 centuries. 

Albarella 1997a 

Albarella & Davis 

1994a, in Davis 1997 

Lincoln Sheep, Cattle, Pigs, 

Chickens 

Cattle and pigs underwent 

significant size increases in 

1600–1750 C.E. Although the 

sample size was small, sheep 

were clearly larger by 1500–

1550 C.E. Chickens may have 

been larger by the late 15
th
 

century, but the sample size is 

too small to be significant. 

Dobney et al. 1996: 

30–49. 

Okehampton Castle, Devon Sheep There is a slight increase in 

sheep-size ranges and means 

during the 16
th
 century. 

Maltby 1982 

Prudhoe Castle, 

Northumberland 

Cattle There is a significant size 

increase in cattle sometime 

between the 14
th
 and 17

th
 

centuries, possibly occuring 

during the 15
th
 and 16

th
. 

Davis 1987, in Davis 

1997 

St. Frideswide’s Priory, 

Oxford 

Caprines, Cattle The 16
th
- and 17

th
-century 

caprines and cattle are 

qualitatively “massive” in 

comparison to the preceding 

medieval breeds. 

Stallibrass 1988 

Whitefriars, Coventry Sheep In the mid-16
th
 century, sheep 

increase in size slightly in 

comparison with mediaeval 

sheep at Walton, Aylesbury. 

The sample is too small to be 

considered statistically 

significant. 

Holmes 1981 

West Cotton, Northants Sheep, Cattle Between the early and mid-late 

Mediaeval Periods, sheep 

increase slightly while cattle 

increase significantly at West 

Cotton. 

Albarella & Davis 

1994b, in Davis 1997. 

York, the Bedern Sheep Sheep underwent a size increase 

throughout the medieval and 

early modern periods until the 

16
th
 century. 

O’Connor 1985, in 

Davis 1997 
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animal’s breed, sex and age (Davis 1997; Davis & Beckett 1999). 

Archaeozoological evidence for concurrent changes in animals’ shapes, 

proportions and mortality profiles further support an early agricultural revolution 

(Albarella 1997a,b, 2002; Davis & Beckett 1999; Davis 1997; Meadow 1999; Thomas 

2005a,b). Diachronic shifts in body shapes and proportions are suggestive of genetic 

change, rather than inter-individual variation. For instance, Albarella (1997a) suggests 

that the 15
th

 century cattle-size increase at Launceston Castle reflects genetic change 

because there are corresponding shifts in metapodial shape and dental characteristics.  

The shifts in mortality profiles may indicate changes in animal usage 

(Albarella 1997b). Beginning in the Mediaeval period, cattle remains at English sites 

like Portchester Castle, Hampshire swing from mature towards juvenile individuals 

(Albarella 1997b; Grant 1997: 230–233). This may correlate with the transition from 

cattle to horse traction, since younger cattle would be more frequently slaughtered if 

they are being raised for meat and milk products rather than work (Albarella 1997b), 

or a change in husbandry practices (Grant 1997: 230–233). 

The earliest evidence for breed improvement is found at Dudley Castle, West 

Midlands, where domestic sheep, cattle, pigs and fowl increase in size 

contemporaneously in the latter half of the 14
th

 century. Thomas (2005a,b, 2006) 

interprets this data as a result of the agrarian change following the Black Death and 

general population decline of the 14
th

 century. Some doubt is cast upon Thomas’s 

conclusions due to his adoption of Meadow’s (1981) log size index to circumvent 

limited sample sizes. This index augments sample sizes by combining the standard 

measurements devised by von den Driesch (1976) from different elements by 

comparing the logarithm of the difference between the measurements of these 

elements and those of a “standard animal.” Whilst reasonably reliable for postcranial 
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metrics, the log size index is unsuitable for comparing dental measurements due to the 

differing environmental and evolutionary pressures upon the teeth (Uerpmann & 

Uerpmann 1994, in Meadow 1999). 

 Mediaeval farming in the Midlands was characterised generally by the 

‘Midland system’ in which nucleated settlements were surrounded by champion 

(Lewis et al. 1997; Williamson 2003). The settlements were effectively governed by 

the local manor houses through a complicated system of services and rents that the 

peasants owed their lords. Champion fields surrounding the settlements were laid out 

in strips due to the adoption of the mouldboard plough (Williamson 2003: 141). Strips 

were laid fallow every second or third year to recover some of its fertility and control 

weeds (Williamson 2003: 66). Animals from the entire community were allowed to 

graze on the fallow and common land, which alleviated some of the issues of 

competition between neighbouring farmers. This arrangement was maintained by self-

regulation by the peasants and legislation from the local lords and courts. Whilst the 

origins of the Midland System are unclear, Lewis et al. (1997) interpret it primarily as 

a result of a growing Dark-Age population forcing the intensification of agriculture. 

 The Black Death’s extermination of one-third to one-half of the English 

workforce reduced farming intensity, increasing available pasturage, placed large 

quantities of cheap land on the market, permitting the enclosure of large farms, and 

raised labour wages (Campbell et al. 1996; Hopcroft 1994; Power & Campbell 1992; 

See above). More available pasturage, coupled with an increased demand for beef 

from a richer post-Black Death workforce, may have improved animal nutrition, 

resulting in increased size (Thomas 2005a,b, 2006). Cattle allowed to graze from 

youth, rather than fattened after they became too old or sick as mediaeval farming 

practices dictated, would be able to reach their full genetic potential, greatly 
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increasing carcass weights when ultimately slaughtered. However, the extent to which 

arable land could be converted to meadow for feeding livestock through the winter 

would depend on environmental factors like soil, access to waterways and yearly 

rainfall as much as human population and use (Williamson 2003). In fact, the 

production of hay might have been hindered by a decreased population since 

haymaking required mobilisation of labour en masse due to the fickleness of English 

weather (Williamson 2003: 173–177). 

The appearance of infantile pig remains in the later phases at Dudley Castle 

suggests a transition from raising pigs in the forest, where these remains would have 

been lost, to stying (2005a,b, 2006). This is consistent with the relaxed enforcement of 

forestry laws after the Black Death, which allowed farmers to clear vast tracts of 

woodlands for fuel and farmland and diminished pannage available to raise pigs 

(Cantor 1968; Thomas 2005a,b, 2006). Stying allowed farmers to closely regulate pig 

feeding and may explain the size increase of the Dudley Castle pigs (Thomas 2005a,b, 

2006). However, a concomitant increase in dental widths among the Dudley Castle 

pigs indicates that swine improvement was partially genetically controlled (Thomas 

2005b). Teeth are less affected by sexual dimorphism and environmental effects than 

are postcranial elements so size shifts in both postcranial and dental elements are 

suggestive of genetic change. Conversely, environmental and sexual variation affects 

the postcrania without correlated changes in the dentition (Davis 1997; Meadow 1999; 

Thomas 2005a,b). 

The absence of correlated increases in dental measurements among the Dudley 

Castle cattle hints that the dramatic post-Black Death cattle-size increase was a result 

of improved environment and diet (Thomas 2005a,b, 2006). Furthermore, the size 

increase was not a result of changing sex profiles since postcranial elements increase 
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in all three dimensions (Thomas 2005b). Unlike the pig data, the cattle morphometrics 

do not correlate well with historical data. Transportation of cattle stock throughout 

Europe is well documented (Hoffman 2001; Trow-Smith 1957: 109–113). The 

English were importing large Dutch cattle throughout the Medieval Period, which 

were complemented by thousands of head of Irish cattle per year by the early Modern 

Period (Thirsk 1967: 186–187). Welsh cattle, whilst unlikely sources of the size 

increase due to their small stature, were also imported into the West Midlands 

(Thomas 2006). Moreover, transportation of large English breeds like the unimproved 

longhorn within the country was common, since cattle were sold at markets (Walton 

1984). In fact, cattle fattening, in which calves were bought at markets, fattened (and 

possibly bred) and then driven to the slaughterhouse, was a primary trade in England. 

It is possible that the cattle-size increase seen at Dudley Castle was a result of 

importing larger breeds, which would correspond with the putative genetic change 

seen in the Dudley Castle pigs. 

To test this possibility, we adopted an ancient DNA strategy to compare the 

genetic profiles of the pre- and post-Black-Death cattle populations (See Chapters IV–

VII). Significant genetic change would indicate that size change was a result of 

replacement or selective breeding, whilst absence of a change between the two 

profiles would suggest that the increase was a result of improved animal upkeep. 
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III. Genetic Context 

 In this chapter, I examine the foundational genetic work for this study. 

Sections I and II describe the present models for the domestication of cattle and the 

origins of European domestic cattle. Section III examines current issues in analysing 

European breeds genetically and places the microsatellite analysis of the Dudley 

Castle cattle in this context. 

 

I. The Multiple Domestications of Cattle 

 Extant domestic cattle fall into two broad groups: taurine and indicine cattle 

(Bos taurus and Bos indicus respectively). Both lineages descend from the wide-

spread and highly variable aurochs (Bos primigenius). Taurine cattle prevail in 

 
Figure 2: Distribution of extant zebu and taurine cattle as well as regions of 

known cross-breeding with banteng and yak. The stars represent the 

geographical origins of the sampled breeds (Loftus et al. 1994). Reproduced 

from Figure 1 of Bradley et al. 1998: 80. 
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Europe, northern Asia and the west coast of northern Africa. Zebu predominate on the 

Indian subcontinent and the east coast of Africa (See Figure 2). Despite common 

nomenclature, zebu and taurine cattle are completely interfertile and should be 

considered one biological species. This interfertility has resulted in extensive taurine-

indicine hybridisation in African, the Middle-Eastern and Asian populations (e.g. 

Loftus et al. 1994, 1999; MacHugh et al. 1997; Hanotte et al. 2002; Kikkawa et al. 

2003;  Kumar et al. 2003; See below).  

Furthermore, limited cross-species hybridisation has occurred in Southeast 

Asia and the Himalayas, where domestic cattle have cross-bred with guar (Bos 

gaurus), banteng (Bos javanicus) and yak (Bos grunniens). Genetic introgression is 

slowed, although not altogether prevented (yak and banteng mtDNA haplotypes have 

been found in Nepalese and Indonesian domestic cattle breeds), by the fact that 

breeding female B. taurus and B. indicus with other bovina produces sterile offspring 

(Kikkawa et al. 2003; Loftus et al. 1994; Takeda et al. 2004). 

 Current archaeological and genetic evidence suggests separate centres of 

domestication for taurine and indicine cattle. Although the South Asian archaeological 

record is poor, faunal remains and representations of zebu at sites like Harappa and 

Mehrgarh suggest localised domestication of zebu in Baluchistan, Pakistan (Meadow 

1994). In addition, although regions of taurine admixture exist, zebu breeds dominate 

all of South Asia (Kikkawa et al. 2003; Kumar et al. 2003). Furthermore, genetic 

evidence from the complete mitochondrial DISPLACEMENT LOOP, the HYPERVARIABLE 

REGION of the mitochondrial CONTROL REGION, and microsatellites strongly suggests a 

pre-domestication divergence of taurine and zebu cattle (Bradley et al. 1996; Loftus et 

al. 1994; MacHugh et al. 1997). MOLECULAR CLOCK calculations based on these 

GENETIC MARKERS, whilst inexact due to the difficulties of calibrating mutation rates 
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with palaeontological evidence, indicate a taurine-indicine divergence predating the 

putative Neolithic domestication by more than 100,000 years. This renders a single 

domestication event unlikely and suggests at least two centres of bovine 

domestications: one in the Middle East and another in South Asia. 

Archaeologists have long considered the Middle East a likely centre of 

Neolithic taurine cattle domestication. Perkins (1969) argued that Çatalhöyük showed 

evidence of local cattle domestication due to the decrease of mean body size over the 

site’s occupation and a high proportion of cattle bones (70-79%) among the faunal 

remains. Whilst Russell et al. 2005 challenged Perkins’s claims by asserting that the 

decrease was due to a shift towards hunting the smaller females, significant 

archaeological evidence for Near-Eastern cattle domestication remains (See Table 2). 

Parekklisha-Shillourokambos (Cyprus), for instance, provides strong evidence for 

Middle Eastern cattle domestication due to the discovery of bovine remains associated 

with humans at a site where aurochsen were not native (Anderung 2006; Guilaine et 

al. 2000). Unfortunately, like at Çatalhöyük, most evidence for Middle Eastern 

domestication is based upon body-size decrease, which may represent domestication, 

but could also be the result of slaughtering smaller younger or female aurochsen, size 

variation in the native aurochs populations, etc. 

Genetic evidence provides further strong support for Middle-Eastern taurine 

domestication. Although the introduction of zebu to the region over 3000 years ago 

(Loftus et al. 1999; Freeman et al. 2006b) may have weakened some genetic signals 

through introgression, a clear taurine genetic pattern has emerged (See Figure 3). 

Using the hypervariable region of the bovine mtDNA control region, Troy et al. 

(2001) identified four major mtDNA HAPLOGROUPS among modern taurine cattle: T, 
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T1, T2 and T3. Mannen et al. (1998, 2004) revised Troy et al.’s model when they 

discovered a fifth lineage, T4. T4 is limited to Northeastern Asia and may represent a 

Table 2: Archaeozoological evidence for Near-Eastern cattle domestication 

Site Country Dates of Occupation Faunal Evidence for Cattle Domestication 
Parekklisha-Shillourokambos Cyprus 8200-7500 B.C.E. Parekklisha-Shillourokambos provides the strongest 

evidence for Neolithic domestic cattle in the Middle 

East (Anderung 2006). Bos primigenius is not native 

to Cyprus, but bovine remains are associated with 

humans and other domesticates at the site, indicating 

at least predomestic cattle having been imported 

from the Middle East (Guilaine et al. 2000). 

Magzalia Iraq ca. 7000 BC Although the sample size is small, Bos remains 

appear to be aurochs-sized in the lower levels of the 

site, while later cattle appear to be much smaller 

(Peters et al.1999). 

Tell es-Sawwan Iraq 6
th

-5
th

 millenium B.C.E. Bökönyi (1976) claims the presence of domestic 

cattle at 6
th

-millenium-BC Tell es-Sawwan. Grigson 

(1989) believes this is unlikely since cattle comprise 

only a small percentage (0.07-1.30%) of the site's 

fauna. 

Jericho Israel 7500-6500 BCE Bökönyi (1976) states that there are possible 

domestic cattle at pre-pottery Jericho. This is 

doubtful as Clutton-Brock (1999) has found only 

cattle of wild size at the site (Grigson 1989). 

‘Ain Ghazal Jordan ca. 7500-6000 BCE Due to the unusual proportion of slaughtered 

juvenile cattle, von den Driesch interprets 'Ain 

Ghazal as a failed site of domestication where PPNB 

settlers tried to raise and breed calves but were 

unsuccessful (Horwitz et al. 1999). 

Ba'ja Jordan ca. 7000 BCE Although the Bos sample is small, cattle bones 

appear to be of domestic size (Horwitz et al. 1999). 

Basta Jordan 7500-7000 BCE Bos remains exhibit a wide heterogeneity of sizes, 

suggesting the slaughter of both wild and domestic 

cattle. However, the incomplete information on 

Southern Levantine aurochsen prevents the 

determination of the domestic/wild status of these 

cattle (Horowitz et al. 1999). 

Labweh Lebanon 6000-5750 BCE There appears to be size reduction within the cattle, 

suggesting domestication (Bökönyi 1976; Grigson 

1989; Peters et al. 1999). However, this claim cannot 

be substantiated since the data have yet to be 

published (Grigson 1989). 

Abu Hureyra Syria 11000-6000 BCE Bos bones suddenly become frequent (along with 

domestic caprines) during the Pre-Pottery Neolithic 

after comprising only a small fraction of the faunal 

remains for most of the site's occupation (A. Legge, 

Pers. Comm. 2006). Furthermore, this jump 

coincides with the appearance of putative 

domesticated cattle at Çatalhöyük and there appear 

to be some small cattle, although this has yet to be 

quantified (A. Legge, Pers. Comm. 2006.) 
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small localised domestication or secondary adoption of Asian aurochs cows into 

domestic herds. 

 Troy et al. (2001) identified T as the ancestral lineage through comparison 

with six British aurochs sequences. Since T haplotypes are nearly exclusive to the 

Middle East, this provides some evidence of a Middle Eastern origin of extant taurine 

cattle. Moreover, Near-Eastern taurine cattle possess the greatest variability in terms 

of mtDNA haplotypes (all haplogroups except T4 are represented among Middle- 

Eastern cattle) and microsatellite alleles (Loftus et al. 1999; Troy et al. 2001). The 

drop in mtDNA diversity forms a continuous cline from the Fertile Crescent to 

Western and Northern Europe, where T3 has nearly reached fixation (Troy et al. 

 
Figure 3: Map displaying the geographical distribution of mtDNA haplotypes in 

modern cattle. T3 dominates in Europe, whilst T1 is almost exclusive to Africa. 

Middle Eastern cattle contain primarily T, T2 and T3 lineages. T4 lineages are 

exclusive to Northeastern Asia. Also shown are the proportions of aurochs (Y1) 

and domestic cattle (Y2) Y-chromosome haplotypes identified by Götherström 

et al. 2005. The frequency of Y1 increases northwards. Reproduced from Figure 

1 of Zeder et al. 2006: 141. 
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2001). Unfortunately, it is unknown how representative modern DNA sequences are 

of past diversity due to poor ancient DNA (aDNA) preservation in the Middle East 

(Edwards et al. 2004). However, the decline in diversity is mirrored in the 

microsatellite data, providing additional support for the mtDNA data (Cymbron et al. 

2005; Beja-Pereira et al. 2006). These clines are consistent with an expansionist 

model for the Neolithic spread of domesticates since, under this model, GENETIC 

BOTTLENECKING and DRIFT is expected to steadily reduce variability as subsets of the 

original domesticated population colonise new territories. In contrast, variability in 

cattle milk protein genes increase with distance from the Middle East (Beja-Pereira et 

al. 2003b). However, this diversity is probably due to positive selection on genes 

related to milk production, corresponding with the spread of human lactose tolerance 

across Europe (Beja-Pereira et al. 2003b). 

 Some scholars have posited a third centre of domestication in northeastern 

Africa, but the limited, fragmentary faunal evidence is inconclusive (Clutton-Brock 

1989; Gauthier 1980; Wendorf & Schild 1994, 1998).  The divergence between T1 

and the other taurine lineages 22–26,000 years B.P., before the putative Neolithic 

domestication, and its near exclusivity to Africa provide some limited support for this 

hypothesis (Bradley et al. 1996; Troy et al. 2001). Microsatellite data also suggest a 

pre-domestication split of the two taurine groups (Hanotte 2002). Beja-Pereira et al. 

(2006) counter that this is unlikely since an independent African domestication event 

would require the Middle Eastern and North African aurochs populations to have 

diverged without physical barriers between them. Thus the evidence for an 

independent domestication in Africa is still inconclusive. 
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II. Origins of European Domestic Cattle  

The origins of European domestic cattle have been a source of much 

archaeological debate. Two primary models have been proposed. Under an  

expansionist model, cattle migrated with Neolithic farmers into Europe from the Near 

East along two primary routes: the Danubian route and the Mediterranean route 

(Cymbron et al. 2005). Neolithic farmers traversing the Danubian routes would have 

migrated through the riverine habitats of the Balkans into the central and northern 

European plains, whilst those following the Mediterranean route would have 

expanded along the southern European coastline and major islands. 

In the second model, indigenous European peoples domesticated the native 

aurochs populations upon the arrival of Neolithic peoples into the continent. This 

model originates with the work of Bökönyi (1971: 643–647, 1974: 95–147), although 

many authors had previously supposed European aurochs ancestry for domestic cattle 

(Bökönyi 1974: 97–100).  Bökönyi (1971: 643–647; 1974: 111–113) argues that a 

surplus of adult aurochs bones found in Middle-Neolithic to Copper-Age Hungarian 

assemblages and a change in aurochs sex ratios represents hunting of non-

domesticable adult animals in order to obtain the closely defended calves for 

domestication. He (Bökönyi 1971: 645, 1974: 111–112) also cites the presence of 

transitional animals between the sizes of aurochsen and domestic cattle as further and 

the concurrence of both wild and domestic forms at sites where he presumes aurochs 

domestication took place as evidence of European domestication. 

Mitochondrial DNA evidence has generally supported the expansionist model. 

In addition to the decline of genetic variability in European domestic cattle mentioned 

above, European aurochs sequences have consistently clustered outside the variability 

of modern cattle, whilst both modern and archaeological domestic European cattle  
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have fallen within Bos taurus lineages (Bailey et al. 1996; Bollongino et al. 2006; 

Edwards et al. 2004, 2007; MacHugh et al. 1999; Troy et al. 2001; See Figure 4). 

Edwards et al. (2004) surveyed cattle from European, African and Middle Eastern 

sites dated to 1000 to 9000 B.P. and found a distribution of mtDNA haplogroups in 

the past similar to that of today. This suggests genetic continuity between modern and  

archaeological cattle and supports a Neolithic bovine expansion. Both Kühn et al. 

(2005) and Bollongino et al. (2006) found that European Neolithic cattle possessed  

mtDNA sequences more similar to those of modern Bos taurus than European Bos 

primigenius. In addition, Bollongino et al. provided evidence that these cattle 

possessed reduced mtDNA variability compared to the extant population and that the 

diversification of haplotypes around T3 began in the Neolithic. This is consistent with 

post-expansion diversification. 

Cymbron et al. (2005) found that modern Mediterranean cattle possessed a 

higher frequency of zebu population-associated microsatellite alleles than did northern 

European cattle. Since extensive post-Neolithic zebu introgression has been 

documented in Anatolia and the Middle East (Kumar et al. 2003), the increased 

 

 
Figure 4: Neighbour-joining tree of taurine, zebu and aurochs mtDNA sequences.  The 

scale bar represents 0.01 divergence. Reproduced from Figure 1 of Troy et al. 2001: 1089. 
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frequency of zebu genes in Mediterranean populations may indicate continuing 

contact between Near-Eastern and Mediterranean cattle after the initial Neolithic 

expansion. Cymbron et al. also noted that Mediterranean bovine populations were less 

variable than northern European ones when genetic distances were correlated with 

geographic distances from the Middle East, which suggests that Mediterranean 

populations have had less time to diversify. This may be the result of more recent 

contact with the Middle East in the Mediterranean, but could also be explained by 

genetic isolation of northern European populations, increasing variability between 

populations, or faster settlement of the Mediterranean than northern Europe. 

Similarly, Schlumbaum et al. (2006) argue that T2 haplotypes found in modern and 

Roman-period cattle from Switzerland represent secondary introduction of Middle-

Eastern stock during the Roman period or earlier. However, T2 haplotypes are not 

diagnostic of a Near-Eastern origin as they occur frequently in European cattle (C. 

Edwards, Personal Comment 2006; Troy et al. 2001). Pellechia et al. (2007) make the 

same mistake by arguing that T and T2 haplotypes found in modern Italian cattle from 

Tuscany and East Liguria tie these populations to the Fertile Crescent.  

Beja-Pereira et al. (2006) argue in favour of local European domestication 

based on their sequences of five Italian aurochsen which possessed T3 haplotypes. 

Beja-Pereira et al. argue that extant Italian cattle are more closely related to Italian 

aurochsen than to Near-Eastern cattle. Their aurochsen results are anomalous and 

have not been substantiated by other research (Bailey et al. 1996; Edwards et al. 

2007; Troy et al. 2001). Conversely, Anderung et al. (2005) identified a Bos 

primigenius haplotype in a Bronze-Age, Portuguese premolar morphologically 

attributed to Bos taurus, which may also represent localised domestication. However, 
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it could also be a result of 

backcrossing between 

domestic cattle and aurochs 

or simply a 

misidentification of the 

tooth (Anderung et al. 

2001). 

Götherström et al. 

(2005) identified a cline of 

two Y-chromosome 

haplotypes (Y1 and Y2) in 

extant European and Near 

Eastern cattle. Y1 increases 

in frequency from the Near East to northern Europe, with Y2 nearly fixed in Italy and 

Anatolia and Y1 dominating in northern Europe (See Figure 5). Since nearly all (20 of 

21) Pleistocene to late Neolithic aurochsen and early European domestic cattle 

possessed the Y1 haplotype, Götherström et al. interpreted it as an aurochs type. 

Götherström et al. (2005) explain the cline as a result of continuous backcrossing 

between Middle Eastern domestic cows entering Europe and local aurochs bulls, 

raising the frequency of the Y1 haplotype northwards as the total number of matings 

increased. This contact is consistent with a free-range herding model for Neolithic 

farmers (Anderung et al. 2005; Beja-Pereira 2006; Götherström et al. 2005). 

Lamentably, poor preservation of aDNA in the Middle East prevents the 

corroboration of Y2’s origin there (Götherström et al. 2005; Edwards et al. 2004).  

 
Figure 5: Map depicting the relative proportions of Y1 

(white) and Y2 (black) haplotypes among modern 

cattle. The authors combined the data from France, 

Spain and Portugal into one chart. Reproduced from 

Figure 1 of Götherström et al. 2005: 2348. 
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Extensive contact between African and Mediterranean European cattle 

populations followed domestication. T1 haplotypes, nearly exclusive to African cattle, 

comprise a significant minority of lineages found in Mediterranean European 

populations (Anderung et al. 2005; Beja-Pereira et al. 2006; Carvajal-Carmona et al. 

2003; Cymbron et al. 1999). Anderung et al. (2005) and Cymbron et al. (1999) note 

that the frequency of T1 lineages increases southwards in the Iberian Peninsula, which 

may be the result of contact across the Straits of Gibraltar. Similar clines have been 

documented in microsatellite (Cymbron et al. 2005) and milk protein loci (Beja-

Pereira et al. 2002) surveys of Iberian populations. Whilst Beja-Pereira et al. (2003a) 

contend that the increased diversity in Iberian populations is a result of population 

isolation rather than African introgression, the concurring evidence from both 

morphological and other genetic studies renders contact between North Africa and 

Iberia as the most likely explanation for these clines. 

Identifying the origin of African genetic introgression has proven difficult. 

Anderung et al. (2005)’s discovery of a T1 sequence in a Bronze-Age Spanish cow 

indicates that contact between the Iberian Peninsula and Africa occurred very early. 

Moorish introduction of African cattle into the Iberian Peninsula during the Middle 

Ages is an obvious source of African introgression (Anderung et al. 2005; Carvajal-

Carmona et al. 2003). Similarly, American creole cattle introduced by Iberian settlers 

from Europe during the Colonial period bear both T1 and indicine Y-haplotypes, 

indicative of previous African introgression into the Iberian peninsula (Carvajal-

Carmona et al. 2003; Giovambattista et al. 2000; Magee et al. 2002). Whilst some of 

these T1 haplotypes can be ascribed to the introduction of West African cattle into 

South America during the Colonial period (Magee et al. 2002), New-World T1 

sequences are more variable than those found in either their Iberian or African 
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forbears, suggesting both an Iberian and a separate West African source for these 

sequences (Carvajal-Carmona et al. 2003; Magee et al. 2002; Miretti et al. 2002, 

2004; Mirol et al. 2003; Lirón et al. 2006). The purposeful introduction of zebu 

during the twentieth century to improve South American stocks only further 

complicates these breeds’ histories (Giovambattista et al. 2000; Magee et al. 2002). 

Thus, whilst there is some limited evidence for backcrossing between 

domestic cattle and aurochs, the overwhelming majority of current DNA evidence 

strongly suggests a Near-Eastern origin for modern European cattle followed by 

extensive contact with African cattle across the Mediterranean. Future research should 

clarify the number of immigrations, the extent of backcrossing and the possibility of 

localised indigenous domestication. 

 

III. Genetics of Extant European Cattle Breeds 

Extant European cattle comprise some 400 documented breeds, including 

numerous critically endangered varieties (Edwards et al. 2000; MacHugh et al. 1994, 

1998). The appearance of herd books approximately 200 years ago partially 

genetically isolated local European varieties, which is reflected in autosomal variation 

including microsatellites, SINGLE NUCLEOTIDE POLYMORPHISMS and QUANTITATIVE 

TRAIT LOCI (e.g. Beja-Pereira et al. 2002, 2003; Blott et al. 1998; Kantenen et al. 

2000; Lien et al. 1999; MacHugh et al. 1994, 1998; Moazami-Goudarzi et al. 1997). 

However, due to the recent isolation of these populations, bovine mtDNA is 

insufficiently SUBSTRUCTURED for breed determination and analyses of husbandry 

practices (MacHugh et al. 1994, 1998). 

The historical scope and accuracy of genetic studies of modern cattle breeds 

are limited by the fact that GENOMES are palimpsests—the most recent evolutionary 
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and breeding events overwrite previous variation. Extensive GENE FLOW between 

European breeds blurs genetic histories by erasing distinctions between breed clusters, 

although a few varieties, including the Angus, Jersey and Menorquina, do form 

unique clades due to long-term geographic isolation (MacHugh et al. 1994, 1998; 

Martín-Burriel et al. 1999). Replacement and cross-breeding of indigenous varieties 

with commercial meat- and milk-producing breeds like the Holstein-Frisian during the 

latter half of the 20
th

 century has erased much of the remaining gene history and 

bottlenecked the variation within the surviving members of the local breeds 

(Bartosciewicz 1997; Edwards et al. 2000; Overton 2002). Many endangered breeds, 

like the Pustertaler-Sprinzen and the Hungarian Grey, possess EFFECTIVE POPULATION 

SIZES under 100 individuals (Bartosciewicz 1997; Edwards et al. 2000).  

Ancient DNA evidence can fill in the gaps and corroborate the data from 

modern cattle. Unfortunately, these studies are severely hindered by the lack of 

mtDNA biogeography. Most aDNA analyses rely upon the mitochondrial genome, the 

most easily amplifiable genetic marker, because each cell contains several hundred 

copies of the mitochondrial genome, while containing only two copies (one from each 

parent) of each AUTOSOME. Nuclear markers, however, are now being applied to 

ancient bovines for breed analysis. Preliminary studies by Edwards et al. (2003) and 

Svensson et al. (2007) have successfully trialled microsatellites and SNPs respectively 

on ancient material. The diachronic analysis of microsatellites from the Dudley Castle 

cattle is an ideal opportunity to further apply and develop these nuclear markers to an 

extinct population, as well as elucidate early breed improvement. 
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IV. Ancient DNA Extraction Procedures  

Due to its degraded nature, analysis of DNA preserved in archaeological and 

palaeontological specimens is extremely challenging and requires strict measures to 

control contamination and ensure reliable results. First predicted by Lindahl’s in vivo 

models of DNA degradation and the discovery that proteins and cellular structures 

could be preserved in fossil materials (Pääbo et al. 1989; Lindahl 1993b; Lindahl & 

Andersson 1972; Lindahl & Karlström 1973; Lindahl & Nyberg 1972), it was not 

until 1984 that Higuchi and co-workers cloned and sequenced the first short (~100 bp) 

ancient DNA fragment from a museum skin of the extinct quagga (Equus quagga). 

Pääbo (1985) subsequently sequenced a 3.4 kb nuclear DNA (nuDNA) segment from 

an Egyptian mummy. 

The advent of the Polymerase Chain Reaction in the late 1980s allowed aDNA 

research to boom (Mullis & Faloona 1987; Pääbo et al. 1989; Saiki et al. 1985). 

Pääbo (1989) overturned his 3.4 kb mummy sequence when he reported that the vast 

majority of aDNA molecules were approximately 100 bp long and that DNA damage 

rendered sequences over 200 bp unlikely to amplify. Hagelberg et al. (1989) 

announced the first successful amplification of aDNA from hard tissues, allowing 

more extensive studies of past populations, and teams reported the first verified 

sequences from the thylacine, an extinct carnivorous marsupial (Thomas et al. 1989; 

Krajewski et al. 1992), and mammoth (Hagelberg et al. 1994; Höss et al. 1994). 

After a series of unrepeatable “geologically ancient” sequences derived from 

insects, bacteria and a leaf entombed in amber (Cano & Borucki 1995; Cano et al. 

1993, 1994; DeSalle et al. 1992, 1993; Poinar et al. 1993), leaf compression fossils 

preserved in an environment thought to promote hydrolysis of DNA (Golenberg 1991; 

Golenberg  et al. 1990; Soltis et al. 1992) and a Cretaceous dinosaur bone (Woodward 



 36 

et al. 1994) in the early 1990s, the need for stringent measures to prevent, monitor and 

control contamination became apparent to the aDNA community (Austin et al. 1997; 

Cooper & Poinar 2000; Hedges et al.1995; Lindahl 2003a; Pääbo & Wilson 1991). 

Following the seminal publication of the first Neandertal sequence (Krings et 

al. 1997), Cooper and Poinar (2000) listed the primary criteria for evaluating 

authenticity of aDNA sequences (See Table 3). This list has been revised by several 

authors (e.g. Gilbert et al. 2005a; Pääbo et al. 2004; Willerslev & Cooper 2005) with 

the development of new techniques. Unfortunately, these criteria are too often used as 

a “check-list” for authenticity, rather than useful guidelines (Gilbert et al. 2005a). 

In this chapter, I explore the techniques adopted in this study to produce 

authentic aDNA sequences. Sections I and II describe the sampling strategy and 

assays of preservation. Finally, sections III and IV illustrate the DNA extraction and 

purification procedures. 

Table 3: Primary criteria for authenticating aDNA sequences. 

Adapted from Cooper & Poinar 2000 and Willerslev & Cooper 2005: 7. 

Criterion Justification 
Physically isolated work area An isolated and sterilised work area is required to avoid contamination of ancient samples with 

modern DNA. Daily movement should always be up the DNA concentration gradient (i.e. from the 

extraction facility to the amplification and post-amplification laboratories) to avoid contaminating 

extracts and reagents with amplified sequences. 

Decontamination of reagents 

and specimens 

Decontamination procedures (including, but not limited to: treatment with bleach, ethanol, sodium 

hydroxide and hydrochloric acid, baking, irradiation and autoclaving) must be employed to limit the 

contamination of samples and reagents. Factory-level sterilisation of reagents is usually insufficient 

for aDNA research. 

Control amplifications Control amplifications help detect contaminants in the laboratory and reagents that could cause a 

false positive result. This should include controls for both extractions and amplifications. 

Appropriate molecular 

behaviour 

Ancient extracts should behave appropriately. Long fragments of aDNA are not expected to amplify 

readily and nuclear DNA is far less likely to amplify than the more frequent mitochondrial DNA. In 

microbial studies, a time-dependent pattern of diversity and damage provides support for their 

authenticity due to the high mutation rates of micro-organisms. 

Reproducibility Amplifications and sequencing must be able to be repeated from multiple extracts of the same 

sample. Reproduction of results at another laboratory helps screen-out laboratory-specific 

contamination. 

Cloning Cloning helps detect PCR and sequencing errors and nuclear-inserted mitochondrial DNA 

sequences. 

Uracil N-glycosylase 

treatment 

UNG induces strand breaks at sites where cytosine has degraded to thymine, and thus prevents the 

amplification of the most common form of DNA miscoding lesion. 

Biochemical preservation Evidence of the preservation of other biochemicals supports the possibility of DNA preservation. 

Quantitation The amount of amplifiable DNA should be quantified using quantitative PCR techniques. 

Associated Remains When working with remains particularly vulnerable to contaminants (especially humans), 

amplification of associated non-vulnerable remains provides indirect evidence for authenticity. 
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I. Sample Selection 

Eight left cattle mandibles (See Table 4) and associated teeth were provided 

by Dr. Richard Thomas (School of Archaeology and Ancient History, University of 

Leceister, United Kingdom) from fauna recovered from Dudley Castle. The use of left 

mandibles prevented the accidental sampling of multiple skeletal elements from the 

same individual. These tooth rows comprised two subpopulations of four individuals, 

pre- and post-dating the 14
th

-century cattle-size increase. Samples 46A, 30A, 30B and 

30C were recovered from archaeological contexts dated to phase 5 (1262–1321 C.E.), 

whilst 86A, 86B, 86C and 86D came from phase-6 contexts (1321–1397 C.E.). The 

mandibles were recovered from area 6B, a dump site near the moat, where they were 

rapidly buried and sealed in an anoxic environment (Thomas 2005a; See Appendix 

C). This improves the chances of DNA recovery since oxidative damage is the 

primary source of post-mortem DNA lesions (Pääbo 1989). Moreover, microsatellites 

were recovered in a similar environment from 10
th

- and 11
th

-century cattle at the 

Viking site of Fishamble Street, Dublin, Ireland, suggesting that nuclear DNA could 

also be preserved in the Dudley Castle fauna (Edwards et al. 2003).  

Dentine harvested from the tooth crowns was used for DNA analysis. Teeth 

are more resilient than bone to contamination since they lack Haversian canals, which 

provide a pathway for contaminants to enter the interior of bones, and they are 

protected by hard and non-porous enamel (Gilbert et al. 2005b). However, tooth roots 

are exceptionally porous and must be handled with care to avoid contaminating the 

interior (Gilbert et al. 2005b). Due to the vast quantity of faunal remains in trench 6, 

the samples selected for this study were shovelled directly into bags and were left 

uncleaned (Thomas 2005), limiting contamination from the excavators and reducing 

the damage to preserved DNA from cleaning (Gilbert et al. 2005b). Unfortunately, it 
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is impossible to completely rule out cattle DNA contamination from contemporaneous 

specimens in the dump. However, as the bones were sealed quickly and ancient 

contamination will have degenerated at similar rates to ancient endogenous sequences, 

the much smaller quantities of ancient contaminant DNA make it highly unlikely that 

our sequences originate from ancient contaminants. However, future extractions and 

PCRs of the soil from trench 6 may help determine if ancient bovine contaminants 

leached into the surrounding soil and specimens (Hofreiter et al. 2003; Shanks et al. 

2005; Willerslev et al. 2003). 

 

II. Assays of Biochemical Preservation 

Samples 46A and 30C were considered too fragmented for reliable DNA 

results and were thus removed from subsequent analysis. To assess preservation at a 

molecular level, I measured the total percentage of preserved collagen in the Dudley 

Castle samples using continuous flow isotope-ratio-monitoring mass spectrometry. 

Whilst numerous studies have assessed the level of amino acid racemisation (e.g. 

Poinar et al. 1996) as a proxy for DNA preservation, I adopted collagen preservation 

as a better measure. Collins et al. (1999) have shown that amino acid racemisation is 

an inaccurate measure of DNA preservation as racemisation results are potentially 

unpredictable due to leaching effects and poor models of racemisation kinetics. 

Collagen preservation compares the percentage of preserved nitrogen, which is found 

only in the amino groups of collagen, in a specimen to that of fresh bone. Fresh bone 

contains 3–4% nitrogen by mass, whilst a specimen containing 2% nitrogen has 50% 

percent of collagen preserved, 1% nitrogen has 25% preserved, etc. 

Table 4: Samples and their associated dates and subsamples for mass spectrometry. 

Dates are derived from historical events and associated pottery types (Thomas 2006). 
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 Between 3.0 and 4.5 mg of mandibular cortical bone were sampled for mass 

spectrometry (See Table 4). Specimens contained between 1.44% and 2.82% nitrogen,  

 

suggesting good biomolecular preservation. Later experiments suggested a close  

correlation between collagen preservation and the reliability of aDNA extracts (See 

Table 5 and Figure 6), although this must be further tested with additional samples. 

Using a similar 

technique, 

Kaufmann et al. 

(2002) also 

noted a positive 

correlation 

between 

collagen content and DNA preservation. If this relationship is a true correlation rather 

than a artefact of the small sample size, collagen preservation could supersede amino 

acid racemisation as a proxy for biomolecular preservation and provide a fast high-

throughput method for pre-selecting samples for aDNA analysis. 

Sample Dates Mass Sampled for Mass 

Spectrometry (mg) 

Percentage Nitrogen 

46A 1262–1321 C.E. 3.39 2.21 

30A 1262–1321 C.E. 3.01 2.67 

30B 1262–1321 C.E.. 3.95 1.64 

30C 1262–1321 C.E.. 4.47 1.44 

86A 1321–1397 C.E. 3.03 2.69 

86B 1321–1397 C.E. 4.31 1.83 

86C 1321–1397 C.E.. 3.06 2.82 

86D 1321–1397 C.E.. 3.41 2.32 

Table 5: Reliability of DNA extracts in relationship to collagen 

preservation. The total reliability is the percentage of the total 

number of attempted, functioning PCRs which produced 

amplicons. Note that this table excludes extracts in which the 

DNA seems to have been lost during extraction. 

Sample Percentage N Amplicons Total PCRs Reliability 

30B 1.64 2 10 20% 

30C 1.44 2 9 22% 

86A 2.69 4 6 67% 

86C 2.82 2 3 67% 

86D 2.32 6 12 50% 
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Figure 6: Percentage preserved nitrogen compared to mtDNA amplification 

reliability. The reliability is the percentage of mtDNA PCRs that produced 

amplicons out of the total number of functioning attempts on that sample. See 

Table 5 for experimental data. 

 

 
 

III. DNA Extractions 

 Ancient DNA extractions were conducted in a laminar flowhood in a 

dinoflagellate (a group of protists) laboratory in the Department of Biochemistry, 

University of Cambridge where no prior bovine DNA work had been conducted. The 

laboratory was physically isolated from the McDonald Institute of Archaeological 

Research, where all post-PCR procedures were conducted. Within the extraction 

facility, aDNA extractions and PCR assembly were conducted in separate rooms 

using separate dedicated equipment. Although the ideal aDNA set-up includes a 

dedicated aDNA extraction laboratory, it is unlikely that a dinoflagellate, or even a 

dinoflagellate-bovine CHIMERA, sequence would be amplified using bovine-specific 

primers. Even if a chance dinoflagellate sequence were to be amplified, it is extremely 

unlikely that it would possess enough homologous sequences to be mistaken for 

authentic cattle aDNA. Furthermore, ancient DNA results will be repeated by the 

Bradley group’s molecular genetics laboratory (Smurfit Institute, Trinity College, 

Dublin, Ireland) to rule out laboratory-specific contaminants. Future quantification of 
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the amount of DNA preserved in the specimens will also help authenticate the 

recovered sequences (Cooper & Poinar 2000). 

Strict sterile procedures were followed. No-one was allowed to return from the 

post-PCR laboratory to the extraction facility until the next day, following showering 

and changing of clothes. Dedicated protective laboratory clothing including laboratory 

coats, facemasks and multiple sets of sterilised gloves were worn at all times. Gloves 

were changed regularly to prevent cross-contamination. All equipment and reagents 

were used only for aDNA research. Prior to any procedure, the flowhood was washed 

with liberal amounts of 10% bleach and 70% ethanol and irradiated for at least one 

hour. Pipettes, tubes, filtered pipette tips, gloves, reagents and other tools were placed 

in the flowhood and the equipment was irradiated for at least another hour.  

 No more than one sample was drilled in the flowhood at one time. If multiple 

individuals were sampled on the same day, the flowhood and equipment were re-

sterilised using the procedures described above, and an environmental control was 

placed in the flowhood during the extraction and sterilisation process to monitor for 

cross-contamination. The environmental control consisted of an empty sample tube 

that was left open throughout the entire drilling procedure and underwent all the 

flowhood’s sterilisation procedures between extractions to ensure that any chance 

DNA that contaminated the flowhood during drilling was cleaved and degraded so 

that it did not cross-contaminate other ancient DNA extracts. Between extractions, 

reused tools including drill bits, the Dremel® drilling tool (model 300, Dremel 

Company, USA) and clamp were washed in bleach and ethanol and irradiated to 

prevent cross-contamination. 

For each extraction, a macroscopically well-preserved tooth without visible 

cavities or other entrances for contaminants was removed from its mandible. The 
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tooth was washed in bleach and ethanol and allowed to dry under UV light. Surface-

cleaning should hopefully reduce the contamination of the tooth, although recent 

studies have proven that contamination can penetrate even the most carefully washed 

specimen (Gilbert et al. 2005b; Malmström et al. 2005). Since the selected teeth were 

robust, encasing them in silicone as in Gilbert et al. (2003, 2004) was considered 

unnecessary. Instead the sampled tooth was wrapped in tissue paper and held in a 

clamp to steady it during drilling. Similar to Gilbert et al. (2003, 2004), a root was 

removed with a Dremel® cut-off wheel (part 540, Dremel Company, USA) and 

approximately 125 mg of dentine powder was harvested from the inside of the crown 

using a Dremel® engraving cutter (part 107, Dremel Company, USA). This technique 

minimised visible external damage to the tooth so that future anatomical research 

would be uninhibited and helped limit contamination of extracts by removing the 

dentine from the tooth surface (Cooper & Poinar 2000). The Dremel® also produced 

extremely fine powder, maximising surface area exposed to reagents for later 

digestion and DNA extraction. This is critical for optimal aDNA extractions (Rohland 

& Hofreiter 2007). 

 Chemical extraction of the DNA from the prepared bone powder was based on 

the sarcosyl method of Kalmár et al. (2000). Compared to the phenol-chloroform 

extraction method in which phenol and chloroform are used to separate DNA from 

other organic components, the sarcosyl method is relatively simple to employ and 

avoids the usage of hazardous and explosive reagents (Kalmár et al. 2000). The 

method employs the surfactant N-lauroylsarcosine (sarcosyl) to break up remaining 

cell membranes, improving DNA yield (Rohland & Hofreiter 2007). Whilst Rohland 

and Hofreiter (2007) found a negative correlation between the use of N-

lauroylsarcosine and the improvement of DNA yields, presumably because few 
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cellular structures remained in their Pleistocene cave bear samples, the technique 

proved effective for the mediaeval cattle samples. 

An extraction buffer containing 0.5% w/v of the sodium salt of N-

lauroylsarcosine and 0.1M EDTA, pH 8.0 was assembled and aliquotted into 2.0 ml 

volumes. The chemically stable reagents were filter sterilised, autoclaved and 

irradiated under ultraviolet light to limit contamination. Unfortunately, PTB and 

Proteinase K could not undergo the sterilisation procedures since they would denature 

under these conditions. However, these reagents were manufactured under clean, 

highly-controlled conditions to limit contamination. EDTA helps stabilise the 

extraction buffer, whilst Proteinase K removes remaining histone (proteins bound to 

the DNA molecule that regulate various processes) and cellular proteins in the bone 

powder. PTB cleaves cross-links between reducing sugars and proteins, which form 

readily in post-mortem conditions and produce Maillard products (Vasan et al. 1996). 

Since Maillard products hinder PCR, Poinar et al. (1998) found PTB improved aDNA 

yields by removing these inhibitors.  

 Prior to chemical extraction, the flowhood was re-sterilised and the stable 

reagents were irradiated again under ultraviolet light. 8 μl 25 mg/mL Proteinase K and 

100 μl 2.84% w/v PTB solution were added to each 2.0 ml aliquot of extraction 

buffer. Later extractions omitted the PTB due to Rohland and Hofreiter’s (2007) 

recent findings that PTB often decreased, rather than improved, aDNA yields. 

Extracts omitting PTB were not superior to those containing PTB. In fact, when the 

DNA was eventually pelleted, several samples produced less visible DNA than earlier 

extracts of the same samples containing PTB (See below). This suggests that Rohland 

and Hofreiter’s results may reflect only their cave bears, rather than the entire range of 

aDNA samples. It might be expected that under varying conditions, reagents could 
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both help or harm extracts depending on the concentrations of inhibitors, preservation 

of cellular structures, presence of Maillard products, etc. 

1.0 ml of the active extraction buffer was added to each sample of bone 

powder, each environmental control and three extraction controls containing no bone 

powder to monitor contamination within the extraction reagents. The use of multiple 

blank extracts helps control the error generated by chance amplification of low 

quantities of contaminants in the DNA extracts (Spencer & Howe 2004). The samples 

were digested overnight at 37°C, inverting the tubes continuously so that the bone 

powder surface was thoroughly exposed to and digested by the Proteinase K. 

 After digestion, the samples were centrifuged at 13,000 RPM for 15 minutes 

to pellet the bone powder. From each sample, three 250 μl aliquots of extraction 

buffer and DNA were taken and the undigested bone powder and remaining extraction 

buffer were discarded. 3.0 μl 1mg/ml Dextran Blue, 250 μl 4.0M ammonium acetate 

and 500 μl 96% ethanol were added to each aliquot and mixed gently. Following the 

addition of these reagents, the samples were placed in a -80°C freezer for 30 minutes 

to allow the DNA to precipitate. DNA precipitates out of solution in the presence of 

alcohol and salt, leaving impurities dissolved in the solvent. Dextran Blue co-

precipitates with DNA, allowing us to determine whether DNA has been recovered 

from the ancient samples by the presence of its bright blue colour, and should help 

prevent PCR inhibitors from co-precipitating with the extracted DNA (Kalmár et al. 

2000; M. Bower, Pers. Comm. 2007). However, laboratory experience has shown that 

the presence or absence of precipitated Dextran Blue does not perfectly correlate with 

the presence or absence of extracted DNA (M. Bower, Pers. Comm. 2007; the author, 

unpublished data). 
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 The DNA was then centrifuged at 13,000 RPM in a microcentrifuge 

refrigerated to 3–4°C for 30 minutes to pellet the precipitated DNA and Dextran Blue. 

Refrigeration allows the sample to warm slowly as rapid freezing and thawing 

damages DNA molecules (M. Bower, Pers. Comm. 2007). Afterwards, the aqueous 

phase was removed, and the three pellets for each sample were amalgamated and 

resuspended in 50 μl sd water, pH 8.0. The extracts were then divided into two 

subsamples of 25 μl each in case one subsample was destroyed. 

 

IV. Purification of Extracts 

 The Kalmár et al. (2000) extraction method avoids using the silica spin-

column method devised by Boom et al. (1990) and modified for aDNA research by 

Höss and Pääbo (1993) in which DNA is bound to a silica filter in the presence of 

chaotropic salts, such as guanidium thiocyanate, washed with various solutions to 

remove impurities, and then eluted to form a clean extract. The silica spin-column 

method cleaves long DNA molecules and can lose short DNA molecules (like aDNA) 

during filtration (Boom et al. 1990). Unfortunately, my extracts were unable to be 

amplified without filtration due to the presence of a PCR inhibitor in the extract (e.g. 

humic acid from adherent soil particles). This required the usage of a silica-spin-

column-based purification procedure to produce a cleaned extract at the expense of a 

portion of the endogenous aDNA. 

One of the two subsamples for each extract was purified using the 

QIAquick™ PCR Purification Kit (QIAGEN, the Netherlands). QIAquick™ spin 

columns have proven effective for aDNA extractions (Yang et al. 1998). The DNA 

was bound to the silica filter, washed and eluted in 50 μl of sd water, pH 8.0 with a 

protocol adapted from the manufacturer’s instructions (See Appendix E). Subsequent 
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amplification reactions proved that this method effectively removed the PCR inhibitor 

in my DNA extracts. 

 

V. Conclusions 

 The sarkosyl extraction method (Kalmár et al. 2000) followed by purification 

with the QIAquick™ PCR Purification Kit produced high-quality aDNA extracts 

from the Dudley Castle cattle. My experimental findings disagreed with Rohland and 

Hofreiter (2007) and indicate that ancient DNA extraction protocols must be modified 

to fit the samples, since the differing taphonomic histories of each sample prevents 

any one technique from being ideal in all situations. 
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V. Ancient Mitochondrial DNA 

 Because ancient nuclear DNA markers are expensive, time consuming and 

resource hungry to amplify, I decided to further assess biomolecular preservation 

within the Dudley Castle cattle prior to attempting to recover ancient microsatellites. 

This was accomplished by amplifying and sequencing the bovine mtDNA control 

region. This also helped determine if there is a correlation between mtDNA 

amplification success and nuDNA preservation for future sample assessment. Since 

each cell contains numerous copies of the mitochondrial genome and only two of each 

nuclear chromosome, it is expected that mtDNA will more easily amplify than 

nuDNA. Thus, any ancient nuDNA would be suspect if mtDNA was unobtainable 

from the same extracts (Cooper & Poinar 2000; Hofreiter et al. 2001; Pääbo et al. 

1989, 2004). The bovine mtDNA control region is also an excellent candidate for 

assessing the prevalence of contamination in extracts as it is not homologous with that 

of humans, the most common contaminant in aDNA studies (Anderson et al. 1980; 

Malmström et al. 2005). 

Furthermore, cloning and sequencing of the mtDNA helped determine the 

frequency of miscoding lesions in the endogenous DNA. Since mtDNA and nuDNA 

accumulate lesions at similar rates within ancient specimens, the extent of mtDNA 

damage is a proxy for nuDNA damage (Binladen et al. 2006). Nevertheless, Banerjee 

& Brown (2004) and Gilbert et al. (2003) found evidence of distinct “hot spots” for 

miscoding lesions in aDNA, which may cause DNA damage to appear as authentic 

bases and undermine assessments of DNA preservation. Since the Dudley Castle 

cattle possessed low levels of common DNA lesions, we can expect the nuDNA to be 

similarly well-preserved. 
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I discuss below the methodology to amplify and analyse the ancient mtDNA. 

Sections I, II discuss the procedures and results of amplification. Finally, section III 

describes the bacterial cloning of PCR products and sequencing determination.   

 

I. Primer Design 

Two sets of overlapping primers were adapted from published data to amplify 

a 318 bp fragment of the cattle mtDNA control region (nucleotide positions 16,022–1 

of the Anderson reference sequence [Anderson et al. 1980], GenBank accession 

number NC_001567). AN2F and AN1R defined a 157 bp fragment between positions 

16,022 and 16,178, whilst primers MGC and RUTH amplified a 177 bp segment 

between positions 16,163 and 1 (See Table 6 and Figure 7). Overlapping primers 

allow the complete sequence to be concatenated and help screen out the chance 

amplification of a nuclear-inserted mtDNA fragment (Cooper & Poinar 2000).  

 

AN2F and AN1R were obtained from the Bradley group (Smurfit Institute, 

Trinity College, Dublin, Ireland). Attempts to amplify a second fragment between  

Table 6: Primers used to amplify the bovine mtDNA control region. 

“Position” denotes the nucleotide position of the primer with regard to the Anderson et al. (1980) sequence. 

Primer Position Sequence Reference 

AN2F 16,022–16,041 forward 5'-GCC CCA TGC ATA TAA GCA AG-3' Bailey et al. 1996 

AN1R 16,178–16,159 reverse 5'-CAC GCG GCA TGG TAA TTA AG-3' Bailey et al. 1996 

AN1F 16,159–16,178 forward 5'-CTT AAT TAC CAT GCC GCG TG-3' Bailey et al. 1996 

AN3R 16,334–16,314 reverse 5'-CGA GAT GTC TTA TTT AAG AGG-3' Bailey et al. 1996 

MGC 16,163–16,183 forward 5'-ATT ACC ATG CCG CGT GAA ACC-3' Anderson et al. 1980 

RUTH 1–16,313 reverse 5'-TCC ATC GAG ATG TCT TAT TTA AGA GGA-3' 
R. Bollongino, 

unpublished data 
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positions 16,159 and 16,334 with primers AN1F and AN3R, also from the Bradley 

group, proved ineffective. The program NETPRIMER (Premier Biosoft, 

http://www.premierbiosoft.com/netprimer/netprlaunch/netprlaunch.html) indicated 

that this primer system produced numerous SECONDARY STRUCTURES that inhibited 

amplification. This necessitated the design of a new primer pair to replace AN1F and 

AN3R. 

I attempted to design a new primer system that amplified the same region as 

the original set of primers with the aid of PRIMER3 V.0.4.0 (Rozen & Skaletsky 2000, 

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and NETPRIMER. This task 

proved difficult because the region was adenine and thymine rich. An A-T rich region 

is unsuitable for primer design since adenine and thymine will readily form 

temporary, weak bonds with all other nitrogenous bases, decreasing the specificity of 

the primer. Making matters worse, the region possessed numerous problematic 

sequences including PALINDROMES, repeated sequences and HOMOPOLYMERS. These 

allow primers to form stable secondary structures such as HAIRPIN LOOPS and PRIMER-

DIMERS, which prevent the primers from properly annealing to the template DNA 

molecule and disrupt DNA amplification. 

 With these limitations, it was challenging to design an ideal set of primers, i.e. 

one in which the primers form few, if any, weak secondary structures, possess similar 

 
Figure 7: Overlapping primers used to amplify the hypervariable region of the bovine 

mitochondrial genome in relationship to their positions in the Anderson reference sequence. 

Figure is not drawn to scale. 
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lengths (between 20 and 30 bp) and annealing temperatures (optimally ~60°C) and 

contain a chemically stable beginning sequence (the ‘G-C CLAMP’) and chemically 

unstable (A-T rich) ending sequence. The G-C clamp ensures that the primer 

optimally anneals to the correct target sequence, whilst the unstable ending sequence 

permits the polymerase to extend the replicating DNA strand easily. Ultimately, I 

designed a forward primer (MGC) to replace AN1F and adopted a reverse primer 

(RUTH) provided by Dr. Ruth Bollongino (University of Mainz, Germany). Whilst 

NETPRIMER predicted that these primers would produce fewer stable secondary 

structures than AN1F and AN3R and possess similar annealing temperatures, they 

were substantially different in length (21 and 27 bp) and were less cattle-specific than 

the original primer system. Unfortunately, due to the limited feasible options, MGC 

was located in a region that is homologous throughout the artiodactyla and was thus 

also potentially able to amplify pig and goat contaminants (See below). 

 

II. Amplification and Contamination 

 PCRs were conducted in a Mastercycler® ep (Eppendorf, Germany) situated 

in the Glyn Daniel Archaeogenetics Laboratory in the McDonald Institute for 

Archaeological Research. An initial denaturation step at 95°C for two minutes was 

followed by 45 cycles of 30 seconds of denaturation at 94°C, 30 seconds of annealing 

at 56°C and 30 seconds of extension at 72°C. A final extension step of 10 minutes at 

72°C completed the reaction. For each sample, 2.0 μl of extract or was added to a 25 

μl total reaction volume containing 4.8 mM magnesium sulfate, 2.40 μl 10X High 

Fidelity PCR Buffer (Invitrogen, USA), 1.20 U PLATINUM® Taq High Fidelity 

DNA polymerase (Invitrogen, USA), 1.53 mM total dNTPs, 0.77 mM each primer 

and 1.92 μl Yellow Sub™ (Geneo BioProducts, Germany). Yellow Sub™ is a PCR 

additive that has proven effective in improving amplification products in our 
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laboratory (Haack & Vizuete-Forster 2000). Whilst bovine serum albumin is the most 

frequently recommended PCR additive in aDNA studies (e.g. Pääbo et al. 1988; 

Rohland & Hofreiter 2007), a cattle derivative is an obvious source of uncontrollable 

contamination and was therefore excluded. 

To test for contaminants in the PCR reagents, three to eight negative PCR 

controls were run with each amplification reaction as recommended by Spencer and 

Howe (2004). As above, the use of multiple controls helped eliminate chance 

amplification of low quantities of contaminants as a source of error. In addition, a 

positive control was used in early PCRs to optimise reaction conditions. I addressed 

the cross-contamination risks of positive controls described by Willerslev and Cooper 

(2005) by adding the modern DNA to a pre-made and aliquotted mixture in a separate 

laboratory, clearly marking the positive control—often with the use of an isolated 

sample tube of a different colour—and by dropping the use of a positive control as 

soon as it was feasible. 

Samples 86A and 86D routinely amplified both fragments (See Table 7 and 

Figure 8). Only the shorter 157 bp fragment was amplifiable after repeated attempts 

from 30C, which may indicate that the DNA is more severely hydrolysed than in the 

other extracts. This would be consistent with 30C’s inferiorly preserved collagen.  

Table 7: MtDNA amplification results. The table summarises the number of amplicons of 

each fragment for every sample. The total number of attempts to amplify the fragment for 

that sample is given in parentheses after the number of amplicons. The table also gives the 

total number of known miscoding lesions for the samples for which clonal sequences were 

derived. The percentage of lesions is derived from the total number of discovered lesions 

divided by the fragment sequence length (318 bp). 

Sample Number of Amplicons 

of AN2F-AN1R 

Number of Amplicons 

of MGC-RUTH 

Proportion of 

Miscoding Lesions 

30B 1 (6) 1 (4) 0 lesions (0%) 

30C 2 (6) 0 (3) Unknown 

86A 2 (4) 2 (2) Unknown 

86C 1 (2) 1 (1) Unknown 

86D 3 (7) 3 (5) 3 lesions (1%) 
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Whilst both fragments have been amplified from 30B and 86C, they have yet to be 

repeated. The ability to amplify multiple fragments from 30B, 86A, 86C and 86D 

reinforces their sequences’ authenticity. Moreover, these extracts displayed 

 
Figure 8: Ancient mitochondrial DNA amplified from Dudley Castle cattle. The image has 

been converted to greyscale and colours have been inverted for better visibility. ENV1 

through AM3 are negative controls to ensure that the reactions were uncontaminated. B2 is a 

positive control to test if the reaction functioned properly. The right- and leftmost columns 

contain DNA ladders (series of DNA fragments of known size) to determine the amplified 

DNA’s length. Only 30C and 86D for the 159 base pair fragment defined by AN2F and 

AN1R (top) have produced analysable DNA in this particular reaction. The 313 bp fragment 

defined by AN2F and AN3R (bottom) produced no amplicons. The inability to amplify 

fragments over ~200 bp is typical of authentic aDNA. All negative controls are empty except 

for primer artefacts. The strength of the bands in comparison to those of the ladder (which 

are of known concentration) indicate that there about 50–60 ng of amplified DNA for 

samples 30C and 86D, which is excellent for aDNA. 
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appropriate molecular behaviour since only fragments shorter than 200 bp were 

recoverable (Cooper & Poinar 2000; Pääbo 1989). Amplifications of the entire 313 bp 

fragment defined by AN2F and AN3R were unsuccessful. 

Contamination was low (18 contaminant bands in 399 individual mtDNA 

reactions or 4.51%). Contaminants matched domestic pig (Sus scrofa; five bands, 95–

100% homology with published sequences), domestic goat (Capra hircus; one band, 

98% homology), domestic cow (Bos taurus; one band, 100% homology) and mouse 

(Mus musculus; 11 bands, 91–99% homology) in the BLAST 

(https://ncbi.nlm.nih.gov/blast) database. The PCR in which a Bos contaminant (as 

well as the two Mus sequences and a Sus sequence) was detected was discarded. The 

nine remaining Mus bands all appeared in one PCR throughout the range of controls, 

which suggests that the contaminant was introduced in one of the laboratory reagents. 

One of the researchers raises domestic goats and provides the probable origin of the 

Capra contaminant. As this sequence and one of the remaining Sus bands 

contaminated an extraction session that was subsequently discarded in its entirety (See 

Appendix D), they can be safely disregarded. The three remaining Sus contaminants 

were genetically distant enough from the target Bos mtDNA to render errors caused 

by the production of chimeras during amplification both unlikely and easily 

detectable. Furthermore, excepting the Bos taurus sequence, the contaminant bands 

amplified in significantly smaller quantities (most were nearly invisible on the 3% 

agarose gel) than the authentic cattle aDNA. The non-Capra contaminants probably 

come from the PCR reagents, most likely the dNTPs (Leonard et al. 2007). My 

findings support Leonard et al.’s conclusion that most commercially produced DNA 

reagents are not sterile enough for aDNA research.  

It is notable that that the MGC-RUTH primer system more readily amplified  
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contaminants than the AN2F-AN3R pair, even in PCRs constructed in parallel with 

the only difference in reagents being the primers (See Figure 9). This suggests that 

primer design is critical for preventing contamination. These findings cast doubt on 

aDNA studies using degenerate or ‘universal’ primers, such as ecological studies of 

aDNA extracted from soils (e.g. Willerslev et al. 2003,2007), since contamination 

becomes more abundant with decreasing specificity.  Simultaneously, species-specific 

 
Figure 9: Contaminated parallel PCRs. The top series used the primer system 

AN2F-AN1R and produced one almost invisible band of Sus contamination 

(circled in green). The bottom is the MGC-RUTH system and produced two 

Mus bands of varying quantities (in yellow) and a Bos contaminant (in red). 
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primers are insufficient to prevent contamination if species’ sequences only differ by 

a few nucleotide bases. Both systems of primers, despite being cattle-specific, 

amplified contaminants across the artiodactyla. The less-specific MGC-RUTH system 

occasionally amplified distantly related species (Mus). ‘Neandertal-specific’ primers 

(e.g. Krings et al. 1997) and others attempting to discern closely related species, 

especially when common contaminants (e.g. human, pig, mouse) are a risk, must thus 

be considered with caution. 

 

III. Bacterial Cloning and Sequencing of mtDNA PCR Products  

A subset of the mtDNA amplicons was ligated into a plasmid vector, 

transformed into Escherichia coli and cloned with the pGEM®-T EASY (Promega, 

USA) kit according to the manufacturer’s instructions. As recommended by Bower et 

al. (2005), between 10 and 13 clones per individual were sent to Geneservice Ltd 

(United Kingdom) for sequencing by the dye-terminator method to ensure the 

accuracy of the consensus sequence. Ideally, additional clones would be sequenced to 

derive the consensus sequence if there were doubtful bases (Bower et al. 2005). 

However, this was unnecessary since we were only attempting to assess the frequency 

of miscoding lesions in the endogenous DNA with the clonal sequences rather than 

derive an error-free sequence for phylogenetic analysis. 

The clonal sequences displayed low levels of typical DNA damage, 

specifically C  T TRANSITIONS. CT transitions, where cytosine hydrolises to 

uracil and is read as thymine by the DNA polymerase, are the most common form of 

aDNA miscoding lesions (Pääbo 1989). The infrequency of these lesions suggested 

that the endogenous DNA was well-preserved (See Figure 10). Future UNG treatment 

of my extracts may help reduce the frequency of C  T transitions further by 



 Sequence: 86D, Fragment AN2F-AN3R    
     GCCCCATGCATATAAGCAAGTACATGACCTCTATAGCAGTACATAATACATATAATTATTGACTGTACATAGTACATTATGTCAAATTCATTCTTGATAGTATATCTATTATATATTCCTTACCATTAGATCACGAGCTTAATTACCATGCCGCGTG 

>70% ******************************************************************************************************** ******************************* ******************** 

>90% ******************************************************************************************************** ******************************* ******************** 

>95% ******************************************************************************************************** ******************************* ******************** 

 

>95% ******************************************************************************************************** ******************************* ******************** 

 

 Sequence: 86D, Fragment MGC-RUTH 
     ATTACCATGCCGCGTGAAACCAGCAACCCGCTAGGCAGGGATCCCTCTTCTCGCTCCGGGCCCATAAACCGTGGGGGTCGCTATCCAATGAATTTTACCAGGCATCTGGTTCTTTCTTCAGGGCCATCTCATCTAAAACGGTCCATTCTTTCCTCTTAAATAAGACATCTCGATGGA 

>70% ********************************************************************************************************************************************************************************* 

>90% ************************************************************************************ ******************************************************************************************** 

>95% ************************************************************************************ ******************************************************************************************** 

 

>95% ************************************************************************************ ******************************************************************************************** 

 

 Sequence: 30B, Fragment AN2F-AN3R 
     GCCCCATGCATATAAGCAAGTACATGACCTCTATAGCAGTACATAATACATATAATTATTGACTGTACATAGTACATTATGTCAAATTCATTCTTAATAGTATATCTATTATATATTCCTTACCATTAGATCACGAGCTTAATTACCATGCCGCGTG 

>70% ************************************************************************************************************************************************************* 

>90% ************************************************************************************************************************************************************* 

>95% ************************************************************************************************************************************************************* 

 

>95% ************************************************************************************************************************************************************* 

 

 Sequence: 30B, Fragment MGC-RUTH 
     ATTACCATGCCGCGTGAAACCAGCAACCCGCTAGGCAGGGATCCCTCTTCTCGCTCCGGGCCCATAAACCGTGGGGGTCGCTATCCAATGAATTTTACCAGGCATCTGGTTCTTTCTTCAGGGCCATCTCATCTAAAACGGTCCATTCTTTCCTCTTAAATAAGACATCTCGATGGA 

>70% ********************************************************************************************************************************************************************************* 

>90% ********************************************************************************************************************************************************************************* 

>95% ********************************************************************************************************************************************************************************* 

 

>95% ***************************************************************************************************************************************** *************************************** 

 
 

Figure 10: Mitochondrial DNA consensus sequence confidence levels as outputted from the CONSENSUS CONFIDENCE PROGRAM. An asterisk 

indicates that, at that site, the consensus sequence possesses at least the level of confidence indicated (70%, 90% and 95%) of having chosen the 

“correct” base out of the sequences fed into the program. “Correct” in this case means that the major component of the PCR/template DNA 

mixture has been correctly identified. This may not be the same as the authentic base of the endogenous DNA because of the abundance of PCR 

errors early in the amplification process (Bower et al. 2005). A space indicates that the confidence level is below the threshold indicated at that 

site. The three sites where the confidence level is below 95% are highlighted in red. All of these sites appear to be cytosine to thymine 

transitions, the most common form of aDNA damage. The final line indicates the “sequence level significance” and indicates the likelihood of 

the whole sequence being correct.
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cleaving DNA molecules at the site of a uracil residue and thus preventing the 

damaged molecules’ amplification (Willerslev & Cooper 2005). However, since the 

microsatellite alleles of interest are determined by the number of repeats rather than 

the nucleotides themselves, this treatment may be unnecessary. Furthermore, the 

consensus sequences were tested with the CONSENSUS CONFIDENCE PROGRAM V. 100 

(Bower et al. 2005, http://www.mcdonald.cam.ac.uk), which calculated that at only 

three sites total in all of the derived sequences was there less than 95% confidence 

that the correct base had been identified (See Figure 10). A base was accepted as 

“correct” if it comprised the major component of the PCR/template DNA mixture 

(Bower et al. 2005). The correct base may not be the authentic base in the endogenous 

DNA due to the abundance of PCR errors early in the amplification process (Bower et 

al. 2005). This type of error can be circumvented by cloning from multiple PCRs of 

the same extract.  

All mtDNA PCR products, except for the AN2F-AN1R fragment of 86C, were 

direct-sequenced (sequenced without previous cloning) to identify the mtDNA lineage 

of the recovered bovine sequences and the species and origin of all contaminants. The 

AN2F-AN1R fragment of 86C could not be sequenced due to sample loss. Whilst 

aDNA studies reliant upon accurate sequencing mandate the cloning of all PCR 

products, direct-sequencing was sufficient for this research. First, the direct-

sequencing results and the clonal sequences matched closely and placed the cattle 

sequences in the expected T3 haplogroups. Secondly, perfect sequences were 

unnecessary. The mtDNA data only proved the existence of amplifiable, high-quality 

aDNA since bovine mtDNA shows insufficient biogeography to examine cattle-breed 

change and relationships. 
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IV. Conclusions 

 These experiments demonstrated the presence of reliably amplifiable, 

authentic mtDNA in the Dudley Castle remains. The mtDNA contained relatively few 

miscoding lesions, which is encouraging for future microsatellite research. Notably, 

the post-Black Death samples (86A, 86C and 86D) were better preserved than the pre-

Black Death individuals (30B and 30C). 

Finally, these experiments demonstrated the importance of primer design in 

aDNA studies. Contamination from the laboratory reagents was a problem, albeit 

easily circumvented in this experiment due to contaminants belonging primarily to 

non-Bos species. In aDNA studies trying to distinguish extremely closely related 

species or using non-specific primers, contamination would become nearly impossible 

to screen out. 
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VI. Mitochondrial Lineages 

To further authenticate the Dudley Castle DNA, I conducted a phylogenetic 

analysis of the mtDNA data in order to place the obtained sequences into the present 

model of cattle domestication and lineages. In the current model, the sequences’ 

authenticity would be doubtful if the Dudley Castle cattle did not belong to the T3 

lineage due to the near fixation of T3 haplotypes in Western Europe. Based on work 

performed by Troy et al. (2001) and revised by Mannen et al. (1998, 2004), I initially 

constructed a neighbour-joining network in order to locate my data in the current 

framework. However, cattle mtDNA lineages are based on a ~230 bp segment of the 

control region, which may be too short for statistically robust phylogenetic analysis 

(Moret et al. 2002; E. Nisbet, Pers. Comm. 2007).  

To test this possibility, I constructed networks and phylogenetic trees from 

DNA alignments of increasing lengths to see if the topology of the networks and trees 

changed with the length of the sequence analysed. If the lineages remained consistent 

throughout the various models, we can safely assume that the 230 bp control region 

sequence reliably places cattle in the correct lineage and that the relationships 

between them are statistically robust. Moreover, the construction of bootstrapped 

phylogenetic trees using different evolutionary assumptions will help determine the 

statistical robustness of current bovine mitochondrial genetic lineages (e.g. Page & 

Holmes 1998). If the networks and trees vary significantly with the length of the 

sequences, the control region may be too short and the model of bovine domestication 

would have to be significantly revised. 

In the following chapter, I detail the results of network and phylogenetic-tree 

construction. Section I describes the sample database and network construction. 

Section II explains ongoing phylogenetic tree construction. 
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I. Sample Database and Network Construction 

A reference database was constructed from the ca. 1700 Bos taurus mtDNA 

control region sequences available on GenBank (www.ncbi.nih.nlm.gov). Due to 

considerable cross-breeding in Asian cattle, including in imported European taurine 

breeds like the Angus and Jersey, 166 indicine mtDNA lineages appeared in this 

sample. These lineages were genetically distinct from the taurine sequences (See 

below) and served as an outgroup for rooting PHYLOGENETIC TREES. The mtDNA 

sequences were aligned with DNA ALIGNMENT (Fluxus Technology, www.fluxus-

engineering.com) and MEGA 4.0 (Tamura et al. 2007) and edited by eye. Three 

subsamples were selected from the alignment. The first included 1572 sequences of 

the hypervariable region of the mtDNA D-loop (sites 16042–16262 in the Anderson 

reference sequence, ~230 bp), the most often analysed fragment in bovine mtDNA 

studies and the one by which current mtDNA lineages are defined (Troy et al. 2001). 

Due to the relatively short length of the aDNA I sequenced, the Dudley Castle cattle 

could only be analysed at this resolution. The second sample included 706 sequences 

that contained the entire control region (sites 15792–351 in the Anderson reference 

sequence, ~920 bp). Unfortunately, this sample has a severe bias towards Asian cattle 

breeds, since most mtDNA studies for the rest of the world have only sequenced and 

analysed the hypervariable region of the D-loop. The final sample consisted of 78 

individuals for which the complete mitochondrial genome sequence was available. 

These three alignments were exported from MEGA 4.0 in FASTA format 

(*.fas) and converted to multi-state Roehl data format (*.rdf) with the program 

CONVERTER 0.7 (the author) for the production of median-joining networks with the 

program NETWORK 4.201 (Fluxus Technology, www.fluxus-engineering.com; Bandelt 

et al. 1999). CONVERTER 0.7 is a simple utility written in the cross-platform 
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interpreting language Ruby 1.8.6 (Matsumoto 2007; www.ruby-lang.org) that 

improves speed and accuracy of converting alignments to Roehl data format over the 

proprietary software DNA ALIGNMENT. DNA ALIGNMENT re-aligns sequences 

imported into it, requiring researchers to then carefully re-correct alignments made in 

other programs. CONVERTER 0.7 converts these files without re-aligning, saving time 

and frustration. Moreover, CONVERTER 0.7 allows researchers to utilise the freely 

available packages MEGA 4.0 and NETWORK 4.201 without using DNA ALIGNMENT 

for file conversion. 

Median-joining networks were constructed using NETWORK 4.201. Due to the 

hypervariability of bovine mtDNA, networks better represent the numerous possible 

evolutionary paths than phylogenetic trees, which have difficulties representing and 

analysing HOMOPLASIES (Bandelt et al. 1999; M. Bower, Pers. Comm. 2007; C. 

Edwards, Pers. Comm. 2007). Phylogenetic trees assume branching (divergent) 

evolution, rather than the convergent evolution that often occurs in hypervariable 

regions due to the high mutation rates. Median-joining networks, however, can easily 

represent all possible converging paths. 

The hypervariable region sequence produced a network significantly similar to 

that published by Troy et al. (2001; See Figures 11 and 12), but required extensive 

downweighting (removing from consideration as phylogenetically informative) of 

hypervariable sites following Troy et al. (2001). In addition to the sites specified by 

Troy et al. (16,049; 16,058; 16,074; 16,085; 16,109; 16,110; 16,121; 16,122; 16,127; 

16,138; 16,164; 16200; 16,231; 16,247; 16,248 and 16,260), the sites 16,117; 16,119 

and 16,130 were downweighted in the final resolved network. Furthermore, any 

haplotype that only appeared once in the alignment was excluded from the final 

network to avoid the inclusion of sequencing errors. 30B, 86A and 86D possessed T3 
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Figure 11: The original network constructed by Troy et al. (2001: 1090, Figure 

2). Haplogroups and the proportion of a particular haplotype are represented by 

the size of circles. The networks represent proportion of various haplogroups 

divided by region. Figure 3 present an updated version of this image (from 

Zeder et al. 2006).   

haplotypes (See Figure 12). This was expected as the T3 lineage is nearly universal in 

European cattle. 86D was identical to the Anderson et al. (1980) reference sequence, 

whilst 30B differed from it by a G  A transition at site 16,117 and 86A differed 

from it by an A  G transition at site 16,092. 86A was excluded from phylogenetic 

analysis since its first few base pairs were lost due to direct-sequencing. Whilst the 

T1, T2, T3 and T4 and Bos indicus lineages are clearly resolved, numerous 

reticulations appear in the T lineages. This suggests that the evolutionary path 

between the lineages is unclear. The “founder” lineage “T” may be the result of 

homoplasy. T is defined by a transition at site 16,255 with reference to the Anderson



Figure 12: Resolved median-joining network of 1572 sequences of the hypervariable region (~230 bp) of the taurine bovine mtDNA control region. 

Dudley Castle Cattle 



Figure 13: Median-joining network of 706 sequences of the complete bovine mitochondrial control region (~920 bp). 



Figure 14: Median-joining network of the hypervariable region of the bovine mtDNA D-loop (~230 bp) using only the 706 samples for which 

the whole control region sequence (~920 bp) is available.
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et al. (1980) reference sequence. This site may be hypermutable as not only does it 

appear in numerous reticulations in the hypervariable region network, but similar 

patterns appear in the networks for the larger samples (See below). Moreover, there 

are quite a few links that skip T lineages altogether, which challenges the assertion 

that T is ancestral to the other haplogroups. 

Although biased by the abundance of Chinese complete control region 

sequences available from the Lai et al. (2006) and Lei et al. (2006) studies, the second 

sample was resolved with fewer ambiguities than in the hypervariable region network 

(See Figure 13). In addition to the sites downweighted in the first sample, the sites 7, 

105, 106, 169, and 16,301 and an insertion/deletion at position 221 were reduced to 

resolve the network. The similarity in topology between the hypervariable region 

network and that based on the complete control region supports the use of the partial 

sequence as a proxy for the whole control region sequence. The improved resolution 

of the network is expected with the addition of phylogenetically informative sites (M. 

Bower, Pers. Comm. 2007). However, it could also be a result of the decreased 

sample size removing haplotypes that generate ambiguities. To test this, I repeated the 

hypervariable region network, but used only the samples available for the complete 

control region analysis (See Figure 14). If the improved resolution were a result of the 

decreased sample size, we could expect that the shorter sequences would generate a 

similar network to the full sequences. In fact, we see a drastic drop in resolution 

which is consistent with the first hypothesis. This strongly suggests that reliable 

networks require longer DNA sequences, especially when using small sample sizes. 

The network constructed from the complete mitochondrial genome sequence, 

however, did not support the currently accepted lineages (See Figure 15). In addition 

to the sites already reduced, position 1600 was also downweighted. Unfortunately,



Figure 15: Median-joining network of the 78 complete bovine mitochondrial genome sequences (16.3 kb). The mutations at site 16,255, which 

define haplogroup T, are marked. 



Figure 16: Median-joining networks based on the hypervariable region (~230 bp, left) and the complete bovine displacement loop (~920 bp, 

right) using only the 78 samples for which the entire mitochondrial sequence is available. Note that in the network based on the complete bovine 

displacement loop, the insertion/deletion at position 221 has been downweighted to improve clarity. T1 also does not appear in this network. 
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due to the small sample size (n = 78), single instances of haplotypes could not be 

excluded from the final network. The network supported haplogroups T2, T3 and T4, 

but T1 did not appear in the network and “T” haplotypes appeared in several lineages, 

providing further support that the site 16,255 is hypermutable. Once again, this pattern 

could be a sampling artefact. This was tested by re-constructing the partial 

andcomplete control region networks using only the samples for which the complete 

mitochondrial genome was available. If this pattern were a sampling artefact, we 

would expect that the networks constructed from the shorter sequences would more 

closely resemble the network from the complete mtDNA sequence than the networks 

constructed with the total number of available sequences. However, this was not the 

case. Both the partial and the complete mitochondrial sequences produced networks 

that closely resembled Troy et al.’s (2001) putative haplogroups (See Figure 16). This 

suggests that the current bovine lineages are based on DNA sequences that are too 

short for phylogenetic analysis. 

 

II. Phylogenetic Trees 

 Although networks have historically been used to represent bovine 

mitochondrial evolution due to the complexities of control region data (Huson & 

Bryant 2006; Troy et al. 2001), I am constructing phylogenetic trees to determine if 

patterns visible in the networks appear also in the trees. Furthermore, although Huson 

and Bryant (2006) have developed methods for approximately statistical bootstrap 

values on phylogenetic networks, phylogenetic trees’ robustness can much more 

reliably be tested (e.g. Huson & Bryant 2006; Page & Holmes 1998).  

The simplest model of evolution was defined by Jukes and Cantor (1969), 

which assumes that frequencies of nucleotide bases and rates of all classes of 
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substitutions are equal. These assumptions, however, are not necessarily true for a 

particular dataset. It is better to fit an appropriate model of evolution to empirically 

determined data (Posada & Buckley 2004; Posada & Crandall 1998). The best-fit 

model of evolution for each of the three data sets defined above was determined with 

MODELTEST 3.7 (Posada & Crandall 1998). MODELTEST 3.7 uses the Akaike 

Information Criterion, a measure of the data lost when estimating one model with 

another model, to effectively determine the best model of evolution for any set of 

sequences (Posada & Crandall 1998; Posada & Buckley 2004). MODELTEST 3.7 

determined that the best model for the 230 bp alignment was a variant of the Tamura 

and Nei (1993) model (TrN+I+G) in which the nucleotide base frequencies are 

assumed to be equal (Posada 2005: 11). The Tamura & Nei (1993) model calculates 

the relative frequencies of transitions between PURINES, transitions between 

PYRIMIDINES, and TRANSVERSIONS by comparing sequences to an inferred ancestral 

sequence built under a maximum-parsimony evolutionary model. It then uses these 

frequencies to construct a maximum-likelihood tree of the sequences. It calculated 

that the two best models for both the 920 bp and 16.3 kb alignments were the model 

defined by Hasegawa et al. (1985; HKY+I+G) and a transversional model (Posada 

2005: 11; TVM+I+G). The Hasegawa et al. (1985) model constructs a maximum-

likelihood tree assuming that nucleotide base frequencies are not equal and using the 

relative frequencies of transversions and the total transitions (unlike the Tamura and 

Nei model which splits the transitions into two subtypes). The transversional model 

assumes that the frequencies of four classes of transversions (A ↔ T, A ↔ C, G ↔ T, 

G ↔ C) vary but that the transition rate is constant. All of these models (TrN, HKY 

and TMV) were modified so that they assume that the sequences include invariable 

sites and that substitution rates vary across sites (Posada 2005: 11). 
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 Trees were constructed with PAUP* 4.0.10b (Swofford 2002) with the models 

selected by MODELTEST 3.7. Completed trees were drawn with the aid of SPLITSTREE 

4.8 (Huson & Bryant 2006). Tree construction is still underway because building 

maximum likelihood trees is computationally intensive. A single iteration of the 

smallest tree (the one containing the complete mitochondrial genome) took 45 hours 

to complete. This tree is shown below (See Figure 17). Bootstrapping the tree to test 

its reliability by repeating the construction process would be expected to take 4500 

hours (25 weeks) for a minimal 100 repetitions. A single iteration of the larger trees 

 
Figure 17: Maximum likelihood tree constructed with PAUP* 4.0 of the complete 

bovine mitochondrial genome sequences after one iteration. Size bar represents 0.0010 

divergence. The two longest branches could not be fit in the picture. The tree is similar 

to that produced by the networks. 
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was not completed in over 500 hours when the calculations were ended. 

 

III. Conclusions 

 According to the generated networks, the Dudley Castle cattle belonged to the 

T3 lineage, providing further evidence of their authenticity. However, networks 

constructed from the available mtDNA data suggest that the current lineages are based 

on DNA sequences that are too short for consistent phylogenetic results. This has 

implications for the reliability of the genetic data for the model of bovine 

domestication in the Near East and Europe as well as the utility of current bovine 

mtDNA lineages. All models, however, supported indicine cattle as a separate clade 

from the taurine cattle and the existence of haplogroups T2 and T4. 
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VII. Ancient Microsatellite Results 

In this chapter, I describe the attempts to recover nuDNA microsatellites from 

the Dudley Castle cattle. Unlike mtDNA which lack sufficient biogeography for 

Europe, microsatellites have the capability to successfully analyse breed relationships 

and change, but are extremely difficult to amplify reliably in ancient samples because 

there are only two copies of each microsatellite locus per cell. Section I describes the 

panel of markers chosen, the rationale behind their choice and the protocol designed 

to recover these microsatellites. Section II discusses the implications of these results 

for future nuDNA work. 

 

I. Microsatellite Panel and Attempted Amplification Methodologies  

A panel of 12 microsatellites was developed from data provided by Frauke 

Stock (Trinity College, Dublin, Ireland), the FAO (2004) and Edwards et al. (2003; 

See Table 8). The chosen markers consist of GT:CA dinucleotide repeats (Bishop et 

al. 1994). These microsatellites have proven effective on modern cattle to separate 

populations to breed level with nearly 100% accuracy and were chosen for their short 

lengths and high specificity (MacHugh et al. 1998; Frauke Stock, Pers. Comm. 2007).  

Table 8: The panel of microsatellite markers used in this study. “Chr.” lists the chromosome upon which the 

marker is found. “Size” gives the size ranges of the marker.  “Dye” lists the phosphorescent dye used to label the 

forward primers so that when it is incorporated into the new molecule the genotyper can identify the size of the 

molecule. The marker chromosome, size and primer data was obtained from the FAO (2004), Frauke Stock 

(Pers. Comm. 2007) and Kemp et al. (1995). 

Marker Chr. Size Forward Primer Reverse Primer Dye 
HEL9 8 141–173 5'-GCCCATTCAGTCTTCAGAGG-3' 5'-CACATCCATGTTCTCACCACAAA-3' VIC 

HEL13 11 178–200 5'-TAAGGACTTGAGATAAGGAG-3' 5'-CCATCTACCTCCATCTTAAC-3' FAM 

ETH10 5 207–231 5'-GAACCTGCCTCTCCTGCATTGG-3' 5'-ACTCTGCCTGTGGCCAAGTAGG-3' FAM 

ETH225 9 131–159 5'-TGCCACTATTTCCTCCAACA-3' 5'-TTCTGTGGCATTAGAGAAAGG-3' VIC 

ILSTS006 7 277–309 5'-TGTCTGTATTTCTGCTGTGG-3' 5'-ACACGGAAGCGATCTAAACG-3' FAM 

INRA005 12 135–149 5'-CAATCTGCATGAAGTATAAATAT-3' 5'-CTTCAGGCATACCCTACACC-3' VIC 

INRA063 18 167–189 5'-CCCACAAAGTAACGGCATAAA-3' 5'-TGCTTGGAAGAAAGTTTGG-3' VIC 

BM1818 23 248–278 5'-CATCAAGGGATGAATGGAGAA-3' 5'-AGTGCTTTCAAGGTCCATGC-3' NED 

BM1824 1 176–197 5'-GAGCAAGGTGTTTTTCCAATC-3' 5'-CATTCTCCAACTGCTTCCTTG-3' FAM 

BM2113 2 122–156 5'-GCTGCCTTCTACCAAATACCC-3' 5'-CTTCCTGAGAGAAGCAACACC-3' FAM 

CSRM60 10 79–115 5'-AAGATGTGATCCAAGAGAGAGGCA-3' 5'-AGGACCAGATCGTGAAAGGCATAG-3' FAM 

ILSTS001 7 77–97 5'-GGTGCTGTTATCTAGAATTTGG-3' 5'-GGAGTCATACACAACTGAGC-3' VIC 
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Test PCRs of these markers on modern cattle DNA extracts showed that these 

markers amplified reliably and specifically (See Figure 18). All PCR products were 

analysed with the program GENEMAPPER 3.7 (Applied Biosystems). Allele lengths 

were determined by the location of peak concentrations of the phosphorescent dyes 

used to label the PCR products in relationship to a size standard. 

Initially, multiplex PCRs, reactions in which multiple DNA markers are 

amplified at the same time to save irreplaceable DNA extracts and time, were 

attempted. These yielded one band of length 157.62 bp from 86A with the marker 

ETH225 (See Figures 19 and 20). Subsequent, singleplex reactions (reactions with 

only marker) produced two amplification products of CSRM60 (lengths 102.0 and 

106.36 bp) for 86A, suggesting that 86A is heterozygous for this marker. Although 

these results are still unrepeated despite significant efforts (8 reactions), the complete 

absence of contaminant bands in all 356 individual microsatellite reactions, the high  

 
Figure 18: PCR on modern cattle DNA extract using the panel of microsatellite markers in this study. 

Bands of the appropriate size are found in all lanes. Unfortunately, the picture is blurry since the 

photograph could not be taken immediately after the gel was run. Bands difficult to see in the 

photograph are circled in red. 
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Figure 19: Electropherograms of microsatellites recovered from sample 86A. ETH225 (top) 

produced one allele of length 157.62, whilst both alleles (102.0 and 106.36) are available for 

CSRM60 (bottom). The length is determined by the position of the peaks along the x-axis. The peak 

height on the y-axis determines the quality of the obtained amplicon. 
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Figure 20: Amplified microsatellites from sample 86A. The multiplex amplification 

producing one allele of ETH225 (top) and the singleplex reaction producing both alleles of 

CSRM60 (bottom) are shown. Bands of the correct size are circled. All other bands are 

primer artefacts. 
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quality of mtDNA obtained from 86A (See Figure 21), and the presence of three 

markers from the same sample provides strong indirect support for their authenticity. 

Both specific reactions and reactions in which the specificity was deliberately 

lowered (including both increasing the magnesium content and lowering the annealing 

temperature) so that any DNA in the extracts were amplified consistently produced no 

bands of the correct size in both the multiplex and singleplex reactions. Genotyping 

the amplification products to determine if there were PCR products that were too 

dilute to appear on the agarose gel also produced no genotyping reads of the correct 

size. 

To determine if the small number of amplified ancient microsatellites was a 

result of insufficient DNA preservation in the Dudley Castle cattle, later experiments 

added better preserved samples from the Viking-age site of Fishamble Street, Wood 

Quay, Dublin, Ireland. Ancient microsatellites have been previously amplified from 

 
Figure 21: 86A amplified with primer system AN2F and AN1R. There are no 

contaminant bands in the negative controls (ENV, EX1, EX2, EX3, AM1, AM2, 

AM3). 86A is nearly as strongly amplified as the positive control (B2), which is 

indicative of excellent aDNA preservation. By comparing the strength of the 86A 

band to that of the ladder, we can approximate that there is 50–60 ng of amplified 

DNA, which is excellent for aDNA. 
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these samples (Edwards et al. 2003). These would act as an ancient positive control. 

Extraction and analysis of the Wood Quay samples were conducted in collaboration 

with Frauke Stock (Trinity College, Dublin, Ireland) to rule out inter-experimenter 

error. No PCR products of the correct size were obtained from these samples either. 

To help determine if the low number of bands of the correct size was a result of 

insufficient accuracy of visualising the DNA on an agarose gel, we attempted 

secondary PCRs (PCRs using extracts already amplified so that greater quantities of 

dilute PCR products are obtained at the expense of replication accuracy) on the 

Dudley Castle and Wood Quay samples. These reactions produced no additional 

amplification products of the correct size. We were thus unable to replicate the results 

of Edwards et al. (2003). This suggests that technical difficulties were responsible for 

the inability to replicate results rather than the lack of nuDNA. These difficulties 

could be that my extraction and amplification protocols need further optimisation to 

be sufficiently sensitive for ancient nuDNA analysis. Alternative protocols such as a 

phenol-chloroform method or guanidium thiocyanate columns may improve DNA 

yields. There are numerous extraction and amplification methods (such as trialling 

various PCR additives, using different DNA polymerases, etc.) that could be tried on 

the Dudley Castle material. 

 

II. Conclusions and Implications for Future Ancient Microsatellite Research 

 My preliminary results suggest that fewer bones will have sufficient aDNA 

preservation to recover nuDNA than mtDNA. However, one sample in six (16.7%) 

produced multiple microsatellite alleles, which suggests that a significant proportion 

of the Dudley Castle fauna contain well-preserved ancient nuDNA. This reinforces 

other experimental data (e.g. Edwards et al. 2003) indicating that nuDNA is 
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significantly more challenging to recover than mtDNA from archaeological 

specimens. We were also unable to replicate the results of Edwards et al. (2003) from 

better preserved specimens. This indicates that our negative results may be caused by 

technical difficulties (e.g. insufficiently sensitive extraction and amplification 

techniques), rather than absence of amplifiable nuclear DNA. 

 Furthermore, the appearance of three microsatellite alleles implies that 

nuDNA studies may be feasible because 10 microsatellites is sufficient to separate 

breeds (MacHugh et al. 1998). Further optimisation of the chosen panel of markers is 

required. Trialling other nuclear markers such as SNPs may also provide better 

separation of populations and allow examination of qualitative traits such as coat 

colour and milk production. 
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VIII. Conclusions and Final Remarks 

Although I have yet to amplify enough microsatellites from the Dudley Castle 

fauna to examine breed improvement, a number of interesting results have already 

been generated: 

(1) There appears to be a correlation between collagen and DNA preservation. 

Further research would lead to the development of a quick and simple 

method of DNA preservation assessment. 

(2) MtDNA preservation is an excellent proxy for nuDNA preservation in 

ancient samples. Only samples from which mtDNA is relatively easily 

amplified will contain reliably amplifiable ancient nuDNA. 

(3) Ancient DNA extraction protocols must be tailor-made for the samples 

under study. The effectiveness of a technique or reagent will be 

determined by the individual taphonomic histories of the samples. Unlike 

Rohland & Hofreiter’s (2007) implicit assumptions, one method does not 

fit all ancient samples. 

(4) Primer specificity is critical to ancient DNA research. Studies reliant on 

universal primers are unable to screen out contamination. Moreover, subtle 

sequence variation in primers may not reliably remove contaminant 

sequences due to the lax conditions required for most aDNA studies. 

(5) Current bovine mtDNA lineages are based on sequences that are too short 

for consistent results. Reanalysis of the entire network, ignoring the 

current biased lineages and using an augmented sample of complete 

mitochondrial genome sequences, may strongly reshape the current model 

of cattle domestication in the Near East and Europe. Reshaping the model 
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of cattle domestication could have important implications for our 

understanding of animal domestication in Eurasia. 

(6) I obtained three microsatellites from one sample (86A) from Dudley 

Castle. This indicates that nuDNA studies are feasible since a relatively 

high-proportion of bones (1 in 6) contain amplifiable microsatellites. 

(7) We have not been able to replicate the ancient microsatellites obtained so 

far. However, we were also unable to obtain microsatellites from Wood 

Quay, from which Edwards et al. (2003) have amplified authenticated 

microsatellites which suggests that our negative results are caused by a 

technical problem rather than absence of amplifiable nuDNA. More 

research is required to rule out the possibilities of insufficiently sensitive 

extraction and amplification methods being the cause of this problem. 

 

Future Work 

Additional samples from Dudley Castle and other contemporary populations 

will help assess the impact of preservation on ancient microsatellite recovery. It will 

also allow us to determine if patterns of early breed improvement are similar across 

Europe to those indicated by morphological changes at Dudley Castle. Similarly, a 

diachronic section of the Dudley Castle cattle from the earliest phases to the modern 

period will allow a more detailed examination of breed improvement in England. 

Further optimisation of extraction and amplification protocols will facilitate these 

analyses of breed improvement. Finally, more nuclear markers, such as SNPs and 

quantitative trait loci will be trialled on the Dudley Castle and contemporaneous fauna 

in order to investigate changes in the frequencies of qualitative traits such as coat 

colour and the production of milk proteins. 
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Future research will also focus on the relationships between collagen 

preservation, ancient mtDNA preservation and ancient nuDNA preservation. The 

collagen preservation method could provide a quick, technically simple, high-

throughput technique for assessing ancient DNA preservation. Moreover, assessing 

the relationship between ancient mtDNA and nuDNA preservation will help future 

researchers to quickly assess whether particular ancient samples are likely to contain 

amplifiable nuDNA. 
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Appendices 

 
A. Glossary 

 

ALLELE 

 A variant of a DNA sequence at a given genetic locus. 

 

AUTOSOME 

 A non-sex, nuclear chromosome. 

 

ANCIENT DNA 

DNA recovered from archaeological, palaeontological and museum sources. 

Ancient DNA tends to be highly degraded, but, when analysed, can provide 

clues as to genetic variability and evolution in the past. 

 

BIOGEOGRAPHY 

 Geographic patterns of species and populations. 

 

CHIMERA 

A sequence comprised of numerous partial DNA segments caused by the DNA 

polymerase jumping between DNA templates during amplification. 

 

CONTROL REGION 

 See DISPLACEMENT LOOP. 

 

DISPLACEMENT LOOP 

Also known as the Mitochondrial Control Region, the Displacement loop (D-

loop) is a non-coding region of the mitochondrial genome. mtDNA replication 

begins at the displacement loop. Since the region does not encode genes, there 

is little evolutionary constraint on the D-loop and consequently the region 

undergoes rapid evolution. Mutation rates vary across the region, with the 

hypervariable regions undergoing the fastest evolution. 

 

EFFECTIVE POPULATION SIZE 

 The effective population size is the size of an ideal population, i.e. a  

population in which all mating is random, that would possess the genetic 

variability of the extant population. 

 

ENCLOSURE 

 The conversion of common land into private, self-contained farms. 

 

FOUR-FIELD SYSTEM 

 Also called the “Norfolk” system after its origin in England, the four-field  

system was a crop rotation regime which reduced fallowing and improved 

field productivity by rotating two grains, nitrogen-fixing legumes and fodder 

plants like turnips. 
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G-C CLAMP 

A chemically stable beginning sequence (5' end) of a primer. This sequence 

should be rich in guanine and cytosine, which form relatively stable bonds, 

and thus increase the specificity of the primer. 

 

GENE FLOW 

Transfer of genes from one population to another. 

 

GENETIC BOTTLENECK 

A sudden reduction in genetic diversity within a population which can be 

caused by factors like migration, environmental change, extinction, etc. 

 

GENETIC DRIFT 

Changes in allelic frequencies within a population due to random occurrences. 

 

GENETIC MARKER 

A unique DNA sequence that allows individual populations to be tracked over 

time and space. 

 

GENOME 

The totality of DNA molecules that comprise the hereditary information of an 

organism. 

 

GENOTYPE 

 To determine an individual’s allele for a specific DNA marker. 

 

HAIRPIN LOOP 

A secondary structure in which a single strand of DNA folds back upon itself 

into a shape similar to that of a hairpin. 

 

HAPLOGROUP 

A cluster of closely related haplotypes that are thought to have evolved from a 

common ancestor. 

 

HAPLOTYPE 

An individual’s specific allele on one chromosome. It is used almost 

exclusively for describing mtDNA and Y-chromosome variants (C. Edwards, 

Personal Comment 2006). 

 

HOMOPLASY 

Also known as convergent evolution, homoplasy occurs when two dissimilar 

sequences evolve to become more similar. 

 

HOMOPOLYMER 

A sequence consisting of repeats of a single base. 

 

HYPERVARIABLE REGION 

A region of repetitive DNA that undergoes extremely rapid mutation and thus 

is highly variable. 
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MICROSATELLITE 

Also known as Simple Tandem Repeats (STRs), microsatellites consist of 

repeats of short sequences of DNA between 1 and 4 base pairs long. They 

evolve quickly through strand slippage (mispairings of the repetitive bases 

during DNA replication) and produce numerous phylogenetically informative 

alleles. Microsatellites are scattered throughout the entire genome and can 

provide information on both matri- and patrilineages. 

 

MITOCHONDRIAL GENOME 

A short, circular, double-stranded fragment of DNA found in the mitochondria 

of the cell. Its genes primarily encode information for proteins involved in the 

production of useable chemical energy from sugar and RNA needed for 

synthesis of these proteins. It is inherited almost exclusively from the mother’s 

ovum during fertilisation. There are several thousand copies of the 

mitochondrial genome per cell. 

 

MOLECULAR CLOCK 

A molecular clock dates the origins of certain lineages by assuming that 

mutations appear randomly throughout the genome at a steady and predictable 

rate. However, these assumptions have been shown to be false since mutation 

rates vary across the genome and certain regions are subject to more non-

random mutations than are others. Hence, careful calibration of molecular 

clocks with palaeontological events and other known information is critical for 

the appropriate application of these clocks. 

 

“NORFOLK” SYSTEM 

 See FOUR-FIELD SYSTEM. 

 

NUCLEAR DNA 

The DNA found within the nucleus of the cell. In animals, individuals receive 

two sets of chromosomes, one from each parent. 

 

PALINDROME 

A sequence of bases that is identical backwards and forwards. 

 

PHYLOGENETIC TREE 

A model of lineage relationships based on the degree of similarity/difference 

between the lineages studied. 

 

POLYMERASE CHAIN REACTION 

The Polymerase Chain reaction is a method for rapidly producing vast 

quantities of copies of a specific segment of DNA of interest so that the DNA 

may be analysed. This method allows extremely small quantities of DNA to be 

sequenced and has revolutionised ancient DNA studies. 

 

PRIMER-DIMER 

A structure that forms when two primers bond to each other rather than the 

target DNA sequence. 
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PURINE 

A nitrogenous base consisting of two fused rings. The purines in DNA are the 

bases adenine and guanine (A and G). 

 

PYRIMIDINE 

A nitrogenous base consisting of a single ring. The pyrimidines include 

cytosine and thymine (C and T). 

 

RECOMBINATION 

In nuclear DNA, matching maternal and paternal chromosomes can exchange 

homologous genes during replication. This confuses phylogenetic 

relationships as it switches alleles between the maternal and paternal lines. 

 

QUANTITATIVE TRAIT LOCI 

 Genes whose combined effects determine the phenotype of an organism. 

 

SECONDARY STRUCTURE 

Conformational configurations of biopolymers like DNA and RNA that form 

due to bonding within the polymers’ units. 

 

SEX CHROMOSOME 

A chromosome that determines the sex of an individual. In mammals, females 

have two X-chromosomes (one from each parent), while males have a 

maternal X-chromosome and a paternal Y-chromosome. This means that it is 

the father’s gametes that determine the progeny’s sex as the mother can only 

donate an X-chromosome. 

 

SINGLE NUCLEOTIDE POLYMORPHISMS 

 A polymorphism at a genetic locus that includes only one variable base pair. 

 

SIMPLE TANDEM REPEATS 

 See MICROSATELLITE. 

 

SUBSTRUCTURING 

Phylogenetically informative variation within a specific population. Also see 

BIOGEOGRAPHY. 

 

TRANSITION 

A nucleotide substitution changing one purine to another purine (A ↔G) or 

one pyrimidine to another pyrimidine (C ↔ T). 

 

TRANSVERSION 

A mutation in which a purine is converted to a pyrimidine or vice-versa (e.g. 

A ↔ T). 

 

Y-CHROMOSOME 

The sex chromosome that determines maleness in mammals. It is passed from 

father to son. See SEX CHROMOSOME. 
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B. Phases of Activity at Dudley Castle 

 

Dates and key events of designated phases at Dudley Castle. 

Reproduced from Figure 5 of Thomas 2005a: 96. 

Phase Dates Key Events 

1 Pre-castle–1071 Pre-castle. Death of Earl Edwin of Mercia. 

2 1071–1100 Grant of Dudley to Ansculf. Construction of motte and 

bailey. Death of Ansculf. 

3 1100–1175 Succession of Fulke Paganel. First stone castle. Slighting 

of castle. 

4 1175–1262 Occupation as undefended manor. Roger de Somery 

forced to stop refortification. 

5 1262–1321 Licence to crennelate granted and refortification 

continued. Death of John de Somery. 

6 1321–1397 De Sutton succession and alterations to castle. Death of 

Isabella de Sutton. 

7 1397–1533 Middle de Sutton. Succession of John Dudley, Duke of 

Northumberland. 

8 1533–1647 Construction and use of Sharrington Range. 

9 1647–1750 Succession of Ward family. Parliamentary slighting. 

Continued domestic use. Great fire and end of 

occupation. 

10 1750–present Modern. 
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C. Site Maps 

 

 
 

Dudley Castle in relationship to the British Isles (Provided by Dr. Richard Thomas, 

School of Archaeology and Ancient History, University of Leceister) 
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Dudley Castle plan and locations of principle excavation areas. Samples for the 

ancient DNA research came from Area 6B (north of the Keep, adjacent and including 

the moat). Other marked areas are Area 1 (south of keep), Area 2 (south-east of 

bailey), Area 3 (stables), Area 4 (keep interior), Area 5 (west of keep), Area 6 (north 

and east of keep) and Area 7 (great chamber and chapel in the domestic range). Area 9 

(not marked on this map) includes several small excavations across the site. 

Reproduced from Figure 4 of Thomas 2005a: 95. 
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D. Extraction Data 

 

Ancient DNA extraction data. “Extraction” lists the extraction identifier. “Date” gives the 

dates when the sample was extracted and purified. “Samples” list the samples that were 

extracted in that extraction session. Any special comments on the extraction are under “Notes.”  

 

Sample Codes: 30 – Dudley Castle (U.K.), context 66230, 1262–1321 C.E.; 86 –  Dudley 

Castle (U.K.), context 66186, 1321–1397 C.E.; WQ – Wood Quay (Ireland); ENV – 

Environmental Control; EX – Extraction Control; PC – Purification Control 

Extraction Date Samples Notes 

Extraction 1 4–9 January 2007 86A 

86B 

ENV 

EX1 

EX2 

EX3 

Despite repeated attempts, this extract never 

produced any amplicons, except for one goat 

contaminant in ENV and a pig contaminant in 

EX2. It is suspected that the DNA was lost 

during the purification process. These 

extracts were discarded. 

Extraction 2 30 January–1 

February 2007 

86A 

86B 

ENV 

EX1 

EX2 

EX3 

This replaced Extraction 1. 

Extraction 3 6–15 February 2007 30B 

30C 

86C 

86D 

ENV1 

ENV2 

EX1 

EX2 

EX3 

 

Extraction 4 Dentine harvesting: 

13–16 April 2007 

DNA Extraction: 

15–16 May 2007 

DNA Purification: 

31 May 2007 

30B 

30C 

86A 

86C 

86D 

ENV1 

ENV2 

EX1 

EX2 

EX3 

This was produced to replicate the results for 

Extractions 2 and 3, as well as provide more 

extract for subsequent microsatellite analysis. 

Extraction F 9–11 July 2007 WQ1A 

WQ3A 

WQ16 

ENV1 

ENV2 

EX1 

EX2 

EX3 

PC 

This extraction was performed by Frauke 

Stock (Trinity College, Dublin, Ireland) on 

material from Wood Quay (Ireland). This 

helped corroborate my work on the Dudley 

Castle samples and the initial ancient 

microsatellite research from Wood Quay 

(Edwards et al. 2003). 
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E. QIAquick™ PCR Purification Kit Protocol (After Manufacturer’s Instructions) 

 

1. Add 5 volumes of Buffer PB1 to 1 volume of the PCR reaction and mix. 

2. Place a QIAquick column in a 2 ml collection tube. 

3. To bind DNA, apply the sample to the column and centrifuge for 1 minute. 

4. To wash, add 0.75 ml Buffer PE to the column and centrifuge for 1 minute. 

5. Centrifuge the column in a 2 ml collection tube for an additional 1 minute. 

6. Place each column in a clean 1.5 ml microcentrifuge tube. 

7.  To elute DNA, add 30 μl Buffer EB, let the column stand 1 minute and then 

centrifuge for 1 minute. 

8. Add another 20 μl Buffer EB, let the column stand 1 minute and then centrifuge for 

1 minute. 
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F. MODELTEST 3.7 Output Files  

 

I. Alignment of the Hypervariable Region of the Bovine Mitochondrial Control 

Region (~230 bp). 

 
Testing models of evolution - Modeltest 3.7 

(c) Copyright, 1998-2005 David Posada  (dposada@uvigo.es) 

Facultad de Biologia, Universidad de Vigo, 

Campus Universitario, 36310 Vigo, Spain 

_______________________________________________________________ 

Tue Jul 31 14:59:57 2007 

OS = Unix-like 

 

Input format: PAUP* scores file  

 

 

Run settings: 

  Using the standard AIC (not the AICc) 

  Not using branch lengths as parameters 

  Including all models in model-averaging calculations 

 

 

 

--------------------------------------------------------------- 

*                                                             * 

*         HIERARCHICAL LIKELIHOD RATIO TESTS (hLRTs)          * 

*                                                             * 

--------------------------------------------------------------- 

 

Confidence level = 0.01 

 

 Equal base frequencies 

   Null model = JC            -lnL0 = 4142.7759 

   Alternative model = F81         -lnL1 = 4100.8384 

   2(lnL1-lnL0) =   83.8750        df = 3  

   P-value = <0.000001 

 Ti=Tv 

   Null model = F81           -lnL0 = 4100.8384 

   Alternative model = HKY         -lnL1 = 3661.4932 

   2(lnL1-lnL0) =  878.6904        df = 1  

   P-value = <0.000001 

 Equal Ti rates 

   Null model = HKY           -lnL0 = 3661.4932 

   Alternative model = TrN         -lnL1 = 3656.9651 

   2(lnL1-lnL0) =    9.0562        df = 1  

   P-value =  0.002618 

 Equal Tv rates 

   Null model = TrN           -lnL0 = 3656.9651 

   Alternative model = TIM         -lnL1 = 3656.7595 

   2(lnL1-lnL0) =    0.4111        df = 1  

   P-value =  0.521395 

 Equal rates among sites 

   Null model = TrN           -lnL0 = 3656.9651 

   Alternative model = TrN+G       -lnL1 = 3391.1021 

   2(lnL1-lnL0) =  531.7261        df = 1  

   Using mixed chi-square distribution 

   P-value = <0.000001 

 No Invariable sites 

   Null model = TrN+G         -lnL0 = 3391.1021 

   Alternative model = TrN+I+G     -lnL1 = 3386.7659 



 111 

   2(lnL1-lnL0) =    8.6724        df = 1  

   Using mixed chi-square distribution 

   P-value =  0.001615 

 

 Model selected: TrN+I+G 

  -lnL  = 3386.7659 

   K    = 7 

   Base frequencies:  

     freqA =   0.3152 

     freqC =   0.2601 

     freqG =   0.1568 

     freqT =   0.2679 

   Substitution model:  

     Rate matrix 

     R(a) [A-C] =   1.0000 

     R(b) [A-G] =  25.6783 

     R(c) [A-T] =   1.0000 

     R(d) [C-G] =   1.0000 

     R(e) [C-T] =  44.3102 

     R(f) [G-T] =   1.0000 

   Among-site rate variation 

     Proportion of invariable sites (I) =  0.2771 

     Variable sites (G) 

      Gamma distribution shape parameter =  0.7766 

 

 

-- 

 

PAUP* Commands Block: If you want to implement the previous estimates 

as likelihod settings in PAUP*, attach the next block of commands 

after the data in your PAUP file: 

 

 

[! 

Likelihood settings from best-fit model (TrN+I+G) selected by hLRT in 

Modeltest 3.7 on Tue Jul 31 14:59:57 2007 

] 

 

BEGIN PAUP; 

Lset  Base=(0.3152 0.2601 0.1568)  Nst=6  Rmat=(1.0000 25.6783 1.0000 

1.0000 44.3102)  Rates=gamma  Shape=0.7766  Pinvar=0.2771; 

END; 

 

-- 

 

 

 

 

--------------------------------------------------------------- 

*                                                             * 

*             AKAIKE INFORMATION CRITERION (AIC)              * 

*                                                             * 

--------------------------------------------------------------- 

 

 

 Model selected: TrN+I+G 

  -lnL  = 3386.7659 

   K    = 7 

   AIC  = 6787.5317 

 

   Base frequencies:  
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     freqA =   0.3152 

     freqC =   0.2601 

     freqG =   0.1568 

     freqT =   0.2679 

   Substitution model:  

     Rate matrix 

     R(a) [A-C] =   1.0000 

     R(b) [A-G] =  25.6783 

     R(c) [A-T] =   1.0000 

     R(d) [C-G] =   1.0000 

     R(e) [C-T] =  44.3102 

     R(f) [G-T] =   1.0000 

   Among-site rate variation 

     Proportion of invariable sites (I) =  0.2771 

     Variable sites (G) 

      Gamma distribution shape parameter =  0.7766 

 

 

-- 

 

PAUP* Commands Block: If you want to implement the previous estimates 

as likelihod settings in PAUP*, attach the next block of commands 

after the data in your PAUP file: 

 

 

[! 

Likelihood settings from best-fit model (TrN+I+G) selected by AIC in 

Modeltest 3.7 on Tue Jul 31 14:59:57 2007 

] 

 

BEGIN PAUP; 

Lset  Base=(0.3152 0.2601 0.1568)  Nst=6  Rmat=(1.0000 25.6783 1.0000 

1.0000 44.3102)  Rates=gamma  Shape=0.7766  Pinvar=0.2771; 

END; 

 

-- 

 

 

 * MODEL SELECTION UNCERTAINTY : Akaike Weights 

 

Model             -lnL   K         AIC      delta     weight  

cumWeight 

---------------------------------------------------------------------

-- 

TrN+I+G     3386.7659  7  6787.5317    0.0000   0.3773  

0.3773 

GTR+I+G     3384.4324 10  6788.8647    1.3330   0.1938  

0.5711 

TIM+I+G     3386.5713  8  6789.1426    1.6108   0.1686  

0.7397 

HKY+I+G     3389.0027  6  6790.0054    2.4736   0.1095  

0.8493 

TVM+I+G     3386.6023  9  6791.2046    3.6729   0.0601  

0.9094 

K81uf+I+G   3388.8210  7  6791.6421    4.1104   0.0483  

0.9577 

GTR+G       3387.7373  9  6793.4746    5.9429   0.0193  

0.9771 

TrN+G       3391.1021  6  6794.2041    6.6724   0.0134  

0.9905 
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TIM+G       3390.7988  7  6795.5977    8.0659   0.0067  

0.9972 

TVM+G       3391.4226  8  6798.8452   11.3135   0.0013  

0.9985 

HKY+G       3395.1377  5  6800.2754   12.7437   0.0006  

0.9991 

K81uf+G     3394.9321  6  6801.8643   14.3325   0.0003  

0.9994 

TrNef+I+G   3397.0576  4  6802.1152   14.5835   0.0003  

0.9997 

SYM+I+G     3394.7354  7  6803.4707   15.9390   0.0001  

0.9998 

TIMef+I+G   3396.7874  5  6803.5747   16.0430   0.0001  

0.9999 

K80+I+G     3400.4475  3  6806.8950   19.3633 2.36e-05  

1.0000 

TVMef+I+G   3397.9294  6  6807.8589   20.3271 1.45e-05  

1.0000 

K81+I+G     3400.1826  4  6808.3652   20.8335 1.13e-05  

1.0000 

TrNef+G     3403.0042  3  6812.0083   24.4766 1.83e-06  

1.0000 

TIMef+G     3402.7346  4  6813.4692   25.9375 8.80e-07  

1.0000 

SYM+G       3400.8237  6  6813.6475   26.1157 8.05e-07  

1.0000 

K80+G       3406.3416  2  6816.6831   29.1514 1.76e-07  

1.0000 

TVMef+G     3403.9277  5  6817.8555   30.3237 9.82e-08  

1.0000 

K81+G       3406.0779  3  6818.1558   30.6240 8.45e-08  

1.0000 

TrN+I       3492.2434  6  6996.4868  208.9551 0.00e+00  

1.0000 

GTR+I       3489.7458  9  6997.4917  209.9600 0.00e+00  

1.0000 

TIM+I       3492.2334  7  6998.4668  210.9351 0.00e+00  

1.0000 

HKY+I       3496.4458  5  7002.8916  215.3599 0.00e+00  

1.0000 

TVM+I       3494.0410  8  7004.0820  216.5503 0.00e+00  

1.0000 

K81uf+I     3496.4988  6  7004.9976  217.4658 0.00e+00  

1.0000 

TrNef+I     3505.6277  3  7017.2554  229.7236 0.00e+00  

1.0000 

SYM+I       3502.8503  6  7017.7007  230.1689 0.00e+00  

1.0000 

TIMef+I     3505.3569  4  7018.7139  231.1821 0.00e+00  

1.0000 

K80+I       3528.8594  2  7061.7188  274.1870 0.00e+00  

1.0000 

TVMef+I     3526.0693  5  7062.1387  274.6069 0.00e+00  

1.0000 

K81+I       3528.5920  3  7063.1841  275.6523 0.00e+00  

1.0000 

TrN         3656.9651  5  7323.9302  536.3984 0.00e+00  

1.0000 

GTR         3654.1982  8  7324.3965  536.8647 0.00e+00  

1.0000 
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TIM         3656.7595  6  7325.5190  537.9873 0.00e+00  

1.0000 

HKY         3661.4932  4  7330.9863  543.4546 0.00e+00  

1.0000 

TVM         3658.7522  7  7331.5044  543.9727 0.00e+00  

1.0000 

K81uf       3661.2815  5  7332.5630  545.0312 0.00e+00  

1.0000 

TrNef       3668.7900  2  7341.5801  554.0483 0.00e+00  

1.0000 

SYM         3666.5034  5  7343.0068  555.4751 0.00e+00  

1.0000 

TIMef       3668.5259  3  7343.0518  555.5200 0.00e+00  

1.0000 

K80         3695.6538  1  7393.3076  605.7759 0.00e+00  

1.0000 

TVMef       3693.3721  4  7394.7441  607.2124 0.00e+00  

1.0000 

K81         3695.3931  2  7394.7861  607.2544 0.00e+00  

1.0000 

F81+I+G     3788.3538  5  7586.7075  799.1758 0.00e+00  

1.0000 

F81+G       3793.4138  4  7594.8276  807.2959 0.00e+00  

1.0000 

JC+I+G      3849.0857  2  7702.1714  914.6396 0.00e+00  

1.0000 

JC+G        3855.0674  1  7712.1348  924.6030 0.00e+00  

1.0000 

F81+I       3932.6721  4  7873.3442 1085.8125 0.00e+00  

1.0000 

JC+I        3976.3496  1  7954.6992 1167.1675 0.00e+00  

1.0000 

F81         4100.8384  3  8207.6768 1420.1450 0.00e+00  

1.0000 

JC          4142.7759  0  8285.5518 1498.0200 0.00e+00  

1.0000 

---------------------------------------------------------------------

-- 

-lnL:  Negative log likelihod 

 K:   Number of estimated parameters 

 IC:  Information Criterion 

 delta:  Information difference 

 weight: Information weight 

 cumWeight: Cumulative information weight 

 

 

 

* MODEL AVERAGING AND PARAMETER IMPORTANCE (using Akaike Weights) 

  Including all 56 models 

 

                         Model-averaged 

Parameter   Importance        estimates 

--------------------------------------- 

fA    0.9994       0.3127 

fC    0.9994       0.2613 

fG    0.9994       0.1511 

fT    0.9994       0.2749 

TiTv   0.1102      17.0197 

rAC    0.2747       1.3968 

rAG    0.7797      28.2306 

rAT    0.2747       0.6253 
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rCG    0.2747       2.7496 

rCT    0.7797      48.6874 

pinv(I)   0.0000          -   

alpha(G)  0.0417       0.4197 

pinv(IG)  0.9583       0.2791 

alpha(IG)  0.9583       0.7731 

--------------------------------------- 

 Values have been rounded. 

 (I):  averaged using only +I models. 

 (G):  averaged using only +G models. 

 (IG):  averaged using only +I+G models. 

 

_________________________________________________________________ 

Program is done. 

Time processing: 0 seconds 

If you need help type '-?' in the command line of the program. 
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II. Alignment of the Complete Bovine Mitochondrial Control Region (~920 bp) 

 
Testing models of evolution - Modeltest 3.7 

(c) Copyright, 1998-2005 David Posada  (dposada@uvigo.es) 

Facultad de Biologia, Universidad de Vigo, 

Campus Universitario, 36310 Vigo, Spain 

_______________________________________________________________ 

Mon Jul 30 14:12:34 2007 

OS = Unix-like 

 

Input format: PAUP* scores file  

 

 

Run settings: 

  Using the standard AIC (not the AICc) 

  Not using branch lengths as parameters 

  Including all models in model-averaging calculations 

 

 

 

--------------------------------------------------------------- 

*                                                             * 

*         HIERARCHICAL LIKELIHOD RATIO TESTS (hLRTs)          * 

*                                                             * 

--------------------------------------------------------------- 

 

Confidence level = 0.01 

 

 Equal base frequencies 

   Null model = JC            -lnL0 = 6782.9321 

   Alternative model = F81         -lnL1 = 6733.2773 

   2(lnL1-lnL0) =   99.3096        df = 3  

   P-value = <0.000001 

 Ti=Tv 

   Null model = F81           -lnL0 = 6733.2773 

   Alternative model = HKY         -lnL1 = 6304.0317 

   2(lnL1-lnL0) =  858.4912        df = 1  

   P-value = <0.000001 

 Equal Ti rates 

   Null model = HKY           -lnL0 = 6304.0317 

   Alternative model = TrN         -lnL1 = 6304.4048 

   2(lnL1-lnL0) =   -0.7461        df = 1  

   P-value = >0.999999 

 Equal Tv rates 

   Null model = HKY           -lnL0 = 6304.0317 

   Alternative model = K81uf       -lnL1 = 6302.8462 

   2(lnL1-lnL0) =    2.3711        df = 1  

   P-value =  0.123600 

 Equal rates among sites 

   Null model = HKY           -lnL0 = 6304.0317 

   Alternative model = HKY+G       -lnL1 = 5914.9395 

   2(lnL1-lnL0) =  778.1846        df = 1  

   Using mixed chi-square distribution 

   P-value = <0.000001 

 No Invariable sites 

   Null model = HKY+G         -lnL0 = 5914.9395 

   Alternative model = HKY+I+G     -lnL1 = 5883.4692 

   2(lnL1-lnL0) =   62.9404        df = 1  

   Using mixed chi-square distribution 
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   P-value = <0.000001 

 

 Model selected: HKY+I+G 

  -lnL  = 5883.4692 

   K    = 6 

   Base frequencies:  

     freqA =   0.3342 

     freqC =   0.2416 

     freqG =   0.1424 

     freqT =   0.2818 

   Substitution model:  

    Ti/tv ratio =  6.1627 

   Among-site rate variation 

     Proportion of invariable sites (I) =  0.5032 

     Variable sites (G) 

      Gamma distribution shape parameter =  0.6244 

 

 

-- 

 

PAUP* Commands Block: If you want to implement the previous estimates 

as likelihod settings in PAUP*, attach the next block of commands 

after the data in your PAUP file: 

 

 

[! 

Likelihood settings from best-fit model (HKY+I+G) selected by hLRT in 

Modeltest 3.7 on Mon Jul 30 14:12:34 2007 

] 

 

BEGIN PAUP; 

Lset  Base=(0.3342 0.2416 0.1424)  Nst=2  TRatio=6.1627  Rates=gamma  

Shape=0.6244  Pinvar=0.5032; 

END; 

 

-- 

 

 

 

 

--------------------------------------------------------------- 

*                                                             * 

*             AKAIKE INFORMATION CRITERION (AIC)              * 

*                                                             * 

--------------------------------------------------------------- 

 

 

 Model selected: TVM+I+G 

  -lnL  = 5872.0957 

   K    = 9 

   AIC  = 11762.1914 

 

   Base frequencies:  

     freqA =   0.3481 

     freqC =   0.2347 

     freqG =   0.1314 

     freqT =   0.2857 

   Substitution model:  

     Rate matrix 

     R(a) [A-C] =   0.6760 

     R(b) [A-G] =  12.4123 
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     R(c) [A-T] =   0.6292 

     R(d) [C-G] =   2.3461 

     R(e) [C-T] =  12.4123 

     R(f) [G-T] =   1.0000 

   Among-site rate variation 

     Proportion of invariable sites (I) =  0.5040 

     Variable sites (G) 

      Gamma distribution shape parameter =  0.6435 

 

 

-- 

 

PAUP* Commands Block: If you want to implement the previous estimates 

as likelihod settings in PAUP*, attach the next block of commands 

after the data in your PAUP file: 

 

 

[! 

Likelihood settings from best-fit model (TVM+I+G) selected by AIC in 

Modeltest 3.7 on Mon Jul 30 14:12:34 2007 

] 

 

BEGIN PAUP; 

Lset  Base=(0.3481 0.2347 0.1314)  Nst=6  Rmat=(0.6760 12.4123 0.6292 

2.3461 12.4123)  Rates=gamma  Shape=0.6435  Pinvar=0.5040; 

END; 

 

-- 

 

 

 * MODEL SELECTION UNCERTAINTY : Akaike Weights 

 

Model             -lnL   K         AIC      delta     weight  

cumWeight 

---------------------------------------------------------------------

-- 

TVM+I+G     5872.0957  9 11762.1914    0.0000   0.7882  

0.7882 

GTR+I+G     5872.4121 10 11764.8242    2.6328   0.2113  

0.9995 

K81uf+I+G   5882.2612  7 11778.5225   16.3311   0.0002  

0.9997 

HKY+I+G     5883.4692  6 11778.9385   16.7471   0.0002  

0.9999 

TrN+I+G     5883.4282  7 11780.8564   18.6650 6.98e-05  

0.9999 

TIM+I+G     5882.5913  8 11781.1826   18.9912 5.93e-05  

1.0000 

GTR+G       5901.9395  9 11821.8789   59.6875 8.62e-14  

1.0000 

TVM+G       5903.2334  8 11822.4668   60.2754 6.43e-14  

1.0000 

HKY+G       5914.9395  5 11839.8789   77.6875 1.06e-17  

1.0000 

K81uf+G     5914.6978  6 11841.3955   79.2041 4.98e-18  

1.0000 

TIM+G       5913.9243  7 11841.8486   79.6572 3.97e-18  

1.0000 

TrN+G       5916.5396  6 11845.0791   82.8877 7.90e-19  

1.0000 
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K81+I+G     5934.2334  4 11876.4668  114.2754 1.21e-25  

1.0000 

TIMef+I+G   5933.5015  5 11877.0029  114.8115 9.24e-26  

1.0000 

K80+I+G     5935.8374  3 11877.6748  115.4834 6.60e-26  

1.0000 

TVMef+I+G   5933.0317  6 11878.0635  115.8721 5.44e-26  

1.0000 

TrNef+I+G   5935.1084  4 11878.2168  116.0254 5.04e-26  

1.0000 

SYM+I+G     5932.3501  7 11878.7002  116.5088 3.95e-26  

1.0000 

TIMef+G     5972.1572  4 11952.3145  190.1230 4.09e-42  

1.0000 

TrNef+G     5973.7739  3 11953.5479  191.3564 2.21e-42  

1.0000 

SYM+G       5970.8530  6 11953.7061  191.5146 2.04e-42  

1.0000 

K81+G       5974.3989  3 11954.7979  192.6064 1.18e-42  

1.0000 

K80+G       5976.0225  2 11956.0449  193.8535 6.33e-43  

1.0000 

TVMef+G     5973.0591  5 11956.1182  193.9268 6.11e-43  

1.0000 

TVM+I       5977.7837  8 11971.5674  209.3760 0.00e+00  

1.0000 

GTR+I       5977.7476  9 11973.4951  211.3037 0.00e+00  

1.0000 

HKY+I       5990.1147  5 11990.2295  228.0381 0.00e+00  

1.0000 

K81uf+I     5989.4639  6 11990.9277  228.7363 0.00e+00  

1.0000 

TrN+I       5990.3892  6 11992.7783  230.5869 0.00e+00  

1.0000 

TIM+I       5989.7417  7 11993.4834  231.2920 0.00e+00  

1.0000 

SYM+I       6052.3184  6 12116.6367  354.4453 0.00e+00  

1.0000 

TVMef+I     6053.9814  5 12117.9629  355.7715 0.00e+00  

1.0000 

TIMef+I     6055.0469  4 12118.0938  355.9023 0.00e+00  

1.0000 

K81+I       6056.6758  3 12119.3516  357.1602 0.00e+00  

1.0000 

TrNef+I     6056.7402  3 12119.4805  357.2891 0.00e+00  

1.0000 

K80+I       6058.3711  2 12120.7422  358.5508 0.00e+00  

1.0000 

F81+I+G     6294.7134  5 12599.4268  837.2354 0.00e+00  

1.0000 

TVM         6294.1948  7 12602.3896  840.1982 0.00e+00  

1.0000 

GTR         6294.1572  8 12604.3145  842.1230 0.00e+00  

1.0000 

K81uf       6302.8462  5 12615.6924  853.5010 0.00e+00  

1.0000 

HKY         6304.0317  4 12616.0635  853.8721 0.00e+00  

1.0000 

TIM         6302.7847  6 12617.5693  855.3779 0.00e+00  

1.0000 
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TrN         6304.4048  5 12618.8096  856.6182 0.00e+00  

1.0000 

F81+G       6333.0522  4 12674.1045  911.9131 0.00e+00  

1.0000 

JC+I+G      6339.2417  2 12682.4834  920.2920 0.00e+00  

1.0000 

SYM         6367.9102  5 12745.8203  983.6289 0.00e+00  

1.0000 

TIMef       6370.0083  3 12746.0166  983.8252 0.00e+00  

1.0000 

TrNef       6371.6890  2 12747.3779  985.1865 0.00e+00  

1.0000 

TVMef       6374.4243  4 12756.8486  994.6572 0.00e+00  

1.0000 

K81         6377.0439  2 12758.0879  995.8965 0.00e+00  

1.0000 

K80         6378.7305  1 12759.4609  997.2695 0.00e+00  

1.0000 

JC+G        6380.1245  1 12762.2490 1000.0576 0.00e+00  

1.0000 

F81+I       6411.6709  4 12831.3418 1069.1504 0.00e+00  

1.0000 

JC+I        6461.9717  1 12925.9434 1163.7520 0.00e+00  

1.0000 

F81         6733.2773  3 13472.5547 1710.3633 0.00e+00  

1.0000 

JC          6782.9321  0 13565.8643 1803.6729 0.00e+00  

1.0000 

---------------------------------------------------------------------

-- 

-lnL:  Negative log likelihod 

 K:   Number of estimated parameters 

 IC:  Information Criterion 

 delta:  Information difference 

 weight: Information weight 

 cumWeight: Cumulative information weight 

 

 

 

* MODEL AVERAGING AND PARAMETER IMPORTANCE (using Akaike Weights) 

  Including all 56 models 

 

                         Model-averaged 

Parameter   Importance        estimates 

--------------------------------------- 

fA    1.0000       0.3482 

fC    1.0000       0.2345 

fG    1.0000       0.1315 

fT    1.0000       0.2858 

TiTv   0.0002       6.1627 

rAC    0.9995       0.6768 

rAG    0.2114      12.3977 

rAT    0.9995       0.6293 

rCG    0.9995       2.3484 

rCT    0.2114      12.4959 

pinv(I)   0.0000          -   

alpha(G)  0.0000       0.2368 

pinv(IG)  1.0000       0.5039 

alpha(IG)  1.0000       0.6434 

--------------------------------------- 

 Values have been rounded. 
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 (I):  averaged using only +I models. 

 (G):  averaged using only +G models. 

 (IG):  averaged using only +I+G models. 

 

_________________________________________________________________ 

Program is done. 

Time processing: 0 seconds 

If you need help type '-?' in the command line of the program. 
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III. Alignment of the Complete Mitochondrial Genome Sequence (16.3 kb) 

 
Testing models of evolution - Modeltest 3.7 

(c) Copyright, 1998-2005 David Posada  (dposada@uvigo.es) 

Facultad de Biologia, Universidad de Vigo, 

Campus Universitario, 36310 Vigo, Spain 

_______________________________________________________________ 

Fri Jul 27 15:12:04 2007 

OS = Unix-like 

 

Input format: PAUP* scores file  

 

 

Run settings: 

  Using the standard AIC (not the AICc) 

  Not using branch lengths as parameters 

  Including all models in model-averaging calculations 

 

 

 

--------------------------------------------------------------- 

*                                                             * 

*         HIERARCHICAL LIKELIHOD RATIO TESTS (hLRTs)          * 

*                                                             * 

--------------------------------------------------------------- 

 

Confidence level = 0.01 

 

 Equal base frequencies 

   Null model = JC            -lnL0 = 27286.9570 

   Alternative model = F81         -lnL1 = 26514.9961 

   2(lnL1-lnL0) = 1543.9219        df = 3  

   P-value = <0.000001 

 Ti=Tv 

   Null model = F81           -lnL0 = 26514.9961 

   Alternative model = HKY         -lnL1 = 26092.1074 

   2(lnL1-lnL0) =  845.7773        df = 1  

   P-value = <0.000001 

 Equal Ti rates 

   Null model = HKY           -lnL0 = 26092.1074 

   Alternative model = TrN         -lnL1 = 26091.7422 

   2(lnL1-lnL0) =    0.7305        df = 1  

   P-value =  0.392731 

 Equal Tv rates 

   Null model = HKY           -lnL0 = 26092.1074 

   Alternative model = K81uf       -lnL1 = 26092.0605 

   2(lnL1-lnL0) =    0.0938        df = 1  

   P-value =  0.759463 

 Equal rates among sites 

   Null model = HKY           -lnL0 = 26092.1074 

   Alternative model = HKY+G       -lnL1 = 25998.0918 

   2(lnL1-lnL0) =  188.0312        df = 1  

   Using mixed chi-square distribution 

   P-value = <0.000001 

 No Invariable sites 

   Null model = HKY+G         -lnL0 = 25998.0918 

   Alternative model = HKY+I+G     -lnL1 = 25955.9727 

   2(lnL1-lnL0) =   84.2383        df = 1  

   Using mixed chi-square distribution 

   P-value = <0.000001 
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 Model selected: HKY+I+G 

  -lnL  = 25955.9727 

   K    = 6 

   Base frequencies:  

     freqA =   0.3351 

     freqC =   0.2603 

     freqG =   0.1338 

     freqT =   0.2707 

   Substitution model:  

    Ti/tv ratio = 13.0771 

   Among-site rate variation 

     Proportion of invariable sites (I) =  0.8564 

     Variable sites (G) 

      Gamma distribution shape parameter =  0.9647 

 

 

-- 

 

PAUP* Commands Block: If you want to implement the previous estimates 

as likelihod settings in PAUP*, attach the next block of commands 

after the data in your PAUP file: 

 

 

[! 

Likelihood settings from best-fit model (HKY+I+G) selected by hLRT in 

Modeltest 3.7 on Fri Jul 27 15:12:04 2007 

] 

 

BEGIN PAUP; 

Lset  Base=(0.3351 0.2603 0.1338)  Nst=2  TRatio=13.0771  Rates=gamma  

Shape=0.9647  Pinvar=0.8564; 

END; 

 

-- 

 

 

 

 

--------------------------------------------------------------- 

*                                                             * 

*             AKAIKE INFORMATION CRITERION (AIC)              * 

*                                                             * 

--------------------------------------------------------------- 

 

 

 Model selected: TVM+I+G 

  -lnL  = 25947.2812 

   K    = 9 

   AIC  = 51912.5625 

 

   Base frequencies:  

     freqA =   0.3354 

     freqC =   0.2599 

     freqG =   0.1336 

     freqT =   0.2711 

   Substitution model:  

     Rate matrix 

     R(a) [A-C] =   2.3225 

     R(b) [A-G] =  55.1393 

     R(c) [A-T] =   0.7446 

     R(d) [C-G] =   5.0574 
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     R(e) [C-T] =  55.1393 

     R(f) [G-T] =   1.0000 

   Among-site rate variation 

     Proportion of invariable sites (I) =  0.8564 

     Variable sites (G) 

      Gamma distribution shape parameter =  0.9629 

 

 

-- 

 

PAUP* Commands Block: If you want to implement the previous estimates 

as likelihod settings in PAUP*, attach the next block of commands 

after the data in your PAUP file: 

 

 

[! 

Likelihood settings from best-fit model (TVM+I+G) selected by AIC in 

Modeltest 3.7 on Fri Jul 27 15:12:04 2007 

] 

 

BEGIN PAUP; 

Lset  Base=(0.3354 0.2599 0.1336)  Nst=6  Rmat=(2.3225 55.1393 0.7446 

5.0574 55.1393)  Rates=gamma  Shape=0.9629  Pinvar=0.8564; 

END; 

 

-- 

 

 

 * MODEL SELECTION UNCERTAINTY : Akaike Weights 

 

Model             -lnL   K         AIC      delta     weight  

cumWeight 

---------------------------------------------------------------------

-- 

TVM+I+G    25947.2812  9 51912.5625    0.0000   0.6855  

0.6855 

GTR+I+G    25947.1465 10 51914.2930    1.7305   0.2886  

0.9741 

TVM+I      25952.1094  8 51920.2188    7.6562   0.0149  

0.9890 

GTR+I      25951.9531  9 51921.9062    9.3438   0.0064  

0.9954 

HKY+I+G    25955.9727  6 51923.9453   11.3828   0.0023  

0.9977 

TrN+I+G    25955.8496  7 51925.6992   13.1367   0.0010  

0.9987 

K81uf+I+G  25955.9434  7 51925.8867   13.3242   0.0009  

0.9995 

TIM+I+G    25955.8184  8 51927.6367   15.0742   0.0004  

0.9999 

HKY+I      25960.7520  5 51931.5039   18.9414 5.28e-05  

0.9999 

TrN+I      25960.6055  6 51933.2109   20.6484 2.25e-05  

1.0000 

K81uf+I    25960.7207  6 51933.4414   20.8789 2.01e-05  

1.0000 

TIM+I      25960.5742  7 51935.1484   22.5859 8.54e-06  

1.0000 

TVM+G      25989.4766  8 51994.9531   82.3906 8.81e-19  

1.0000 
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GTR+G      25989.1660  9 51996.3320   83.7695 4.42e-19  

1.0000 

HKY+G      25998.0918  5 52006.1836   93.6211 3.21e-21  

1.0000 

TrN+G      25997.7930  6 52007.5859   95.0234 1.59e-21  

1.0000 

K81uf+G    25998.0508  6 52008.1016   95.5391 1.23e-21  

1.0000 

TIM+G      25997.7520  7 52009.5039   96.9414 6.10e-22  

1.0000 

TVM        26083.5664  7 52181.1328  268.5703 0.00e+00  

1.0000 

GTR        26083.1973  8 52182.3945  269.8320 0.00e+00  

1.0000 

HKY        26092.1074  4 52192.2148  279.6523 0.00e+00  

1.0000 

TrN        26091.7422  5 52193.4844  280.9219 0.00e+00  

1.0000 

K81uf      26092.0605  5 52194.1211  281.5586 0.00e+00  

1.0000 

TIM        26091.6953  6 52195.3906  282.8281 0.00e+00  

1.0000 

F81+I+G    26376.5352  5 52763.0703  850.5078 0.00e+00  

1.0000 

F81+I      26381.1621  4 52770.3242  857.7617 0.00e+00  

1.0000 

F81+G      26420.7188  4 52849.4375  936.8750 0.00e+00  

1.0000 

F81        26514.9961  3 53035.9922 1123.4297 0.00e+00  

1.0000 

SYM+I+G    26732.1074  7 53478.2148 1565.6523 0.00e+00  

1.0000 

TVMef+I+G  26734.1953  6 53480.3906 1567.8281 0.00e+00  

1.0000 

TrNef+I+G  26738.6328  4 53485.2656 1572.7031 0.00e+00  

1.0000 

SYM+I      26737.0781  6 53486.1562 1573.5938 0.00e+00  

1.0000 

TIMef+I+G  26738.5918  5 53487.1836 1574.6211 0.00e+00  

1.0000 

K80+I+G    26740.6816  3 53487.3633 1574.8008 0.00e+00  

1.0000 

TVMef+I    26739.3281  5 53488.6562 1576.0938 0.00e+00  

1.0000 

K81+I+G    26740.6426  4 53489.2852 1576.7227 0.00e+00  

1.0000 

TrNef+I    26743.5488  3 53493.0977 1580.5352 0.00e+00  

1.0000 

TIMef+I    26743.5078  4 53495.0156 1582.4531 0.00e+00  

1.0000 

K80+I      26745.7637  2 53495.5273 1582.9648 0.00e+00  

1.0000 

K81+I      26745.7227  3 53497.4453 1584.8828 0.00e+00  

1.0000 

SYM+G      26781.4805  6 53574.9609 1662.3984 0.00e+00  

1.0000 

TVMef+G    26784.7734  5 53579.5469 1666.9844 0.00e+00  

1.0000 

TrNef+G    26787.8477  3 53581.6953 1669.1328 0.00e+00  

1.0000 
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TIMef+G    26787.7891  4 53583.5781 1671.0156 0.00e+00  

1.0000 

K80+G      26791.1250  2 53586.2500 1673.6875 0.00e+00  

1.0000 

K81+G      26791.0664  3 53588.1328 1675.5703 0.00e+00  

1.0000 

SYM        26877.3691  5 53764.7383 1852.1758 0.00e+00  

1.0000 

TVMef      26880.9004  4 53769.8008 1857.2383 0.00e+00  

1.0000 

TrNef      26883.7207  2 53771.4414 1858.8789 0.00e+00  

1.0000 

TIMef      26883.6562  3 53773.3125 1860.7500 0.00e+00  

1.0000 

K80        26887.2500  1 53776.5000 1863.9375 0.00e+00  

1.0000 

K81        26887.1855  2 53778.3711 1865.8086 0.00e+00  

1.0000 

JC+I+G     27144.1914  2 54292.3828 2379.8203 0.00e+00  

1.0000 

JC+I       27149.2305  1 54300.4609 2387.8984 0.00e+00  

1.0000 

JC+G       27191.7109  1 54385.4219 2472.8594 0.00e+00  

1.0000 

JC         27286.9570  0 54573.9141 2661.3516 0.00e+00  

1.0000 

---------------------------------------------------------------------

-- 

-lnL:  Negative log likelihod 

 K:   Number of estimated parameters 

 IC:  Information Criterion 

 delta:  Information difference 

 weight: Information weight 

 cumWeight: Cumulative information weight 

 

 

 

* MODEL AVERAGING AND PARAMETER IMPORTANCE (using Akaike Weights) 

  Including all 56 models 

 

                         Model-averaged 

Parameter   Importance        estimates 

--------------------------------------- 

fA    1.0000       0.3353 

fC    1.0000       0.2600 

fG    1.0000       0.1336 

fT    1.0000       0.2712 

TiTv   0.0024      13.0764 

rAC    0.9954       2.3172 

rAG    0.2963      56.6185 

rAT    0.9954       0.7438 

rCG    0.9954       5.0529 

rCT    0.2963      53.4224 

pinv(I)   0.0214       0.9135 

alpha(G)  0.0000       0.0139 

pinv(IG)  0.9786       0.8563 

alpha(IG)  0.9786       0.9636 

--------------------------------------- 

 Values have been rounded. 

 (I):  averaged using only +I models. 

 (G):  averaged using only +G models. 
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 (IG):  averaged using only +I+G models. 

 

_________________________________________________________________ 

Program is done. 

Time processing: 0.01 seconds 

If you need help type '-?' in the command line of the program. 

 


