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Abstract 

 

The University of Manchester 

Heather A Robinson 

Doctor of Philosophy 

2016 

 

It is acknowledged that some microbes have interrupted distributions, yet these 

distributions have rarely been correlated with environmental variables. The wild 

biogeography of the fermenting yeasts Saccharomyces cerevisiae and Saccharomyces 

paradoxus are explored in this study, considering multiple environmental variables as 

potential effectors of each species' geographical distributions. I demonstrate that 

summer temperatures predict maximum species distribution limits for both S. paradoxus 

and S. cerevisiae on oak bark, and that S. paradoxus is more likely to be isolated from 

larger, older trees. Modelling these data predicts a generally denser southern European 

population of S. paradoxus, with S. cerevisiae being scarce on oak bark throughout 

Europe. 

 

It was not possible to recover ancient Saccharomyces DNA sequences from samples of 

sub-fossilized oaks, from Greco-Roman and North African amphora residues, or from 

North African 6th-14th Century pottery residues, which may be a consequence of the low 

concentration of these species in comparable modern environmental samples. Even from 

air dried breads and recent wines, Saccharomyces aDNA was not recovered as part of this 

study, although ancient DNA sequences from plants and other yeasts were identified in 

other samples via the same methods. Any future recovery of ancient Saccharomyces 

sequences may therefore be challenging. Novel plant sequences possibly belonging to the 

Musaceae family and Pinus genus were identified from 6th-14th century AD North African 

pottery; as well as a Vicia-like DNA sequence from a 13th-12th century BC North African 

amphora.  
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1. Introduction 

 

The winemaking, brewing and baking yeast Saccharomyces cerevisiae is one of the best 

studied microorganisms, yet relatively little is known about the species' wild ecology (Fay 

& Benavides 2005; Legras et al. 2007; Boynton & Greig 2014). Assumptions that strains 

from environmental samples represent feral examples of S. cerevisiae have frequently 

drawn ecologists to research another closely related species, Saccharomyces paradoxus, 

as a proxy for wild  S. cerevisiae, this being considered an unadulterated wild species  

(Johnson et al. 2004; Koufopanou et al. 2006; Kuehne et al. 2007; Replansky et al. 2008). 

Recently, however, interest in S. cerevisiae ecology has grown, and a flurry of wild isolates 

has been recognized, characterised and genotyped (Fay & Benavides 2005; Liti et al. 2009; 

Hyma & Fay 2013; Cromie et al. 2013; Almeida et al. 2015). 

 

S. cerevisiae is an important model system for cell and molecular biology, yet the 

metabolic and reproductive capabilities of  S. cerevisiae laboratory cultures do not always 

reflect those of wild strains (Mortimer 2000; Gerke et al. 2006; Aa et al. 2006; Doniger et 

al. 2008; Warringer et al. 2011).  Some strains of S. cerevisiae form geographically defined 

clades, including the 'wild' North American, European and Far Eastern tree-associated 

strains, which probably differentiated following geographical isolation  (Fay & Benavides 

2005; Aa et al. 2006; Liti et al. 2009; Cromie et al. 2013; Almeida et al. 2015). Others, 

however, have experienced indirect and direct trait selection, that has resulted in the 

distinct wine, beer, sake, bread, and cacao-fermenting phylogenetic clades, in which 

strains cluster by their association with industrial processes (Fay & Benavides 2005; 

Legras et al. 2007; Liti et al. 2009; Warringer et al. 2011; Cromie et al. 2013). 

 

Whilst some take the view that 'domesticated' S. cerevisiae strains have adapted 

considerably in response to their human engineered environments (Fay & Benavides 

2005; Legras et al. 2007; Warringer et al. 2011); others forward a view that S. cerevisiae is 

a natural opportunist with a generalist metabolism that enables it to readily exploit these 

new manmade habitats (Goddard & Greig 2015).  
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The human-mediated dispersal of S. cerevisiae results in a disconnect between phylogeny 

and the geographical distribution of some stains, which is not apparent in the phylogeny 

of its closest relative, Saccharomyces paradoxus  (Liti & Schacherer 2011; Cromie et al. 

2013). The distinct European, Far Eastern, North American and Hawaiian continental 

clades of S. paradoxus are delimited by ocean and mountain boundaries (Naumov et al. 

1997; Koufopanou et al. 2006; Kuehne et al. 2007; Tsai et al. 2008; Liti et al. 2009). 

Examples of S. paradoxus migrating with human populations are rare (Johnson et al. 

2004; Goddard et al. 2010; Zhang et al. 2010), and it has been proposed that S. 

cerevisiae’s strain phylogeny may have resembled that of S. paradoxus had it experienced 

no human interaction (Redzepović et al. 2002; Koufopanou et al. 2006). This, however, 

relies on an assumption that the two species' distributions are influenced by the same 

limiting factors, a hypothesis that has yet to be confirmed. 

 

Mapping microbes in association with climate data could help to determine what drives 

their geographical distributions. To date, only prokaryotic microbes have been mapped in 

this way, considering species summarised by genera (Larsen et al. 2012; Fierer & Ladau 

2012). Modelling genera together assumes that all members of a microbial taxon will 

respond similarly to environmental stimuli. However, the determined phylogenetic 

differences between S. paradoxus and S. cerevisiae, as well as observed in vitro 

differences in these two species' responses to some environmental conditions (Sweeney 

et al. 2004; Liti et al. 2009; Salvadó et al. 2011), suggest that eukaryotic microbial species 

may warrant ecological study on an individual basis.  

 

In this study, I explore within-taxon differences in the spatial distributions of S. cerevisiae 

and S. paradoxus, the most commonly isolated members of the Saccharomyces sensu 

stricto in Europe, and use statistical models to infer their present and potential future 

distributions. I determine the environmental factors influencing local and global 

Saccharomyces distributions, and test whether apparent differences in the distributions 

of these closely related species can be statistically supported and explained.  
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Ancient DNA (aDNA), DNA recovered from ancient materials, could be used to provide a 

direct window into the genomes of past microbial strains but has yet to be applied to this 

end. These past sequences could theoretically refute past and future projections of 

species distribution models where the historical variance of influencing variables is 

known. Palaeomicrobiology, the study of ancient microbial DNA, is, however, a relatively 

young specialism, that has most frequently focused on human pathogens, such as 

Mycobacterium tuberculosis (Salo et al. 1994; Rollo & Marota 1999; Roberts & Brown 

2000), Plasmodium falciparum (Taylor et al. 1997; Nerlich et al. 2008), and Yersinia pestis 

(Haensch et al. 2010; Wagner et al. 2014). Fungal sequences regularly appear in ancient 

environmental metagenomics screens (Willerslev et al. 1999; Lydolph et al. 2005; 

Bellemain et al. 2013), but have so far only twice comprised the primary focus of ancient 

DNA (aDNA) studies (Cavalieri et al, 2003; Bellemain et al. 2013).  

 

Obtaining evidence of the Saccharomyces genus in ancient samples will depend not only 

on these yeasts being present in early materials and their DNA persisting over time; but 

also that they were present in sufficient cell numbers in the final products of past 

fermentations, or in ancient natural habitats, to enable their DNA to be detected in the 

present day. Using a broad range of ancient materials that may have feasibly contained 

yeast cells, I critique the potential for using aDNA to study past and future temporal shifts 

in these spatial distributions and discuss the future for fungal ancient DNA research. 
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2. Background 

 

2.1 Wild habitats of the Saccharomyces 

The natural habitats of the Saccharomyces genus are diverse, including tree barks and 

their associated soils (Naumov et al. 1998; Redzepović et al. 2002; Sniegowski et al. 2002; 

Sampaio & Gonçalves 2008), flowers and leafy foliage (Baker & Hurd 1968; Phaff et al. 

1978; Glushakova et al. 2007), ripe fruits and berries (Miller & Phaff 1962; Mortimer & 

Polsinelli 1999; Wang et al. 2012), the guts of insects and fish (Phaff et al. 1956; Stevic 

1962; Phaff & Starmer 1987;), agricultural soils (Naumov et al. 1992) and, more rarely, 

human commensal infections (Fay & Benavides, 2005; Liti et al. 2009). Saccharomyces 

cerevisiae has been described as a nomadic generalist, that, in the absence of other 

external selective pressures, is unusually equally capable of exploiting these different 

natural resources (Goddard & Greig 2015). Other member species of the Saccharomyces 

senso strictu, including Saccharomyces paradoxus, mikatae, kudriavzevii and arboriculus, 

appear to be restricted to varying subsets of these habitat types. This may result from 

differences observed in the metabolic, climatic and growth pH tolerances of each species 

(Sniegowski et al. 2002; Sampaio & Gonçalves 2008; Libkind et al. 2011; Naumov et al. 

2011), but this has yet to be definitively ascertained. 

 

Ripe fruits, such as grapes, figs, apple, orange, peach, pear, pineapple, persimmon and 

tomato can harbour S. cerevisiae (Miller & Phaff 1962; Polsinelli et al. 1996; Mortimer & 

Polsinelli 1999; Wang et al. 2012), and occasionally S. paradoxus (Redzepović et al. 2002; 

Hyma & Fay 2013; Charron et al. 2014). Fruits are a habitat in which S. cerevisiae is only 

concentrated following damage (Vaughan-Martini & Martini 1995; Mortimer & Polsinelli 

1999; Wang et al. 2012; Taylor et al. 2014); and in which S. paradoxus has rarely been 

recorded. Fruit habitats of the Saccharomyces are therefore considered to be seasonal 

habitats only (Phaff et al. 1978; Redzepović et al. 2002; Comitini & Ciani 2006; Cordero-

Bueso et al. 2011), and are unlikely to sustain continuous populations of Saccharomyces 

yeasts.  
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Multiple Saccharomyces species, including S. paradoxus, S. cerevisiae, S. kudriavzevii and 

S. uvarum, can be isolated from Quercus (oak) bark in Europe, East Asia and North 

America (Naumov et al. 1998; Sniegowski et al. 2002; Johnson et al. 2004; Sampaio & 

Gonçalves 2008; Lopes et al. 2010, Wang et al. 2012; Charron et al. 2014), prompting the 

hypothesis that oak trees hosted the last common ancestor of this genus (Naumov et al. 

1998; Sniegowski et al. 2002; Wang et al. 2012). This suggestion, however, reflects a 

sampling bias toward oak barks rather than any exclusive relationship between the 

Saccharomyces and Quercus genera (Wang et al. 2012; Kowallik et al. 2015), as multiple 

tree genera including Fagus (beech), Lithocarpus (stone oak), Acer (maple), Tilia (lime), 

Betula (birch), Ulmus (elm), Alnus (alder), Castanea (chestnut), Coco (coconut), Elaeis (oil 

palm) and Borassus (Palmyrah palm) act as Saccharomyces habitats in the Northern 

Hemisphere ( Wellala et al. 2004; Sampaio & Gonçalves 2008; Wang et al. 2012; Engel & 

Cherry 2013; Kowallik et al. 2015).  

 

Tree habitats of the Saccharomyces genus have been less intensively investigated in the 

southern Hemisphere, but are known to include Nothofagus (southern beech) bark 

(Veblen et al. 1996; Libkind et al. 2011); Coffea (coffee) beans, the fruits of Musa 

(banana) and Theobroma cacao (coca), and the seeds of Araucaria araucana (monkey 

puzzle) (Cromie et al. 2013; Jung et al. 2015). S. cerevisiae is readily isolated from 

fermented coca fruit in Africa despite the recent introduction of cacao to Africa 

(Jespersen et al. 2005; Papalexandratou & De Vuyst 2011; de Melo Pereira et al. 2013), 

and cacao strains here form a distinct phylogenetic clade (Cromie et al. 2013). Palm 

yeasts have yet to be isolated in the Southern Hemisphere, but this association should be 

considered likely, given an association observed between yeasts and Palmyrah palms in 

Sri Lanka (Wellala et al. 2004). 
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2.2 Spatial distributions of Saccharomyces populations 

The “everything is everywhere” hypothesis once forwarded by Baas Becking states that 

microbes are by their nature ubiquitous, with an uninterrupted global range in the 

absence of environmental selection (O’Malley 2007). Some microbes, defined purely by 

morphology, have been referenced in support of a model which contentiously interprets 

this statement to presume few environmental limitations to microbial species ranges 

(Lachance 2004; Fenchel & Finlay 2006; de Wit & Bouvier 2006). However, many 

genetically defined microbial species are observed to have disconnected geographical 

populations, and fail to colonise their full potential habitats as defined by resource 

availability (Fierer et al. 2007; Bass & Boenick 2011). Fungal examples of microbes with 

non-cosmopolitan populations include the Cryptococci and Trichospora (Mestre et al. 

2014; Yurkov et al. 2015) whose distributions are influenced by nutrient availability and 

precipitation; and the Neurospora genus, whose individual species ranges are 

geographically distinct yet overlapping, depending on their temperature and moisture 

tolerances (Turner et al. 2001; Taylor et al. 2006).   

 

Despite regular isolations of both of the closely related yeasts S. paradoxus and S. 

cerevisiae from oak bark, neither species is ubiquitous in these habitats (Table 1; Charron 

et al. 2014; Kowallik et al. 2015). In the U.K., no isolations of S. cerevisiae have been 

confirmed from oak bark, despite extensive sampling and regular isolations of S. 

paradoxus (Johnson et al. 2004; Koufopanou et al. 2006; Table 1). In contrast, in regions 

of Portugal, and at some North American sites, S. cerevisiae is the most frequently 

recovered Saccharomyces species from oak bark, and can be recovered from up to 18% of 

all oak bark samples (Sniegowski et al. 2002; Sampaio & Gonçalves 2008; Hyma & Fay 

2013; Table 1). Despite the success of enrichment methods, which might imply 

Saccharomyces yeasts are abundant in tree barks and soils, they in fact constitute a 

relatively small component of the total soil microbiota. In German soils, S. paradoxus was 

not detected in 40,000 fungal 454 sequence reads from oak bark samples, despite these 

being selected from four trees from which S. paradoxus could be successfully enriched 

and cultured.  Here, S. paradoxus was estimated to be present in concentrations of only 

2-4 cells per cm2 of bark (Kowallik et al. 2015). 
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Sampling 
Location 

No. 
trees 

No. 
samples 

Total isolates 
S. paradoxus 
incidence (% 

positive 
samples) 

S. cerevisiae 
incidence (% 

positive 
samples) 

Source 
publication S. paradoxus S. cerevisiae 

U.K. 86 344 28 0 8.1 0 
Johnson et 

al. 2004 

U.K.
 

3 436
2 

55 0 12.6
2 

0 
Koufopanou 
et al. 2006

2 

Portugal 76 76
1 

5 14 6.6 18.4 
Sampaio & 
Gonçalves 

2008
1 

Canada 

NA 775
 

41 0 5.3 0 
Charron et 
al. 2014

1 

53 53
1 

5 1 9.4 1.9 
Sampaio & 
Gonçalves 

2008
1 

323 969 17 0 1.8 0 
Maganti et 

al. 2011 

PA, U.S.A 40 84 8 11 9.5 13.1 
Sniegowski 
et al. 2002 

China NA 747
1 

NA 123 NA 16.5 
Wang et al. 

2012
1 

New 
Zealand 

42 172 43 1 25.0 0.6 
Zhang et al. 

2010 

Germany 

18 18
1 

3 0 16.7 0 
Sampaio & 
Gonçalves 

2008
1
 

26 544 19 0 3.5 0 
Kowallik et 

al. 2015 

 

Table 1: Results of quantified studies of the Saccharomyces yeasts present in non-vineyard-associated tree 

barks. Most barks came from Quercus (oak) trees; but the data shown also includes 
1
other

 
deciduous tree 

families including but not limited to Fagus (beech), Castanea (chestnut) and Castanopsis (chinkapin); each 

employing surface capture methods, selective culture, and DNA sequence identification. 
2 

Includes 38 S. 

paradoxus isolates from 136 samples of resampled known positive trees. 
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The isolation frequencies of S. cerevisiae and S. paradoxus can differ between various 

global locations (Table 1), but can also vary over small geographic distances (Wang et al. 

2012; Charron et al. 2014). Factors including temperature (Gonçalves et al. 2011; Charron 

et al. 2014; Leducq et al. 2014), competition (Sampaio & Gonçalves 2008; Gonçalves et al. 

2011; Kowallik et al. 2015), season (Charron et al. 2014) and the hexose composition of 

various oak species (Sampaio & Gonçalves 2008) have all previously been forwarded as 

influential to Saccharomyces species distributions. 

 

One of the most notable difference between S. cerevisiae-abundant sites and those 

where S. cerevisiae is scarce is their climate. Saccharomyces cerevisiae strains cultured in 

laboratory environments, including wild strains, generally demonstrate higher maximum 

optimal growth temperatures than S. paradoxus (Vaughan-Martini & Martini 1995; 

Sweeney et al. 2004; Liti et al. 2009; Salvadó et al. 2011; Gonçalves et al. 2011), with S. 

cerevisiae strains demonstrating growth optima an average of 7˚C higher than those of S. 

paradoxus strains (Sweeney et al. 2004). In Canada, a scarcity of both S. cerevisiae and S. 

paradoxus on tree bark is suggested to result from the cool Subarctic climate (Maganti et 

al. 2011; Charron et al. 2014; Leducq et al. 2014). Despite this, wild strains of both S. 

cerevisiae and S. paradoxus can be highly freeze tolerant in vitro  (Doniger et al. 2008; Will 

et al. 2010), and can thrive in Pennsylvania, which can reach low temperatures of  -35˚C 

during some winters (Gelber 2002). Maximum annual site temperatures may therefore be 

more important in determining where Saccharomyces populations can thrive than annual 

site temperature minima.  
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2.3. Chemical evidence for early environmental fermentations 

The consumption of alcohols is common to several primate species that habitually 

consume found fruit and sap alcohols (Dudley 2004, 2014). This behaviour in humans may 

therefore be an ancient behaviour, and could even predate our divergence from other 

hominids. Any deliberate and continued culture of yeast starters for wine, beer or 

breadmaking, however, is not likely to have been instituted until after the Neolithic 

revolution, given that this probably required long term settlement, and a commitment to 

cereal or fruit cultivation.  

 

The first written evidence of wine-making in Europe comes from early classical records 

(Columella 37; Peacock & Williams 1986; Samuel 1999; Legras et al. 2007; Purcell 2012). 

Natural fermentations were also harnessed by ancient cultures in South America (Aguilar-

Moreno 2009) and Sub-saharan Africa (Kilson 1969; Mbiti 1990). However, with the 

exception of a few ancient African cultures that had pottery making traditions 

(Anquandah 1988, 2003; Berns 1993; Chami & Kwekason 2003), few of these cultures 

produced durable vessels or written records, and our understanding of early 

fermentation is therefore limited beyond examples from the Far East and classical 

Eurasia.  

 

Organic residue analysis, the chemical analysis of organic compounds in ancient residues 

via mass spectrometry, is the most commonly used approach for confirming the contents 

of archaeological pottery (Evershed 2008; McGovern & Hall 2015).  Data from test 

samples are compared with the signatures of likely organic compounds via various mass 

spectrometry methods, most typically High-performance liquid chromatography–mass 

spectrometry (HPLC-MS), to determine matches. Some of these organic compounds, 

particularly plant sterols, can be diagnostic of individual families or genera (McGovern et 

al. 1996). For example, ancient pottery vessels have regularly been distinguished as wine 

vessels via organic residue analysis based on the presence of tartaric acid, a compound 

formerly asserted to be concentrated only on the surfaces of grapes (McGovern et al. 

1996), and therefore used as a marker for ancient wine.  
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The oldest vessels that have been found to contain tartaric acid include an Iranian 

Neolithic jar (accession no. 10/115;  McGovern et al. 1996). Residues from this item also 

showed HPLC-MS signatures consistent with Pistacia atlantica (mastic), used in antiquity 

to prevent wine spoilage (Columella 37 AD). The mass spectrometry data recovered from 

this vessel was consistent with the profile of a sample from an inscribed 14th century BC 

Ancient Egyptian wine jar (McGovern et al. 1996), that contextually supported both 

vessels once having contained wine. Independently, a second Neolithic jar gave HPLC, 

Feigl and Fourier-transform Infrared spectroscopy (FT-IR) profiles consistent with C3 plants 

(those using the C3 photosynthesis cycle, inc. rice), honey and tartaric acid (McGovern et 

al. 2004). This was finally followed by similar recoveries of tartaric acid and plant sterols 

from jars in a Canaanite winemaking complex in Tel Kabri, Israel (Koh et al. 2014), where 

contextual support for wine being present was provided by papyri discovered within the 

same palace complex (Skeat 1974).  

 

Tartaric acid, however, can be found in other contexts (Peters et al. 2005); such as on the 

berries of plants in the Craetaegus genus (Hawthorn), berries of Euphorbia longyan 

(Longyan) and cherries of Cornus officialis (Cornelian cherry) in China, and a potentially 

wide range of fruiting plants worldwide  (McGovern et al. 2004). Such ambiguity is an 

important limitation of organic residue analysis, and contextual information is commonly 

enlisted in conjunction with mass spectrometry profiles to infer the contents of such 

residues. In the wine cellar assemblage at Tel Kabri, for example,  locally available  plants 

were considered in addition to grapes as candidates for each mass spectrometry 

signature (Koh et al. 2014).  

 

The need for contextual provenance limits the applications of organic residue analysis for 

pottery that lacks this data,  including the majority of pottery stored in museum 

collections today. Furthermore, prior organic residue assays of ceramics have typically 

been destructive, and were therefore not suited to precious or rare ceramics that were 

more valuable as visual pieces than as research items. Ancient DNA sequences, if they can 

be recovered via non-destructive means, could therefore provide a useful alternative or 

complementary method to organic residue analysis, for providing specific plant and 

microbial identifications from pottery residues.  



23 
 

2.4 Fungal ancient DNA sequences 

 

Although organic residue mass spectrometry signatures from ancient pottery jars imply in 

many plausible examples that alcohol was used by ancient cultures, they do not infer 

whether these ancient fermentations were led by S. cerevisiae. S. cerevisiae is not the 

only yeast capable of fermenting fruits and grains (Castelli 1954, 1955; Fleet et al. 1984; 

Fleet & Heard 1993), and S. cerevisiae, S. paradoxus and S. bayanus are all able to 

complete fruit fermentation (Pretorius, 2000; Redzepović et al. 2002). For example, S. 

pastorianus, a Saccharomyces cerevisiae/eubayanus hybrid (Libkind et al. 2011), 

completes cold temperature (6-12˚C) fermentations of lager. A wider range of yeasts also 

contribute to the early stages of a fermentation (Castelli 1954; Castelli 1955; Fleet et al. 

1984; Fleet & Heard 1993; Pretorius 2000; Redzepović et al. 2002). Validation is still 

therefore required that S. cerevisiae was responsible for the fermentation of specific 

ancient foods and alcohols.  

 

Ancient DNA sequences could give direct evidence of past Saccharomyces populations, 

that could support or refute past and future projections based on current climate based 

species distribution models. However, palaeomicrobiology, the study of ancient microbial 

DNA,  is a relatively young specialism, which has most frequently focused on human 

pathogens e.g. Mycobacterium tuberculosis (Salo et al. 1994; Rollo & Marota 1999; 

Roberts & Brown 2000), Plasmodium falciparum (Taylor et al. 1997; Nerlich et al. 2008), 

and Yersinia pestis (Haensch et al. 2010; Wagner et al. 2014). Although fungal sequences 

regularly appear in ancient environmental metagenomics screens (Willerslev et al. 1999; 

Lydolph et al. 2005; Bellemain et al. 2013), they have so far only twice comprised the 

primary focus of an ancient DNA (aDNA) study ( Rollo et al. 1995, Bellemain et al. 2013; 

Table 2). Obtaining evidence of the Saccharomyces genus in ancient samples will rely on 

yeasts not only being present in these early fermentations, and their DNA persisting over 

time; but also that they were present in sufficient cell numbers in the final products of 

fermentation to enable their DNA to be detected in the present day. 
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Age of 
sample 

Sample 
nature 

Max. 
amplicon 

length 
(bp) 

Identification 
given 

Identification 
methods 

Methodological 
Precautions 

against modern 
DNA 

contamination
1 

Study 

3362-
3136 

Ice 
preserved 

grasses 
540 

Eurotiales 
Clavicipitaceae 
Basidiomycetes 

EMBL/NCBI 
Genbank 

PCR ITS1-5.8S-
ITS2 

PCR SSU rRNA 
PCR rbcL 

UV hood, 
Amplicon 

cloning 

Rollo et al. 
1995 

2000-
4000 

Ice cores 340 

Euascomycetes 
Hemiascomycetes 
Urediniomycetes 
Hymenomycetes 

NCBI Genbank 
PCR 18S rRNA 

Dedicated 
facilities, 

Pre and post 
PCR separation, 

Amplicon 
cloning 

Willerslev 
et al. 1999 

5165 
Wine jar  
Residue 

840 S. cerevisiae 

NCBI Genbank 
PCR ITS1-5.8S-

ITS2 
 

Dedicated 
facilities, 

Independent 
results 

replication 

Cavalieri et 
al. 2003 

16000-
32000 

Permafrost 
cores 

200
2 

22 order level 

UNITE/NCBI 
Genbank 

454 
pyrosequencing 

ITS1 

Dedicated 
facilities 

Bellemain 
et al. 2013 

10000 510 
2 class level 
6 order level 

PCR 18S rRNA 

Dedicated 
facilities, 

Independent 
results  

replication, 
Amplicon 

cloning 

Lydolph et 
al. 2005 

20000 510 
7 class level 
5 order level 

300000-
400000 

510 
5 class level 
4 order level 

15-30 
million 

Amber 

230 
Saccharomyces 

spp. 
PCR 8 regions Not Applicable 

Veiga-
Crespo et 
al. 2004 

40-50 
million 

230 
Saccharomyces 

spp. 

 

Table 2: Summary of previously presented fungal aDNA sequences. 
 1

Excludes details of sampling 

procedures, protective clothing, equipment cleaning, sanitation and handling, all of which are also of 

paramount importance to sample integrity. These are detailed in full within each source publication. 

2
Highest mean amplicon length of two datasets. 
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The Ascomycota aDNA sequences published to date are most commonly from targeted 

sections of the multicopy fungal rDNA, such as those been isolated from the cloak of the 

ice-preserved body ‘Ötzi’, circa 3310-3300B.C. (Rollo et al. 1995); or those cloned from 

2000 year old ice cores (Willerslev et al. 1999; Table 2). Fungal sequences up to 540 bp in 

length were recovered from these ancient soil and vegetation samples via generic 

Polymerase Chain Reaction (PCR) amplification of the 18S-5.8S-25S rDNA; and specifically 

the hypervariable internal transcibed spacer regions ITS-1 and ITS-2  (Table 2); which are 

present in roughly 150 copies per cell (Kobayashi et al. 1998).  

 

Fungal DNA sequences up to 510 bp in length have been presented from Beringian 

permafrost cores 300,000-400,000 years old (Lydolph et al. 2005) and Siberian cores 10-

40,000 years old, in which Ascomycota were the most common Operational Taxonomic 

Unit (OTU; Bellemain et al. 2013). Geologically ancient DNA (>50,000 years old) has been 

rejected as improbable in the past  (Austin et al. 1997; Hebsgaard et al. 2005), but is 

slowly being reassessed in light of more recent permafrost studies (Meyer et al. 2012; 

Orlando et al. 2013), permafrost conditions being optimal for DNA preservation (Smith et 

al. 2003). A linear relationship has been demonstrated in vitro between DNA base loss 

over time and the temperature of the sample material (Lindahl and Nyberg, 1972).  

 

The proposed reanimation of ancient fungi from permafrost cores analysed prior to the 

1990s is unlikely to be credible (Ma et al. 1999; Raghukumar et al. 2004); as modern DNA 

is known to readily contaminate ancient samples in laboratories failing to implement 

precautionary measures, or lacking adequate facilities for modern DNA exclusion (Pääbo 

1989; Pääbo & Wilson 1991; DeSalle et al. 1993; Hedges & Schweitzer 1995; Austin et al. 

1997). This high frequency modern DNA can act as a template and swamp an aPCR (aDNA 

PCR) (Willerslev & Cooper 2005; Shapiro & Hofreiter 2012). It is also very easy to 

contaminate human and plant remains through excavation and subsequent handling, and 

through contact with topsoil and other environmental surfaces, particularly in 

laboratories where modern examples of the species of interest have previously been 

analysed.  Caution should therefore be applied to the interpretation of all studies not 

considering these issues. 
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Assessing the validity of prior studies which refer to ancient fungal DNA sequences is 

complicated by the wide spectrum of precautions which authors have taken to limit 

modern DNA exposure (Table 2). Following the loss of confidence in multiple early ancient 

DNA studies in the 1980-1990s that underestimated the contamination risks in handling 

ancient samples (Pääbo 1989; Pääbo & Wilson 1991; Austin et al. 1997); aDNA study 

authors have increasingly attempted to follow widely accepted sets of guidelines for 

stringency of practise (Kolman & Tuross 2000; Cooper & Poinar 2000; Hofreiter et al. 

2001; Yang & Watt 2005). These established general guidelines for good aDNA practise 

include common themes that can be summarised as: 

 

 Evading exogenous (modern environmental) DNA contamination of samples, DNA 

extracts and ancient DNA PCR products 

 Stringent validation of likely ancient DNA sequences 

 Monitoring and quantification of any endogenous (sample to sample) 

contamination 

 
Avoiding modern DNA contamination 

 

It is important to attempt to limit modern DNA contamination from the point of sample 

collection all the way through a workflow. In the laboratory, this typically includes the use 

of protective clothing to cover all of the skin and clothing of researchers, and the 

completion of work in dedicated aDNA facilities which are not also used for modern DNA 

analysis, or to house any modern organic samples. DNA denaturation is controlled on 

surfaces and equipment in such workspaces via a range of disinfectants and DNA 

degrading enzymes, ideally in combination with UV irradiation. Modern DNA positive 

controls are also absent from aPCRs to further reduce this contamination risk.  

 

Independent replication of each result in a separate laboratory is encouraged to identify 

laboratory-specific contamination, although this is becoming a less common practise in 

light on Next Generation Sequencing, which provides sufficient numbers of sequences 

that such threats can be objectively and statistically analysed from single data sets.. 
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Validating ancient DNA sequences 

 

Ancient DNA can be sparse in DNA extracts, and as it is possible for PCR to proceed from a 

single molecule, it is possible for DNA damage to lead to misincorporations which carry 

through to some PCR products. It is therefore important that rather than analysing a 

single direct sequence of each PCR product obtained, that either multiple cloned 

sequences are analysed, or that Next Generation sequencing is used to generate many 

thousands of sequences, which give a more accurate representation of all sequences 

represented within a PCR product. 

 

Paabo (1989) demonstrated in an early ancient DNA study that there is a rapid rate of 

degradation in the DNA molecules of mammalian soft tissues. Specifically, DNA molecules 

were shown to have fragmented to 500 base pair lengths in bone after only four years of 

an animal's decomposition. In samples up to 13,000 years old, DNA length was observed 

to be reduced to as few as 40 base pairs. Low molecular weight is now accepted as an 

important indication of aDNA authenticity in all types of ancient sample. Similarly, a DNA 

extract which appears to contain large amounts of DNA is likely to indicate some degree 

of environmental modern DNA contamination. 

 

Having obtained potential ancient sequences, researchers screen for 'appropriate 

molecular behaviour', assessing amino acid change and the degradation of biomolecules 

within a specimen. DNA damage from environmental factors is repaired by the Mismatch 

Repair System in living organisms (Li, 2008) in response to histone modification signals or 

the accumulation of proteins such as MutS (David, 2013). These pathways are non 

functional in dead cells, so damage instead accumulates, primarily in the form of base 

changes and abasic sites (Lindahl, 1993). Understanding the patterns with which such 

damage occurs post mortem enables researchers to predict whether changes observed in 

ancient sequences are likely to reflect true genetic variation or sequencing errors caused 

by DNA damage (Dabney, Meyer and Paabo, 2013). For example, specific bases are 

known to degrade at different rates, and in ways which cause specific misreading of a 

DNA sequence by DNA polymerase, resulting in the misincorporation of a new base and 

therefore an apparent base substitution at that site. In particular, Cytosine degrades to 
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the base Uracil, which is misread by DNA polymerase during replication as Thymine, 

causing an Adenosine incorporation into the new DNA strand (Hofreiter et al, 2001b). This 

leads to apparent C to T and A to G transitions greatly outnumbering other base 

substitutions in ancient DNA sequences (reviewed in Dabney, Meyer & Paabo,. 2013).  

 

Additionally, DNA fragmentation typically occurs leaving single stranded breaks, the ends 

of which are left vulnerable to DNA damage. Shotgun sequencing has enabled direct 

study of the ends of molecules in recent years, that demonstrates that the purines 

Adenine and Guanine disproportionately accumulate here (Briggs et al. 2007; Orlando et 

al. 2011). This knowledge is particularly useful in analysing shotgun sequences, 

considering that in PCR based studies, the ends of DNA fragments are not amplified. 

 

There is no simple linear correlation between either DNA fragmentation or DNA 

degradation and age, because degradation in the form of base substitution or loss is also 

significantly influenced by environmental variables such as temperature, moisture, UV 

exposure and environment pH (Smith et al. 2003). Therefore, attempts have been made 

to model aDNA damage under a variety of temperature, pH, burial depth and water 

saturation conditions, culminating in the the JRA 1: PrediCtoR package. This is continually 

updated in light of new studies to optimise how algorithms approach a range of 

environmental conditions.  

 

Controlling endogenous contamination 

 
Endogenous (between-sample) contamination is the most difficult type of contamination to 

control, as ancient sequences found within samples will typically appear authentic to the 

sample in which they are found. The use of a high ratio of negative controls is therefore 

important, as are repeat extractions and repeat PCRs.to confirm that any given PCR 

product can be reliably and replicably obtained. A critical contextual analysis of all 

sequences found, which provides a biological explanation for their presence in each 

sample, is therefore an important element of authenticating ancient DNA sequences. 
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Ancient S. cerevisiae sequences have previously been presented, although in only two 

instances, each now requiring support from additional studies. The first of these 

sequences originates from an Iranian  ceramic jar from the tomb of King Scorpion I (tomb 

UJ-1; Cavalieri et al. 2003). This vessel (accession no. 10/115) is remarkable in its visible 

surviving contents, as three large 500mg samples of residue could be recovered for 

analysis (Cavalieri et al. 2003). PCR products  540 bp and 840 bp in length were produced 

from DNA extracts in dedicated ancient DNA facilities, and this amplification could be 

independently replicated in a second institution, although the same precautions were not 

taken with the DNA extractions. The 540 bp sequence obtained was more similar to 

another aDNA sequence than to any modern yeast strain (Rollo et al. 1995), which 

supported its authenticity as an ancient sequence. This query sequence and its closest 

match share 90% sequence similarity. The identitication of the 840bp product was 

proposed through the amplififcation of multiple nested PCR products within the 840 bp 

product, all of which were homologous to S. cerevisiae rDNA , although differing at four 

sites.  

 

In a later study, Veiga-Crespo et al. (2004) presented a further, surprisingly consistent 

proposed amplification of S. cerevisiae sequences, in this case from amber. This entailed 

the direct PCR product sequencing of nuclear and plastid genes, yet none of the typical 

safeguards  for contamination evasion were documented. These results are inconsistent 

both with the low concentrations of Saccharomyces yeasts observed in the deep 

sequencing of modern bark samples (Taylor et al. 2014; Kowallik et al. 2015), and with the 

demonstrated difficulty in isolating DNA from even the most historically recent of copal 

ambers (Austin et al. 1997; Penney et al. 2013). Modern contamination of these samples 

is therefore a strong possibility, and as some of the gene sequences were identified as S. 

cerevisiae using as little as 40% sequence similarity and no more than 74% similarity, it 

may be that no true S. cerevisiae sequences are included in the data. 

 

Caution should  be taken to infer conclusions from these data, given that only these two 

previously published putative Saccharomyces aDNA sequences are available. These 

sequences may represent at best instances of uncharacteristically good sample 

preservation that should not be assumed to be common to the majority of pottery 
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residue or amber samples, and at worst, could reflect modern DNA amplifications. 

Further broader tests are therefore required to judge how easy the future capture of 

Saccharomyces aDNA might be.   

 

2.5 The challenges of ancient Saccharomyces DNA analysis 

A subset of the guidelines considered intrinsic to aDNA practise are likely to prove 

particularly challenging for fungal aDNA studies. For example, the independent 

replication of results, and the replication of a result through multiple samples from the 

same subject, may be hampered by both a lack of consistency in decay rates between the 

different areas of an ancient organic sample, and the likely uneven distribution of 

individual species throughout ancient environmental samples, in which they will form 

part of a wider and potentially co-amplified microbiome (Rollo et al. 1994, 1995; Kowallik 

et al. 2015). Genetic model genera such as the Saccharomyces are also of particular 

contamination concern given the regular handling of their DNA and PCR products in many 

modern genetics laboratories and in sequencing facilities.  

 

Multicopy hypervariable targets, such as the rDNA Internal Transcribed Spacer Regions 1 

and 2 (ITS-1 and ITS-2) will be essential to distinguishing the ancient sequences of close 

relatives S. cerevisiae and S. paradoxus, which differ at seven sites across ITS-1 and at two 

sites across ITS-2 (based on a multiple alignment of 41 strains of S. cerevisiae and S. 

paradoxus). Producing Saccharomyces strain phylogenies from aDNA is, however, likely to 

remain unfeasible, given that the only identified hypervariable regions that successfully 

distinguish between the various phylogenetic clades are single copy centromeric regions  

(Bensasson 2011). These are poorly suited to aPCR due to their low copy number, islands 

of low GC content, tandem repeat sequences and the short ~150bp length of each 

centromere (Cleveland et al. 2003), all of which confound robust primer design. Despite 

these obstacles to studying strain phylogeny, it may still be possible to use ancient DNA to 

temporally and spatially position each of these yeast species, an important first step to 

understanding the development of past populations. 
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PCR followed by molecular cloning remains a typical workflow for ancient DNA studies 

(Cui et al. 2014; Mendisco et al. 2015). However, next generation sequencing has enabled 

rapid advances in modern DNA studies, and the limits for its potential for aDNA recovery 

may still be underestimated (Linderholm 2015). Where aDNA samples are anticipated to 

constitute primarily ancient material, as in bone, environmental shotgun sequencing can 

enable the recovery of genome wide sequence data (Miller et al. 2008; Rasmussen et al. 

2010), with particular applications for specimen samples of known genera, typically 

mammals, from which the DNA can be enriched or captured using libraries from extant 

relatives or type strains (Green et al. 2010; Meyer et al. 2012; Orlando et al. 2013; Prüfer 

et al. 2014). The Saccharomyces yeasts would prove strong candidates for enrichment 

and array capture, having fully available, well studied genomes. However, ancient DNA 

samples potentially contianing microbes are likely to contain multiple microbial species, 

and coverage of their genomes from the shotgun sequencing of environmental samples 

will be impacted as a result.  

 

In samples likely to show modern DNA contamination, including those from displayed or 

handled items, and those from materials excavated from soil, targeted amplicon 

sequencing is preferential to environmental sequencing due to the tendency for more 

recent or less damaged DNA sequences to considerably outnumber ancient sequences 

(Maricic et al. 2010; Linderholm 2015). For highly damaged samples or those that contain 

the DNA of unidentified species, DNA enrichment via PCR therefore remains the method 

of choice for recovering informative sequence reads (Krause et al. 2006; Brown & Brown 

2011; Dabney et al. 2013).  Enrichment methods all necessitate some form of probe 

hybridisation to the test DNA, and their success therefore relies on specific knowledge of 

the target DNA sequences. In this study, I unusually attempted to detect multiple species 

from ancient samples with limited indications of their expected identities. To do so I use a 

balance of PCRs generic to the Saccharomycetales and likely associated plant species, 

along with PCRs specific to S. paradoxus and S. cerevisiae. I then used both traditional 

molecular cloning and next generation amplicon 454 sequencing to assess the resulting 

amplicons as appropriate. 
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2.6. Detecting the Saccharomyces in ancient oak habitats 

The distributions of wild Saccharomyces yeasts, if they are influenced by their in vitro 

growth temperature constraints, could conceivably fluctuate with Earth's climatic cycles. 

During the Atlantic period, 7.5–5 kya, the warmest and moistest Holocene period, 

chronozone and pollen zone to date for northern Europe, European summer 

temperatures may have reached up to 2˚C higher than present values (Ciais et al. 1992; 

Davis et al. 2003; Mauri et al. 2015). If such a temperature change of ~2˚C is sufficient to 

affect yeast distributions in natural habitats, then the signatures of these population 

oscillations could still be evident in the oak and fruit-associated yeast aDNA remaining 

from this historical warm period.  

 

One established source of Atlantic period environmental samples is Great Fen in 

Cambridgeshire, which is home to two sub-fossilised forests (Fig. 1). These have been 

characterised through soil stratigraphy, pollen analysis and radiocarbon dating (Godwin & 

Clifford, 1938; Godwin & Willis, 1960; Godwin & Mittre 1975; Clover et al. 2013). The 

older of these forests dates from the end of the Atlantic climatic optimum, to roughly 

4190-3415B.C. (pollen zone VII; Godwin & Willis, 1960, Fig. 1), and is one of very few 

primary potential sources of information on ancient U.K. bark associated yeast 

populations dating from this time period. The second, upper forest layer (Godwin & 

Willis, 1960), can be dated as Neolithic from radiocarbon data (3400-2500 B.C.) (Godwin 

& Mittre 1975), and middle bronze-age axe heads found embedded in oak stumps (Norris 

Museum, St Ives).  

 

Many Bronze-Age trees have now been removed from Great Fen, leaving the majority of 

remaining oaks belonging to the earlier Atlantic group. Present land use in this region, 

and since the land's drainage in 1851, has been exclusively arable, and in the past 10 

years has included rotational cultivation of Beta vulgaris (sugar beet), Triticum aestivum 

(wheat), Linum usitatissimum (linseed/flax), Solanum tuberosum (potato), Brassica 

oleracea (cabbage) and Brassica napus (oilseed rape), all of which could indicate modern 

DNA contamination if noted in aDNA samples. 

 

https://en.wikipedia.org/wiki/6th_millennium_BC
https://en.wikipedia.org/wiki/4th_millennium_BC
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Figure 1:  Historical pollen stratigraphies of the two buried ancient woodlands of Great Fen; demonstrating 

the species present in each stratum, correlated with radiocarbon dating estimates (Godwin & Willis, 1961). 

Figure adapted from Godwin & Mittre (1975). Dates given ± 130 years, based on the specified radiocarbon 

dating error margins. 

 

Bog ‘oaks’ are not confined to Quercus species, and Betula spp. (birch), Ulmus minor 

(elm), Almus spp. (alder) and Tilea europaea (lime) are all reflected in pollen records 

made across Great Fen (Fig. 1; (Godwin & Willis 1961; Godwin & Mittre 1975). Pinus spp. 

(pines) and Taxus baccata (yew), although absent from Godwin and Mittre’s stratigraphy, 

are additionally recovered from Great Fen (Gordon Eastern, personal comm.), as 

documented at the proximal Wood Fen (Godwin & Willis 1961; Wheeler 1992). Mature 

oak trunks that remain whole can typically be distinguished from these other species due 

to their sheer size; reaching up to 4m in diameter, and frequently exceeding 4m in height; 

and also by means of their characteristically straight trunks (Sutton 1990; Fitter & More 

1999). 

 

Ancient DNA has previously been sequenced from oaks and oak timbers which were no 

more than 600 years old at the point of analysis (Dumolin et al, 1999; 2002; Speirs et al. 

2009). However, attempts to extract DNA from bog wood are typically unsuccessful, 

which may be due to the acidity of most bog environments (Deguilloux et al. 2002; Table 

3).  
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Sample 
material 

Age
1
 

(years) 

Max 
amplicon 

length (bp) 
Source 

DNA 
extraction 

method 

PCR 
target 

Primer 
source 

PCR 
method 

Oak plank 0 0 

Deguilloux 
et al. 2002 

Qiagen 
DNeasy 

plant 
minikit 

trn-D/ 
trn-T, 

cpDNA 

Demesure et al. 1995 

Oak logs 

1 1463 

2 566  

3 175 
 

11 187 

Waterlogged 
oak 

300 0 
Liepelt et 
al. 2006 

Qiagen 
plant DNA  

minikit 

trn-L, 
cpDNA 

Liepelt et al. 2006 
Waterlogged 

pine 
300 45 

Oak hull 
timber 

500 741 
Speirs et 
al, 2009 

Qiagen 
DNeasy 

plant 
minikit 

trn-D/ 
trn-T, 

cpDNA 

Deguilloux 
et al. 2003 

NA 

Oak log from 
dam 

600 350 
Dumolin-

lapegue et 
al, 1999 

Qiagen 
DNeasy 

plant 
minikit 

trn-D/ 
trn-T, 

cpDNA 
Demesure et al. 1995 

Waterlogged 
oak trunk 

800 0 

Liepelt et 
al. 2006 

 

trn-L, 
cpDNA 

  

Fir trunk 
from clay 

1000 26 
Qiagen 

plant DNA  
minikit 

NA 
Liepelt 
et al. 
2006 

Waterlogged 
fir trunk 

1300 0    

Oak trunk 
from bog 

3000 0 
Deguilloux 
et al. 2002 

Qiagen 
DNeasy 

plant 
minikit 

trn-D/ 
trn-T, 

cpDNA 
Demesure et al. 1995 

Cedar trunk 
from dam 

3600 500 
Tani et al. 

2003 

Qiagen 
DNeasy 

plant 
minikit 

GapC, 
nDNA 

Iwata et al. 
2001 

Tani et 
al. 2003 

Magnolia 
leaf fossil 

17-
20m 

1320 

Golenberg 
et al. 1990; 
Soltis et al. 
1992; Kim 
et al. 2004 

Rogers & 
Bendich 

1985 

rbcL, 
cpDNA 

NA 
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Table 3: Summary of PCR products published from ancient woods and timbers in prior aDNA studies, and the 

methods used for their recovery. 
1
Age of sample at point of analysis. 

 

 

The DNA recovered from wood, and particularly ancient wood, is typically amplifiable 

only in short lengths, which can be insufficient for a confident identification of species 

(Liepelt et al, 2006).  Despite this, longer sequences including 500 bp sequences from 

3600 year old Cryptomeria (Japanese cedar) heartwood blocks (Tani et al. 2003), and 

1320 bp sequences from a 17 million year old Magnolia (Golenberg et al. 1990; Soltis et 

al.1992; Kim et al. 2004) have been published. These proposed ancient sequences were 

extracted and amplified without any of the standard accepted precautions against 

contamination such as dedicated aDNA facilities or critical sequence authentication 

(Cooper & Poinar 2000; Pääbo et al. 2004; Section 2.5). These results should, therefore, 

be considered as vulnerable to both endogenous and exogenous contamination (Sidow et 

al. 1991; Mulligan 2005). 

  



36 
 

2.7 Ancient bread as a potential source of yeast aDNA 

The best recognised natural sources of the Saccharomyces are fruits, tree barks and soils 

(Fay & Benavides 2005; Liti et al. 2009; Cromie et al. 2013; Goddard & Greig 2015), yet 

the Saccharomyces are not a predominant microbial species in these habitats (Mortimer 

& Polsinelli 1999; Prakitchaiwattana et al. 2004; Comitini & Ciani 2006; Goddard & Greig 

2015; Kowallik et al. 2015). Identifying them here requires selective culture, although 

recovery rates using these methods are still low (Sniegowski et al. 2002; Johnson et al. 

2004; Wang et al. 2012) . Deep sequencing of oak bark DNA extracts has also failed to 

return Saccharomyces sequences from oak bark infusions taken from a site known to host 

the species (Kowallik et al. 2015).  

 

In contrast, S. cerevisiae DNA is readily recovered via direct extraction methods from 

spontaneous wine and beer fermentations (Fleet et al. 1984; Greppi et al. 2013; Tapsoba 

et al. 2015), and from fresh sourdough breads (Meroth et al. 2003; Vrancken et al. 2010; 

Minervini et al. 2012; Venturi et al. 2013), implying these samples contain higher starting 

concentrations of Saccharomyces yeasts. Ancient bread remains and alcohol residues 

could therefore be a more likely reservoir of ancient Saccharomyces sequences than any 

preserved environmental samples.  

 

Although ancient breads can maintain their physical structure, it is unclear if this extends 

to the survival of biological molecules. The potential for DNA sequence recovery from 

ancient loaves may therefore be doubtful, given that the DNA remaining in freshly baked 

bread averages only ~250 bp in length (Tilley 2004). Although faint PCR products up to 

900 bp in length have been visualised from modern samples (Table 4), these are unlikely 

to be comparable to ancient loaves, as modern bread is relatively lightly baked to cater to 

modern consumer tastes, and is artificially inoculated with industrial yeast.  
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As of 2015, an online search revealed fewer than 300 publically listed examples of ancient 

breads (Table 5). Due to the scarcity of these ancient items, their destructive analysis can 

only be justified if modern examples can be demonstrated to effectively retain cereal or 

yeast DNA under similar simulated pre-excavation conditions. Alternatively, it would be 

desirable to develop non-destructive methods of DNA recovery from bread which raise 

the potential for aDNA recovery by permitting the sampling of multiple loaves. 

 

The most numerous finds to date are Pompeian loaves (Mayeske 1979), Ancient Egyptian 

tomb loaves, or, more rarely, staple dietary loaves (Leek 1972, 1973; Samuel 1989, 1999; 

Fields 2007); and Viking funerary breads recovered from lakebeds in association with pyre 

burials (Hjelmqvist 1984, 1990; Hansson 1996). These are joined by a handful of Saxon 

and Neolithic bread finds, which having rarely been intentionally preserved, are less 

frequently discovered (Murphy 1990; McLaren & Evans 2002, Table 5).   

 

  

Study 
Bread flour 

source 
Amplicon 

target 

Maximum cpDNA lengths amplified (bp) 

130 200 230 280 390 900 

Tilley, 2004 

Wheat 

Wheat, 
various 

+ + + + + +
1 

S. cerevisiae 
gene PH0-5 

+ +  

Pasqualone et al. 2007 Wheat, 
various 

+ + + + +  

Fernandes et al. 2013 Maize Maize, 
various 

+ + +  

 

Table 4: Details of the maximum lengths of cpDNA sequences amplified via PCR in prior studies of fresh 

samples of commercial breads. 
1
Faint PCR band only. 
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Origin1 Est. 
date 

Descriptio
n 

Quantit
y 

Museum Accession No.s Form 
Studies 

Saxon 
0-400 

AD 
Carbonise
d loaves 

7 
Private 

collection 
2388 

Murphy 
1990; 

McLaren & 
Evans 2002 

Egyptia
n 

1550-
1100 

BC 

Flat bun 1 The 
Manchester 

Museum 

NA 
Samuel 

1989 
Biscuit 1 M/C 6604 

Fragments 2 NA 

2200 
BC 

Disc form 1 

The 
Ashmolean 
Museum, 

Oxford 

1921.1395 

Leek 1972, 
1973; 

Samuel 
1999 

1440 
BC 

Mummifie
d disc loaf 

22 
Museo 

Egizio, Turin 
Multiple 

Schiaparelli 
1928; Leek 
1972, 1973 

1000-
1500 

BC 
Disc loaves 3 National 

Museum of 
Scotland 

1971.111 
1971.112 

A.1909.527.26 A 
None known 

1565 
BC 

Emmer 
loaf 

1 1NA 
Leek 1972, 

1973 

1000-
1500 

BC 

Various 
forms 

27 
The British 
Museum 

Multiple 
Samuel 

1994 

NA Disc loaf 1 
Le Musée de 
Louvre, Paris 

1E.14673 Fields 2007 

Roman 79 AD 
Carbonise
d leavened 

loaves 

81 

Museo 
Archeologico 

Nazionale 
di Napoli 

NA 
Mayeske, 

1979 

1 
The British 
Museum 

1772.0311.92-
93 

None known 
1 

Antiquareum 
de 

Boscoreale 
NA 

Viking 

1500 
BC 

Charred 
fragments/ 

buns 
10 

National 
Museum of 

Scotland 
NA 

700-
900 AD 

Charred 
loaves 

64 

Museum of 
National 

Antiquities, 
Stockholm 

Multiple 

Hjelmqvist 
1984, 1990 

Hansson 
1996 

Neolithi
c 
 

3180-
3120 

BC 

Pastries 
and breads 

>15 
Private 

collection 
NA 

Währen 
2002 3530-

3560 
BC 

Leavened 
loaf 

1 
Service 

Archéologiqu
e de Berne 

NA 

3620-
3350 

BC 

Small 
fragments 

2 
Oxford 

Archaeologic
al Unit 

NA 

Council for 
British 

Archaeology 
1999 
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The charred loaves recovered from Pompeii dating to 79AD were burnt and therefore 

preserved by ash during the most recent volcanic eruption of Mount Vesuvius (Mayeske 

1979); whilst the majority of Viking bread finds appear to have been burnt in association 

with pyre assemblages as funerary offerings (Hjelmqvist 1984, 1990; Hansson 1996). As 

both sets of bread were leavened and charred, the external physical condition of these 

loaves is similar. However, their original heat exposure, and therefore the DNA 

degradation within their interiors, is likely to vary. For example, the temperatures of 

pyroclastic density currents entering Pompeii during the 79A.D. Vesuvius eruption have 

been estimated at 100-320˚C (Zanella et al. 2007), whilst Viking funerary pyre fires may 

have reached 1400˚C at their cores (Price 2015).  

 

Most Egyptian funerary breads take flat, and therefore presumably unleavened forms 

(Samuel 1996), and often appear to be low quality, being largely symbolic rather than 

intended for consumption (Samuel 1996). Whilst cells with axial buds characteristic of S. 

cerevisiae (Herskowitz 1988) have been visualised in Ancient Egyptian beer residues 

(Grüss 1928; Samuel 1996); fewer than one in twenty ancient Egyptian funerary loaves 

showed yeast-like cells using the same visualisation methods (Samuel, 1996). Despite this, 

some Egyptian breads from non-funerary contexts are noted that appear to contain air 

pockets (Samuel 1996), or have raised or moulded shapes that suggest that they may 

have been leavened (Samuel 1994; Table 5).  

 

The loaves recovered from ancient Egyptian tombs were once believed to have been 

desiccated rapidly due to a low humidity in tomb environments (Samuel 1996). This is 

considered pivotal to some aDNA studies, as the proposed rapid air-drying of tomb 

contents is argued to enable unprecedented aDNA survival in tombs (Lindahl & Nyberg 

Table 5: Examples of ancient bread remains housed in Europe that are mentioned in prior publications or 

listed publicly by museum. 
1
The present locations of these bread items and their museum accession numbers 

are given as listed in source publications as of May 2015. Other breads have been verified via the respective 

institution websites as present as of May 2015. 
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1972; Poinar et al. 1996; Cavalieri et al. 2003). Environmental monitoring in Queen 

Nefertari's tomb, Thebes over a full year demonstrates that although humidity levels can 

be more stable within opened tombs, they tend to exceed those of the dry outside 

environment, and in the case of this single studied tomb, averaged a moderate 50% 

saturation (Maekawa 1993). Furthermore, experimental assessments also have yet to 

show that there is any legitimate influence of rapid air-drying on the DNA degradation 

rate of plant material (Särkinen et al. 2012).  

 

Warm conditions accelerate DNA hydrolysis and oxidation (Bruskov 2002), which has a 

profound effect on the likelihood of ancient sequence recovery (Smith et al. 2003). 

Although the interiors of opened tombs can have stable temperatures up to 10˚C cooler 

than the annual average of their external environments, these temperatures can still 

exceed 30 ˚C (Maekawa 1993), and therefore are suboptimal for DNA storage. The 

collected recent studies considering Egyptian materials suggest there may be little 

likelihood of DNA survival in North African tomb excavated materials in excess of the first 

2000 years post-burial (Marota et al. 2002; Gilbert et al. 2005; Smith et al. 2003; Khairat 

et al. 2013). 

 

Some ancient breads may have been inoculated with maintained beer or wine starters, 

either intentionally, or during side by side baking and brewing as depicted in Ancient 

Egyptian wall friezes. In Egypt, however, there is more evidence for the reverse, with 

purpose baked activated bread dough known to have provided an inoculum for the 

'bouza' beer described in 3rd century A.D. documents by Pseudo-Zosimus Panoplitanus 

(Ishida 2002; Unger 2004). With the details of these culture transfers understandably still 

unknown, the species, concentration and of these inoculating yeast cultures in both 

ancient beers and in ancient breads should be anticipated to have been highly variable. 

 

To assess the level of DNA degradation specifically in air dried and charred breads, which 

were the most likely breads to have been made available for sampling as part of this 

study, I simulated the effects of air drying and heat damage on modern breads, making 

traditional starter culture loaves from a traditional Egyptian bread starter, and monitoring 
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them through storage under dry, warm conditions. The effect of exterior burning of the 

loaves was also replicated and objectively assessed.  
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2.8 Amphora residues as a source of yeast aDNA 

Wines are not exclusively fermented by S. cerevisiae (Castelli 1954; Castelli 1955; Fleet et 

al. 1984; Fleet & Heard 1993; Pretorius 2000; Redzepović et al. 2002), but it is S. 

cerevisiae that most commonly drives wine fermentation to completion (Vaughan-Martini 

and Martini, 1995; Pretorius 2000; Jolly, Augustyn and Pretorius, 2003). Therefore vessels 

that originally contained wine may also have contained Saccharomyces yeast cells. There 

are many thousands of examples of Classical wine amphoras in European museum 

collections, with up to 100,000 having been recovered from single excavation sites 

(Tchernia 1983; Potter 2009). This theoretically makes amphoras a more available 

resource of yeast aDNA than both ancient breads and ancient natural materials.  

 

Wines and oils have long been considered the most common cargoes of Greco-Roman 

amphoras (Peacock & Williams 1986; Purcell 2012), as suggested by inscriptions  (Grace 

1956; Lang 1976; Funari 1996; Lawall 2000); contemporary records (Columella 37 A.D.; 

Pliny 79 A.D.); and gas chromatography/HPLC-MS of organic residues (Passi et al. 1981; 

Condamin et al. 1976). Wine is also indicated in Egyptian amphora inscriptions (reviewed 

in Murray, 2000b), and this can be supported by mass spectrometry data, when Vitis 

vinifera (grape)-specific pigment malvidin-3-glucoside is used as a marker (Guasch-Jané et 

al. 2006, 2015). Many other unlabelled and hitherto unstudied amphoras could therefore 

also have contained wines. 

 

DNA can be recovered from modern wines throughout the manufacturing process; yet 

the total amount of DNA recovered from their centrifuged solid phases decreases 

following clarification and filtration (García-Beneytez et al. 2002). In a study of one year 

old barrel-aged wines, three independent qPCR methods estimated yeast cell 

concentrations of 1.08 × 101  
-- 1.37 × 102 cells/ml. However,  qPCR was only possible with 

the equivalent volume of two year old wine DNA extracts if they were concentrated 50-

fold  prior to amplification (Andorrà et al. 2010). The binding of aDNA to pottery surfaces 

may afford it some protection, but this has never been tested.  When dry pottery vessels 

are filled with fluid, some of this liquid, and thereby any DNA present, is absorbed by the 

clay (Foley et al. 2011). Experimentally, both wine and oil have been demonstrated to 
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permeate pottery by up to 4.5mm in vessels which have not been surface treated with 

pitch, a typical Classical era sealant (Romanus et al. 2009).   

 

Ancient chloroplast DNA (cpDNA) in lengths of up to 188 bp were recently recovered from 

the inner surfaces of ocean-reclaimed Ancient Greek amphoras (Hansson & Foley 2008; 

Foley et al. 2012), which has opened the possibility for future aDNA studies of pottery 

residues. Although generic cpDNA PCR led to the amplification of likely surface 

contaminants Plantago (herbaceous plantain), Quercus (oak), and Fagaceae (beech) from 

these items (Hansson & Foley 2008; Foley et al. 2012), likely endogenous sequences were 

also recovered with specific primers; including Vitis vinifera (grape), Olea 

europaea (olive), Juglandaceae (Walnut) and Pistacia terebinthus (terebinth - used as 

resin). Vitis vinifera sequences were present in five of the nine amphoras studied 

(Hansson & Foley 2008; Foley et al. 2012). These could be contextually validated as 

unlikely environmental contaminants, though the possibility of endogenous 

contamination, the transfer of authentic ancient sequences between samples, should be 

considered in light of the abundance of Vitis vinifera sequences throughout the sample 

set.  Associated yeast sequences were not investigated in this analysis, therefore it is not 

known if DNA sequence recovery from V. vinifera and S. cerevisiae is correlated. 

 

Many Classical era amphoras appear to have been reused, as evidenced by the mixed 

amphora forms used to transport some single commodity cargoes (Peña 2007); relabelled 

amphoras (Lawall 2000); and amphoras containing unexpected contents (Welter-Schultes 

2007). It is difficult to speculate as to whether these reused amphoras that once held 

wine would return yeast sequences if sampled, or whether only their last contents would 

be detected. Reuse itself is unlikely to be determined with confidence by aDNA analysis, 

as there is an intrinsic difficulty in separating cases of endogenous cross contamination 

from cases in which the aDNA of multiple species in a single sample genuinely indicates 

reuse.  
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2.9 Alcohol residues in the African pottery record 

Saccharomyces cerevisiae is the most commonly isolated yeast from modern West African 

spontaneous fermentations of cereals and fruit juices (Mugula et al. 2003; Jesperson 

2003; Shale et al. 2012; Mukisa et al. 2012; Greppi et al. 2013), and therefore may also 

have been present in ancient fermentations. Alcohol may have been consumed since 

ancient times in Sub-Saharan Africa, as it was in Ancient Egypt, yet the Sub-Saharan 

ancient written record is sparse. Ancient vessels that may once have contained alcohol 

could therefore be an important source of information on historical alcohol use for parts 

of Sub-Saharan Africa, as well as a potential source of S. cerevisiae aDNA. Libation, the 

ritual offering of liquids including alcohols, was and remains an important element of 

indigenous African religion (Kilson 1969; Mbiti 1990; Essien 2014; Essel 2014). Many 

modern West African libation offerings are alcohols (Mbiti 1990), but they can equally 

comprise water (Kilson 1969), or more rarely animal milk or blood (Mbiti 1990; Bulemi 

2004).  

 

The pottery record of Koma land, a roughly 100km2 area of the West Mamprusi Builsa 

region in northern Ghana, has been particularly associated with such rituals (Insoll et al. 

2012, 2015). The former inhabitants of Koma Land, which are discontinuous with the 

present population (Anquandah 1987, 1998), produced hundreds of pottery items 

between the 6th and 14th centuries A.D. (Kankpeyeng & Nkumbaan 2009; Insoll & 

Kankpeyeng 2014). These items include anthropomorphic, zoomorphic, and conical forms 

(Kröger 1988; Insoll et al. 2013), many of which contain cavities up to 20mm in length 

(Insoll et al. 2012b, 2015). These cavities have been proposed as reservoirs for ancient 

libations (Insoll et al. 2012). Several of the figurines have been visualised by tube current 

modulation computer tomography (TCM-CT), yet no density changes, which might have 

signified organic inclusions, were visible in any of the cavities (Insoll et al. 2012). 

 

The analysis of ancient materials from high temperature environments is believed to 

entail a lower chance of successful aDNA recovery (Murray et al. 2012; Campana et al. 

2013), because heat accelerates the degradation of DNA through hydrolysis and oxidation 

(Pääbo & Wilson 1991; Krings et al. 1999; Burger et al. 1999; Reed et al. 2003; Willerslev 
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& Cooper 2005; Lorenzen & Willerslev 2010). African samples therefore remain under-

represented in aDNA research (Campana et al. 2013).  

 

Until recently, archaeological finds from Sub-Saharan sites have only previously been 

associated with aDNA research in a handful of instances, and exclusively from bone; 

including the recovery from desert sites of 157 bp sequences from 2000 year old cattle 

bones from Djenne-djeno, Mali (Edwards et al. 2004), and a 116 bp sequence from a 900 

year old cattle bone from Adi Nefas, Eritrea (Ascunce et al. 2007). A whole genome at 

12.5 coverage was recently recovered from 4500 year old human remains in Ethiopia 

(Llorente et al. 2015), albeit from a cooler cave microclimate, suggesting there may be 

merit in the further exploration of some African aDNA samples.  
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3. Project rationale 

 

An improved understanding of modern S. cerevisiae and S. paradoxus biogeography in 

Europe was necessary at the time of commencing this project, to fill a current gap in 

knowledge within yeast ecology. A primary aim of this project was to understand 

Saccharomyces distributions in Europe, but also to comment if possible on potential 

worldwide species distributions. Secondly, I assessed the potential for obtaining historical 

Saccharomyces yeast DNA sequences from a variety of ancient materials, with the aim of 

temporally and spatially placing ancient yeast populations in both natural environments, 

and in the fermentations associated with human industry. 

 

Describing the present distributions of S. cerevisiae and S. paradoxus within Western 

Europe, and attempting to discern significant factors influencing these distributions 

involved the analysis of a range of modern wild Saccharomyces isolates from oak bark and 

cultivated fruits from the U.K., the south of France, and Greece. This work established 

whether true differences exist in Saccharomyces isolation frequencies between trees at 

individual sites, and between different sites with various habitat characteristics. The 

incidences of S. paradoxus and S. cerevisiae were modelled with environmental variables 

to determine whether factors such as temperature, elevation, tree age and oak species 

significantly influence S. paradoxus and S. cerevisiae distributions in Europe. I also discuss 

a predicted map of the maximum worldwide geographical distribution of each yeast 

species. 

 

I assessed the potential for ancient Saccharomyces DNA recovery from a range of 

materials from diverse time periods and geographical origins, optimising methods and 

subsequently searching for characteristic Saccharomyces DNA sequences and contextual 

plant chloroplast DNA (cpDNA) sequences which could be used in part to authenticate 

them. Saccharomyces yeasts are naturally associated with oak bark (Naumov et al. 1998; 

Sniegowski et al. 2002), therefore it was possible that the remains of ancient oaks could 

prove a useful source of Saccharomyces aDNA. In this study I analyze a range of bog 'oak' 

trunks from an alkaline peat fen, assaying for associated yeasts, and judging the overall 
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aDNA preservation in each sample by attempting to amplify oak cpDNA targets. I assess 

the suitability of preserved wood to this type of analysis, and the specific likelihood of 

recovering Saccharomyces yeasts from bog wood samples.  

 

S. cerevisiae shows considerably less global genetic differentiation than S. paradoxus (Liti 

et al. 2006), which could suggest that populations from the northern latitudes do not 

survive cyclic ice ages. In contrast, multiple populations of S. paradoxus may recolonize 

their habitats from different continental glacial refugia, as do trees, small mammals and 

insects (Petit et al. 1997, 2002; Hewitt 1999; Deguilloux et al. 2003), creating the 

observed diversity. In addition to assaying for Saccharomyces yeasts in sub-fossilised oak 

samples, I planned to test this hypothesis by associating any yeast sequences recovered 

from bog oak samples with oak cpDNA haplotypes linked to one or more of the well 

characterised European oak refugia (Petit et al. 1997, 2002; Hewitt 1999; Deguilloux et al. 

2003).  

 

Bread remains survive from several different civilisations, including Roman breads from 

Pompeii and Herculaneum; Ancient Egyptian breads of the New Kingdom era; and Viking 

breads from northern Europe (Hjelmqvist 1984, 1990; Hansson 1996). Here I assess the 

feasibility of sampling a small collection of Ancient Egyptian bread fragments, weighing 

the potential for damage to these items with the likelihood of S. cerevisiae aDNA 

recovery. I also consider that S. cerevisiae may not have been involved in the production 

of all ancient breads, and discuss the implications of this for bread yeast aDNA recovery. 

 

Ancient amphoras are abundant in European museum collections, potentially providing a 

source of S. cerevisiae aDNA in cases where those vessels may have contained wine. Here 

I present an analysis of nine Ancient Roman and Ancient Egyptian amphoras, using PCRs 

targeted to plant cpDNA and yeast rDNA to assign their possible original contents and 

identify potential wine transport examples. I discuss the assumption that the majority of 

amphoras contained wine or oil, and that the contents of labelled amphoras reflect those 

of unlabelled examples. I consider the feasibility of future studies of larger collections of 

labelled and unlabelled amphoras to detect S. cerevisiae aDNA. I also compare the 
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potential of experimental air-dried bread as a sample material with the sediments of 

bottle-aged wines, discussing the potential of future aDNA studies of ancient breads and 

wine residues. 

 

I applied PCR in conjunction with next generation 454 pyrosequencing to ascertain any 

evidence of fermentable plant species associated with yeast aDNA in swabs of the 

unusual potentially-liquid bearing cavities present in the 6th-14th century North 

Ghanaian Koma Land teracotta items. It was unknown whether these items were the 

likely to contain Saccharomyces yeasts as it could not be ascertained prior to their 

analysis if they had contained spontaneously fermented alcohols or some other liquid 

content. Furthermore, their excavation under sub-tropical conditions had cast doubt on 

the condition of any aDNA contained within. I therefore assessed the likely contents of 

each of these items via thermal age estimates and DNA quantification prior to assaying 

for yeast sequences. I consider the authentication of all aDNA sequences obtained as part 

of this project, and discuss the implications of the work presented here for future work in 

this field. 

 

Several studies of relevance to this project were published during its progression which 

may have altered its course had they been published prior to its inception. Firstly, 

Charron et al. (2014) demonstrated a limited species distribution of Saccharomyces 

paradoxus in North America, indicating that the climate in the north of Canada may be 

prohibiting S. paradoxus from colonising these regions. This work was timely to the 

interpretation presented in the discussion of results from modern oak trees and bog oaks, 

as it reveals a much lower likelihood of Saccharomyces yeast recovery from some oak 

woodland sites than had previously been thought possible (earlier prior studies reviewed 

in Section 2.2). Secondly, Kowallik et al. (2015) revealed a scarcity of S. paradoxus on 

central European oak bark that implies a dataset any smaller than that presented here, 

which included 633 oak bark samples, may have failed to detect the species at northern 

European sites altogether. Finally, Almeida et al. (2015) characterised Mediterranean oak 

strains of S. cerevisiae, revealing them as the most similar to modern wine strains, and 

therefore suggesting an origin for wine strains in Mediterranean oaks. This could have 
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predicted an abundance of S. cerevisiae in the Mediterranean oaks included in this study. 
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4. Methods  

4.1. Sample collection 

To assess Saccharomyces cerevisiae and Saccharomyces paradoxus biogeography in 

Europe, yeast isolates were collected from oak bark and cultivated fruits from the U.K., 

the south of France, and Greece. Samples from ancient bog oak trunks and archaeological 

materials were also assayed for ancient Saccharomyces yeast DNA sequences, with the 

aim of temporally and spatially placing ancient yeasts in both natural environments, and 

in the fermentations associated with human industry. In total 954 ancient and modern 

samples were analysed as part of this project. 

 

4.1.1 Modern yeast isolates 

The environmental bark and fruit samples analysed (defined in Section 5.2) permitted an 

extensive representation of the states of the European S. paradoxus and S. cerevisiae 

populations. These included 629 samples of oak bark approximately 1g in weight, and 92 

samples either consisting of torn sections of ripe figs, or multiple unripe figs, each 

weighing approximately 10g. A further 78 samples contained bunches of grapes weighing 

5-12g, 29 samples of ~1g vine bark and 5x 1 litre  volumes of fermenting grape must. The 

samples were stored in sterile universal tubes prior to analysis, and were collected using 

gloves changed between each tree or individual fruit sampled, to prevent cross-

contamination. 

 

Yeasts including the Saccharomyces had been enriched in these samples using an 

established selective growth protocol and media developed by Sniegowski et al. (2002), 

allowing comparison with data from other studies using these methods (Charron et al. 

2014; Wang et al. 2012). The sole modification that had been made to these selective 

methods was that Sniegowski et al. (2002) detail a 10 day initial growth period in an acidic 

liquid enrichment medium containing a chloramphenicol supplement to reduce bacterial 

growth. The samples discussed here had instead been incubated in this medium in a non-

shaking incubator for 14-90 days. All of the samples had been incubated in the 7-50ml 
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universal tubes used for their collection, using enough liquid medium to cover each 

sample (5mls per 7ml universal, 20mls per 30ml tube).  

 

With Ana Pinharanda (AP), who completed roughly 50% of the yeast culture, modern DNA 

extraction and amplification and yeast isolate DNA sequencing described, I processed 

samples from this point. We spread 15mls of each liquid culture on a solid acidic minimal 

medium containing methyl-∝-D-glucopyranoside (Sniegowski et al. 2002). These plates 

were incubated at 30°C until yeast-like growth was observed, other fungi colonised the 

plates, or for 7 days, at which point any plates lacking growth were removed from the 

test. Some Saccharomyces strains are unable to metabolise the methyl-∝-D-

glucopyranoside carbon source in the prescribed minimal media (Sniegowski et al. 2002); 

and where this was indicated by weak yeast-like growth, the liquid cultures were also 

replica plated on yeast peptone dextrose agar (YPDA, Section 4.8). 

 

Single colonies of each plated isolate morphologically consistent with the Saccharomyces 

(white/cream matte buttress colonies) were removed from YPD agar (Section 4.8) or from 

selective media plates (Sniegowski et al. 2002) with sterile loops. These were grown on in 

YPD liquid medium in a shaking incubator for 16-24hrs at 30˚C. A pool of colonies was also 

taken from each plate where yeast-like growth was observed, to increase the chance of 

Saccharomyces yeast detection. Finally, plate-cultured colonies of either of the wild S. 

cerevisiae strains ZP530 or ZP566 (J.P. Sampaio), were extracted alongside each batch of 

test samples as a positive control. Cases of growth inconsistent with the appearance of 

yeast with the exception of glossy bacterial growth are recorded as ‘other’ fungal growth.  

Plates streaked with incubated negative sampling controls were incubated alongside each 

sample series. Finally, glycerol stocks of each isolate (15% glycerol, 85% YPD) were stored 

at -80˚C for future study. 
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4.1.2 Air dried and charred breads 

In a class II biological safety cabinet in modern labs which had previously been used for 

protein extractions but not for DNA analysis, ~200mg material was taken from each bread 

loaf both with a microdrill, and ~1g using scissors and a pestle and mortar. I sterilized all 

equipment with a 30% v/v dilution of 6-14% sodium hypochlorite, and 70% v/v ethanol 

between samples. As bread crusts have a lower chloroplast DNA (cpDNA) content than a 

bread loaf's interior (Fernandes et al. 2013), I preferentially selected interior fragments 

from the split loaves. I then returned each of the breads to dry storage conditions at 30˚C 

±5, collecting further samples following extended air drying until the breads had been 

stored for a maximum of 35 weeks.  

 

4.1.3 Sub-fossilized wood  

Where necessary, each bog wood trunk was cut in the field into sections that could be 

transported more easily to The University of Manchester from sites HMF1-3. The only 

complete mature tree trunk, HMF3, was cut using a chainsaw. Tree HMF2 was split using 

a hand axe cleaned with 70% v/v ethanol, and wet samples from tree HMF1 were 

collected with gloves changed between each log handled. Bog oak has a high density and 

hardens when dry, making the recommended silica drying of samples (Liepelt et al. 2006) 

impractical for this material. Instead, I wrapped the logs tightly in 3 layers of plastic film, 

and transported them in sealed polyurethane sacks, wiping the sacks with 30% v/v 6-14% 

sodium hypochlorite, followed by 70% v/v ethanol before removing the samples, and 

sterilising the inner wrappings using the same procedure.  

 

Inside a class II biological safety cabinet in a dedicated ancient DNA extraction room, I 

removed the outer 2-3mm of each wood section with a sterile scalpel blade, and cut 

interior sections from two to four faces of each wood section, which were coded 'A' to 'D' 

(Table 13, Section 5.3). The interior sections were each divided into two 3cm x 1cm x 1cm 

pieces and stored in enough 1X TE buffer (Section 4.8) to cover the samples in 15ml 

universal tubes. This prevented the samples from drying out, and therefore hardening, 

and also stabilised any free DNA present prior to extraction (Yagi et al. 1996). Half of the 

samples (‘B’ samples, not listed in Table 13) were frozen following subdivision at -20˚C to 
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enable independent replication or further analysis had this been warranted. In total, I 

analysed nine of these eighteen ancient wood samples. 

 

4.1.4 Pottery residues 

I sampled the amphoras, vintage wines, and wider Koma Land figurine cavities and 

exteriors using sterile individually wrapped rayon swabs (Scientific Laboratory Supplies). 

These were supplied soaked in Tween 80 lecithin, and buffered to pH 7.4 with sodium 

thioglycollate. WhiIst the swabs were supplied triple irradiated; I further irradiated them 

for 1hr prior to field sampling to guard against any modern DNA contamination. For any 

narrower cavities in some of the Koma Land figurines I used nichrome and glass wool 

swabs which I hand assembled from UV-treated components in the aDNA laboratory. 

These were dipped in aliquots of UV treated Promega 'lysis buffer A' immediately prior to 

sampling. For the largest amphoras MM-745 and MM-2136 (Section 5.5), the range of the 

swabs was extended using GrabEasy PF0401 Grabbers, which had been sterilised in 30% 

v/v 6-14% sodium hypochlorite for two hours and UV irradiated for 1 hour on each side 

prior to use. Rayon swabs as described above were attached to these extenders via the 

end of their external casing, and fastened with masking tape that had been surface 

sterilised with DNA away™ Surface Decontaminant (Thermo Scientific™). 

 

All pottery swab samples were taken in the conservation laboratories at The Manchester 

Museum. Two to four swabs were taken from the interiors of each of the whole 

amphoras, depending on the size of the item, and one to two swabs from each of their 

exteriors. I also retained 25mg of soil removed from the space between a reinforcing clay 

plug and the base of MM1 (Section 5.5, Fig. 35). In the case of sherd M/C 1978.5996.495, 

that has a patchy residue on its interior face (Section 5.5, Fig. 35); interior swabs were 

taken from areas both with and without apparent residue.  

 

With Keri Brown (KB), I took one to two swabs from each Koma Land figurine cavity and a 

proximal position on each item’s exterior (Section 5.6, Table 22). We sampled multiple 

cavities from three items (Section 5.6., Table 22), and retained up to 200mg soil from 

each cavity that we removed prior to swabbing. I also took swabs from both sides of three 
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pottery stoppers from mound YK07/YK08; each to be considered as an environmental 

control. Tubes of Promega ‘lysis buffer A’ were opened on the workbench prior to the 

sampling of each piece as negative environmental control, and were later processed 

alongside the swab samples. I collected 39 swabs in total from the Koma Land items, and 

26 from the classical amphoras and potsherds.  

 

I sampled a range of bottled modern wines in a domestic environment, again using sterile 

rayon swabs and sterilising the work surface with a domestic disinfectant. The bottles 

were first swabbed with 70% ethanol, and opened wearing gloves. In the case of the 

vintage wines, I decanted the aqueous fraction and, using GrabEasy PF0401 Grabbers to 

extend the swab range, swabbed the remaining sediment. Two 2013 wines, which were 

too recently pressed to have a sediment, were sampled by inserting the swab tips directly 

into the liquid in each bottle.  All of these wine swabs were duplicated to permit parallel 

testing with different extraction methods.  

 

Risk assessments for the aDNA sampling at The Manchester Museum and on farm land in 

Cambridgeshire were approved beforehand by Safety and Risk manager Tanya Aspinall, as 

were risk assessments for all aDNA laboratory procedures pertaining to the project.  
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4.2. DNA Extraction  

Four different DNA extraction methods were used in this project, as chosen according to 

the sample material and context of each extraction. These methods were tested with 

either wild or type strains of S. cerevisiae, or modern plant materials, to determine 

whether plant or yeast DNA could be recovered from positive test samples. 

 

4.2.1. Modern DNA  

I extracted the DNA from modern yeasts isolated from environmental samples using the 

Promega Wizard® Genomic DNA extraction kit. This method (Box 1) had previously been 

used successfully within the Bensasson lab as a method of extracting DNA from modern 

yeast with reliable results (Bensasson, 2008), incorporating the following modifications 

from the standard kit protocol: that DNA was extracted from 1.4ml of each overnight 

culture rather than 1ml, and that a reduced amount of Arthrobacter luteus lyticase was 

added (reduction from 140 units to 75 units per sample). To compensate for this, the cell 

wall lysis stage was increased  from 30-60 minutes to an overnight incubation of 

approximately 16-21 hours, as in Bensasson (2011). A H2O extraction blank and positive 

control, an overnight culture of S. cerevisiae ZP530 or ZP566, were included in each set of 

these DNA extractions. 
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Box 1. DNA extraction method 1 (Bensasson, 2008, using the Promega Wizard® 

Genomic DNA extraction kit) 

 Transfer single or pooled colonies of desired morphology from plate 

culture via sterile loop to 2.5mls YPD rich liquid medium (Section 4.9) in 

sterile universal tubes. 

 Incubate for 16-21hrs in a shaking incubator at 30˚C. 

 Add 1.4mls of each overnight culture to a 1.5ml microcentrifuge tube and 

centrifuge at 16,000g for 2mins to pellet the cells. Discard supernatant. 

 Resuspend pellets in 298µl 10 mM Tris, 50 mM EDTA (pH 7.5, Section 4.9) 

and 1.88 µl 20mg/ml lyticase (75 units).  

 Incubate samples for 16-21hrs at 37˚C.  

 Centrifuge at 16,000g for 2mins, discard supernatants.  

 Add 300µl nuclei lysis solution1, resuspend pellets.  

 Add 100µl protein precipitation solution1, vortex for 20s. 

 Cool samples on ice for 5mins, centrifuge at 16,000g for 3mins. 

  Transfer supernatants to new microcentrifuge tubes with 300µl absolute 

isopropanol, invert until DNA strands visibly precipitate. 

 Centrifuge samples for 2mins at 16,000g, decant and discard supernatants. 

 Blot tubes on absorbent paper, add 300µl 70% ethanol, invert 3 times, and 

centrifuge at 16,000g for 2mins. 

 Aspirate the ethanol, and air-dry pellets for 30mins on absorbent paper.  

 Rehydrate pellets with 50µl DNA rehydration solution, add 1.5µl RNase 

solution. Vortex samples for 1s, centrifuge for 5s at 16,000g, and incubate 

for 1hr at 37˚C or overnight at room temperature. 
1
Proprietary solutions, intellectual property of Promega Corporation 
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4.2.2. Test breads  

Following six weeks air-drying, the DNA was extracted from all test breads using a 

modification of the DNA extraction method detailed in Von Post et al. 2003 (Box 2). 

Namely, samples were incubated in 0.15M sodium hydroxide (NaOH) at 55°C for 30mins 

in place of the suggested microwave heating at 700W for one minute (von Post et al. 

2003). I also extended the suggested incubation in 0.03M Tris-HCl 1mM EDTA (pH 8.0) 

overnight to allow excess starch to settle, and included 2.5µl of 20mg/ml lyticase (120 

units), to promote yeast cell wall lysis. I finally added a two minute centrifugation step at 

a low speed, 5000rpm, to pellet any floating charcoal before removing the supernatant.   

 

 

 

Following 24, 30 and 35 weeks of storage under dry warm conditions (30˚C ±5), I also 

extracted DNA from new samples of each loaf using the Promega Wizard® Magnetic DNA 

extraction kit for food, as had previously been used successfully for DNA extractions from 

fresh bread (Tilley, 2004; Pasqueloni et al. 2007; Box 3). As work by Tilley (2004) had 

already demonstrated the protocol’s effectiveness in yeast DNA extraction, I further 

tested this method using controls of 500µl einkorn wheat bread dough, 200mg Triticum 

monococcum (einkorn wheat) flour and 200mg Secale cereale (rye) (Section 5.1.1), and 

also confirmed that the method could not be improved further for use with yeast through 

lyticase addition (Section 5.1.1).  A negative H2O control was included in each set of these 

DNA extractions.

Box 2. DNA extraction method 2 (adapted from Von Post et al. 2003) 

 Crush ~200mg organic material if necessary, add to microcentrifuge tube. 

 Add 200µl 0.15M NaOH, incubate in a water bath for 30mins at 55˚C. 

 Add 97.5µl 0.03M Tris-HCl 1mM EDTA (pH 8.0) and 2.5µl 20mg/ml lyticase. 

 Leave starch to settle for 16-21hrs at room temperature. 

 Centrifuge samples at 5000rpm for 2mins, and retain the supernatant. 
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Box 3. DNA extraction method 3 (adapted from Tilley, 2003) 

Complete the following using the Promega Wizard® Magnetic DNA 

extraction kit for food  

 Crush ~200mg organic material in a microcentrifuge tube.1 

 Tilt tube, add 500 µl lysis buffer A2 and 5µl RNase A2, vortex at max. 

speed for 30s. 

 Add 250µl lysis buffer B2, vortex for 10-15s. 

 Incubate tube on its side for 10mins at room temperature. 

 Add 750µl protein precipitation solution2, vortex for 30s at max 

speed, observe green colour change. 

 Centrifuge at 13,000g for10mins, transfer supernatant to new tube. 

 Suspend MagneSil® PMPs (magnetic beads) by vigorously shaking, 

add 50µl to each sample and vortex at max speed for 30s. 

 Add 900µl isopropanol, invert 15x to mix, incubate for 5mins at room 

temperature. 

 Separate sample in a magnetic separation stand for 1min, discard 

aqueous phase. 

 Remove tube from stand, resuspend beads in 250µl lysis buffer B.2 

 Separate sample in a magnetic separation stand for 1min, discard 

aqueous phase. 

 Resuspend beads in 1ml 70% ethanol, separate 1min and discard 

supernatant. Repeat this step 3 times. 

 Air-dry the beads for 30mins. 

 Add 100µl 1X TE buffer (Section 4.9), vortex, incubate in a water bath 

at 65˚C for 10mins. 

 Separate in a magnetic separation stand for 2min, retain 

supernatant, adjust final volume to 100µl as required. 

1
For benchtop microcentrifuges taking tubes with volumes less than 2ml, it is necessary to 

split each sample at the beginning or midway through the protocol then reconsolidate each 

pair of tubes at the end of the process. 
2
Proprietary solutions, intellectual property of 

Promega Corporation. 
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4.2.3. Pottery residue swabs 

Following the sampling of pottery items with sterile swabs as detailed in Section 4.1.4, 

each swab tip was cut into a UV-treated micro-centrifuge tube in a Class II biological 

safety cabinet, using scissors treated with bleach (30% v/v dilution 6-14% bleach) and 

70% ethanol. A buffer-only blank was added to each sample set (of a maximum of 11 

samples) both before and after the swabs were introduced to the working cabinet, so 

that any endogenous contamination arising from sample processing could be tracked.  To 

further test for cross- contamination between the samples, the swabs recovered from 

each item sampled were divided in two, and the DNA extractions for these swabs were 

competed on two different days.  

 

For DNA extractions from swab tips, I used the Promega Wizard® magnetic DNA 

extraction kit for food (DNA extraction method 3: Box 3). This kit had been designed for 

use with viscous mixtures, and should therefore have been well suited for DNA extraction 

from swabs, which can could collect a mixture of soil, loose clay and food residue. The 

protocol was followed as per the manufacturer's recommendations for 200mg starting 

material. The swab tips were inserted at the start of the protocol, and removed from the 

sample tubes at the protocol stage prior to the incubation with 'lysis buffer B' (Box 3).  

 

As I anticipated that some samples may have been contaminated with modern 

environmental DNA, double-stranded DNA from each of the Koma Land figurine swab 

DNA extracts was quantified prior to PCR using the Quant-iT™ dsDNA High Sensitivity 

Assay with a Qubit™ 2.0 Fluorospectrometer, following the manufacturers’ protocols. The 

binding of the Quant-iT™ high sensitivity reagent enables the excitation of double 

stranded DNA (ds-DNA) at 485/530 nm, preventing RNA interference with the 

fluorescence results.  
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4.2.4. Bog wood samples  

DNA was extracted from all wood samples and blanks using the Roche High Pure PCR 

Product Purification Kit, following Giles & Brown (2008) with modifications made for work 

with wood (Box 4), this protocol having previously been optimised for grains (Giles & 

Brown (2008). This method had been used in multiple aDNA studies with ancient plant 

samples, and appears to successfully remove most PCR inhibitors associated with 

decaying organic matter (Giles & Brown 2008; Lister et al. 2009; Oliveira et al. 2012; 

Bunning et al. 2012; Fernández et al. 2013).  

 

I added an initial one hour room temperature incubation to ensure that the wood was 

saturated with buffer. The addition of detergent N-phenacyl-thiazolium bromide (PTB) is 

recommended in this protocol for removing Maillard products (Giles & Brown 2008). 

However, as the protocol also works for most grains with PTB omitted (Sandra Kennedy, 

personal comm.), and due to the cost of custom-manufacturing PTB, I omitted this 

detergent component.  

 

I included three blanks per extraction; one set up prior to the samples entering the 

cabinet, and two run alongside the samples. As a positive control, I also extracted cpDNA 

from 5x5cm sections of two fresh Quercus robur (pedunculate oak) leaves within 48 hours 

of the leaves being collected (Section 5.1.1). Each oak leaf was frozen with dried ice, and 

crushed in an autoclaved microcentrifuge tube with single use plastic pestles prior to DNA 

extraction.  
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4.2.5. DNA extraction from wines and their sediments 

The tips of all wine-soaked and wine sediment swabs were cut with DNA-away™ treated 

scissors and placed into 1ml tubes. DNA extraction methods 1 and 4 were both used for 

comparison purposes, therefore the samples were incubated at room temperature on a 

rocker for 1 hour in either 500µl 10 mM Tris, 50 mM EDTA (pH 7.5,  DNA extraction 

method 1; Box 1) or 500µl binding buffer (DNA extraction method 4; Box 4). The samples 

were then vortexed at a low speed for 5 seconds, and I continued with the standard 

protocol steps (Boxes 1 and 4). Two blank swabs were run alongside each set of samples 

as negative controls, each being soaked in 500µl DNA free water. 

 

  

Box 4. DNA extraction method 4 (adapted from Giles & Brown, 2008) 

 Crush leaves with dry ice/crush wet wood with a sterile plastic pestle. 

 Using the Roche High Pure PCR Product Purification Kit, Add 800µl binding 

buffer to samples, incubate at room temperature for 1 hour. 

 Increase temperature to 60˚C for 20mins and introduce occasional shaking.  

 Centrifuge at 13,000r.p.m for 15mins, transfer supernatant to a high pure PCR 

product purification column. 

 Centrifuge at 13,000r.p.m for 1min, discard supernatant. 

 Add 700µl wash buffer1, centrifuge at 13,000r.p.m for 1min, discard 

supernatant. Repeat this step, centrifuge for 2mins and discard supernatant. 

 Transfer the column to the collection tube. 

 Add 75µl elution buffer1, incubate for 2mins at room temperature, and 

centrifuge at 13,000r.p.m for 1mins. Repeat this step. 
 

1
Proprietary solutions, intellectual property of Roche 
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I initially extracted DNA from the swabs using DNA extraction method 1, using the 

Promega Wizard® Genomic DNA Extraction Kit as previously recommended for use with 

yeast cells (Bensasson 2011; Box 1). For the wine and bread samples I used the 

manufacturer's recommended volume of lyticase (140 units per sample). Rather than 

dissolving the DNA at 65°C during the final step, however, the samples were incubated at 

37°C for 4 hours and left overnight at -4°C before analysis.  

 

I also used DNA extraction method 4 (Box 4) to extract DNA from the same wines, 

following Giles and Brown’s methods (2008) with modifications (Section 4.3.4), again 

omitting the optional detergent PTB, as recommended by Sandra Kennedy based on prior 

experimental observations. 
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4.3. PCR optimization 

 

4.3.1. PCR with modern DNA extracts 

To amplify modern DNA, I used a PCR protocol developed by Douda Bensasson 

(Bensasson 2011; Table 6). These reactions were prepared to a concentration of 1.5mM 

MgCl2 and 0.3µM each primer; 1x buffer, 0.2mM dNTPs; with 1 unit Bioline DNA Taq 

polymerase, 6.65µl H2O, and 0.1µl DNA extract per 15µl PCR (cycle information in Table 

2). Primer sequences and annealing temperatures are given in Section 4.3.3. 

 

Protocol 
Initial 

denaturation 
conditions 

Repeat cycle step temperatures and 
times Final 

extension 
No. 

cycles 
Denaturation Annealing Extension 

Bensasso
n 2011 

94°C 4 mins 94°C 40s Variable 60s 72°C 80s 72°C 7 m 35 

Müller et 
al. 2014 

95°C 3 mins 94°C 30s 60°C 30s 72°C 60s 72°C 10 m 30 

Speirs et 
al. 2011 

95°C 10 mins 94°C 45s Variable 60s 72°C 80s 72°C 7 m 40-50 

 

Table 6: PCR cycling conditions for protocols used in this study. 

 

Colony PCR following cloning was completed in 30μl  volumes using Life Technologies 

standard Taq DNA polymerase, with a protocol previously optimized in the Brown lab 

(Müller et al. 2014; Table 6). This PCR comprised 1× Taq buffer (New England Biolabs), 

200nM each primer, 200 μM dNTPs and 1 unit Taq DNA polymerase (New England 

Biolabs). As both of the modern PCR protocols had previously been optimized in the 

Brown and Bensasson labs, I did not optimize them further during this study. The PCRs 

using DNA from modern yeast extracts, colony PCRs and positive controls were run over 

35 cycles (Table 6), and PCRs of the test bread DNA extracts over 35-50 cycles (Table 6).  
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4.3.2. PCR with aDNA extracts 

PCR can be problematic when working with ancient samples, which have typically been 

buried, stored extensively at room temperature, or waterlogged. Such samples, 

particularly if plant based, can accumulate humic, tannic and fulvic acids among other 

substances that cause PCR inhibition (Wilson 1997; Rachmayanti et al. 2009; Matheson et 

al. 2010). To overcome this inhibition in the various sample materials available, I used PCR 

and aPCR methods previously optimized by the Bensasson and Brown labs (Table 6), 

along with an aPCR method designed to overcome inhibition problems in organic samples 

(Table 6, Speirs et al. 2011).  

 

 The method described in Demesure et al. (1995) has been repeatedly used for PCRs with 

the DNA extracts of processed and ancient wood (Dumolin-Lapègue et al. 1999; 

Deguilloux et al. 2002; Section 2.6). However, this protocol can be unreliable in 

overcoming PCR inhibition from the substances associated with samples of carbonised 

and waterlogged timbers (Speirs et al. 2011). Wood contains tannic, humic and fulvic 

acids, that can bind PCR templates and inhibit DNA polymerase (Painter, 1998; Turner-

Walker, 2008; Rachmayanti et al. 2009; Matheson, 2010).  I therefore used the optimized 

protocol of Speirs et al. (2011) for all of the aPCRs, which was designed to overcome 

these issues. This protocol includes a final concentration of 5% dimethyl sulfoxide (DMSO) 

to reduce secondary structure formation (Bickley & Hopkins 1999), and an excess final 

primer concentration of 0.2mM to detect primer dimers in true negative results. Although 

Speirs et al. (2009) suggest using AmpliTaq® DNA polymerase Stoffel Fragment for fidelity, 

I used AmpliTaq® Gold DNA polymerase, which gave satisfactory results.   

 

All of the aPCRs were initially run in 20µl volumes. Reactions giving products of the 

expected size were then repeated in 30µl volumes with reduced primer concentrations, 

to permit cleaning prior to cloning, and to confirm that the products were replicable. This 

was necessary to distinguish authentic aDNA sequences from the inconsistent non-

specific amplifications of other non-target sequences, and to generate a sufficient 

concentration of cleaned PCR product for cloning and sequencing.  
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A 30µl PCR based on that detailed in Speirs et al. (2011) comprised 4.8µl 10mM MgCl2, 

3µl 10x AmpliTaq® Buffer, 1.5µl 100% DMSO, 0.6µl each 10mM primer and 10mm dNTP 

mix, 0.012-0.12µl DNA extract and 0.3µl AmpliTaq® Gold DNA polymerase (1.5 units per 

reaction). For aPCR, a H₂O blank was included for every eight samples, with a minimum of 

two blanks per PCR run where fewer than 16 samples were considered.  

 

All aDNA samples were diluted prior to their amplification to reduce the PCR inhibition 

observed or in some cases anticipated (Section 5.1.2). I used 0.015-0.15µl DNA extract 

from the Koma figurine pottery swab and soil samples per 30µl aPCR reaction. I used 0.12 

DNA extract from each wine swab sample, and 0.06 µl DNA extract from each bog wood 

sample. Whilst Deguilloux et al (2003) recommend 55 PCR cycles for aDNA amplification 

from wood, due to the frequency of non-specific product amplification I observed when 

amplifying the DNA extracts of the wood samples, I did not exceed 50 cycles in any of the 

aPCRs. 

 

4.3.3 Primer design 

The centromeres of yeasts evolve quickly, and are therefore variable between the 

different species of the Saccharomyces (Bensasson et al. 2008). These short ~125bp 

regions (Cleveland et al. 2003) not only permit species level identifications, but are 

sufficiently variable within each species to distinguish even closely related strains 

(Bensasson 2011). I used PCRs specific to the S. paradoxus and S. cerevisiae centromeres 

to identify each species in the DNA extracts of the modern environmental samples. I 

initially used primer pair CEN6 (Centromere 6; Bensasson 2011), which amplifies the full 

length of centromere six in both S. paradoxus and S. cerevisiae (Table 7). Samples giving 

products of the expected size with these primers were then tested with either CEN9 

(centromere 9) or CEN15 (centromere 15), primer pairs specific to S. cerevisiae (Table 7; 

Bensasson 2011). Primers specific to CEN6, CEN9 or CEN15 (Table 7) in S. paradoxus were 

also used for all modern samples, to perform the parallel tests for the presence of S. 

paradoxus.   
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Primer 
code 

Oligonucleotide sequence (5'-3') Target region 
Product 
length 

(bp) 

Annealing 
Temp (˚C) 

cepC6f
1 

cepC6r
1 

GAACCTGTCGAAGTTGTTAATGC 
TnGAAGGTTTCTTTGGnGCCAT 

Saccharomyces spp.  
CEN6 

733 57
1 

cerC9f 
cerC9r 

ACCTAAAACAAGTAGGGTATTTGGAGT 
CGTTAAAAGTTCTACCCAAGAAAAAG 

S. cerevisiae 
CEN9 

783 

55
1 

cerC15f 
cerC15r 

AAGGACGCACATATCTATAACAAGC 
TTATCACCCTAGATAAAAGTACATCCG 

S. cerevisiae 
CEN15 

786 

parC6f 
parC6r 

CGAAGTTGTTAATGCGAAATATTCTA 
ACCTCTCTTCTCAAAGTTTGCCT 

S. paradoxus 
CEN6 

754 

parC9f 
parC9r 

ATATTCTAGCCGATCTGGAACTTG 
CAGATAACGTTAAAAGTTCTGTCCAA 

S paradoxus 
CEN9 

705 

parC15f 
parC15r 

TCATATTTATAACAAGCGATCAAAGC 
GAAGTACATCCTGATTTTTAGAAGCC 

S. paradoxus 
CEN15 

859 

 

Table 7: Centromeric primer pairs employed in this study, developed by Bensasson (2011).  
1
Annealing 

temperatures and optimisation data provided by D. Bensasson. 

  

Any DNA extracts which produced products of the approximate expected length with the 

degenerate Saccharomyces CEN6 primers, yet failed to produce any species-specific 

centromeric products, were amplified with one of two generic fungal ITS primer pairs 

(Table 8). The rDNA is present in an estimated 150 copies per genome in S. cerevisiae 

(Kobayashi et al. 1998), and can distinguish the majority of the Saccharomycetales from 

one another. I used the primer pairs ITSf1, ITSf2 and ITSr, which had previously been 

designed by Douda Bensasson to be complementary to the 18S-ITS1-5.8S-1TS2-25S 

regions of the S. cerevisiae rDNA (chromosome XII; Table 8, Fig. 2). The binding sites of 

these broad spectrum primers were conserved across all of the Saccharomycetales 

genomes available from NCBI at the time of their  design in June 2007 (Bensasson, 2011), 

so could identify the majority of the remaining unidentified plate cultured yeasts (Section 

5.2.1).  
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Primers Oligonucleotide sequence (5'-3') 
Product 
length 
(bp)

1 

rRNA 
target

 
Annealing 
temp (˚C)

2 

Yield in 
control  

PCR 

ITS1f1 
ITSr 

AAAGTCGTAACAAGGTTTCCGTAG 
TCCGCTTATTGATATGCTTAAGTTC 

855 18S 
25S 

55 NA 

ITSf2 
 

GAANTAAAAGTCGTAACAAGGTTTCC 
(To be used with ITSr) 

862 18S 
 

57 NA 

RDN200Af 
RDN200Ar 

TTCTCTGCGTGCTTGAGGTA 
CGCCGTTACTAAGGCAATCC 

229 1TS2 
25S 

60 low 

RDN200Bf 
RDN200Br 

GCGTCTAGGCGAACAATGTT 
TGACGTCCTGTTCCAAGGAA 

195 ITS2 
25S 

59 high 

RDN300Af 
RDN300Ar 

TCTCTGCGTGCTTGAGGT 
GGAACGGCCCCAAAGTTG  

314 ITS2 
25S 

59 high 

RDN300Bf 
RDN300Br 

GGTTTCTCTGCGTGCTTGAG 
CACCCTCTATGACGTCCTGT 

316 ITS2 
25S 

NA
3 

NA
3 

RDN500Af 
RDN500Ar 

GCCCTTTGTACACACCGC 
GCGAGAACCAAGAGATCCG 

535 18S 
5.8S 

60 low 

RDN500Bf 
RDN500Br 

CTTTGTACACACCGCCCG 
TCGATGCGAGAACCAAGAGA 

534 18S 
ITS2 

60 high 

RDN1000Af 
RDN1000Ar 

AAAGGAATTGACGGAAGGGC 
TCGATGCGAGAACCAAGAGA 

1061 18S 
5.8S 

60 low  

RDN1000Bf 
RDN1000Br 

TACAAAGGGCAGGGACGTAA 
TTGCCTTAGTAACGGCGAGT 

1037 18S 
25S 

60 High  

S1Sf 
S1Sr 

AAAGTCGTAACAAGGTTTCCGTAG 
AACGACCGTACTTGCATTATACCT 

655 18S 
1TS2 

63 
multiple 

bands 

S2Sf 
S2Sr 

GAGAGGTTTCTCTGCGTGCT 
CAGCGGGTACTCCTACCTGA 

175 ITS2 
25S 

58 high  

S1Lf 
S1Lr 

TTAGAGGAACTAAAAGTCGTAACAAGG 
ATTTGAGGTCAAACTTTAAGAACATTG 

823 18S 
ITS2 

63 high  

SWLf 
SWLr 

ATAACGAACGAGACCTTAACCTACTAAATA 
GTACTTTTTCACTCTCTTTTCAAAGTTCT  

1578 18S 
25S 

NA
3 

NA
3
  

 

Table 8: rRNA primers referenced in this study. 
1
Anticipated PCR product sizes are based on BLAST alignments 

with S. cerevisiae S288C (NC_001144.4, Johnston et al. 1997). 
2
Annealing temperatures represent those used in 

PCRs presented in this project, some of which lie within a range of equally suitable annealing temperatures, as 

determined via gradient PCR. 
3
These primers proved surplus to the requirements of the project. 
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Due to a contamination issue derived from a PCR product in the modern fungal DNA 

laboratory, I also designed one further rDNA primer pair, S1L, for the amplification of 

modern S. cerevisiae rDNA sequences, and a second pair, SWL, spanning both of the 

intergenic spacer regions of the S. cerevisiae rDNA (Table 8; Figure  2). In both cases I 

used Primer 3 to confirm the primer stability, and NCBI BLAST alignments  

(www.ncbi.nlm.nih.gov/BLAST/;Altschul et al. 1990) to check each pair's specificity. Due 

to the limited number of novel potential binding sites with a high enough GC content for 

positioning of a thermostable oligonucleotide primer, S1L amplifies a region overlapping 

the products of ITSr and each of the forward primers ITSf1 and ITSf2 (Fig.2). Sequence 

analysis can distinguish S1L products from ITSf1-ITSr and ITSf2-ITSr products, which vary 

in length from S1L products by 22-39 bp depending on the species amplified.  

 

 

Figure 2: The S. cerevisiae ribosomal DNA Unit, Chromosome XII (Vanrobays et al. 2001), and the annealing 

positions of rDNA primers (Table 8).  
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Ancient DNA sequences can also be successfully amplified via PCR, primarily by using 

short length multicopy target regions in the fungal rDNA (Willerslev et al. 1999; Veiga-

Crespo et al. 2004; Bellemain et al. 2013). For work with ancient samples, I initially 

designed new PCR primer pairs S1S and S2S, complementary to the 18S-ITS-1-5.8S and 

5.8S-ITS2-25S (Fig. 2). Each of these primers has a short oligonucleotide sequence of ~20 

bp to encourage binding to fragmented aDNA (Table 8, Fig. 3). Subsequently, to roughly 

judge yeast DNA fragmentation in any ancient samples that returned yeast rDNA 

sequences; I designed a series of fungal rRNA primers with increasing target region 

lengths. I used a BLAST (Altschul et al. 1990) alignment of 40 yeast ITS sequences 

including those of environmental cultures and industrial strains of S. cerevisiae including 

S288C (Genbank accession: NC_001144.4), which was provided by Douda Bensasson. 

From this I selected conserved target regions, and used Primer3 v4.0.0 

(http://gmdd.shgmo.org/primer3; Rozen & Skaletsky, 2000) to select primer pairs which 

would anneal to these conserved regions (Table 8). I again limited the oligonucleotide 

lengths to 20 bp where possible, and selected pairs with similar annealing temperatures 

of at least 58°C (predicted annealing temperatures within each pair differing by no more 

than 3°C), to reduce the frequency of non-specific amplification.  

 

BLAST was used to construct alignments to predict the specificity of S2Sf-S2Sr and 

RDN200Bf-RDN200Br to various yeast species, sequentially excluding the species and 

genera that included binding sites for both the forward and reverse oligonucleotides, and 

repeating this query each time. Based on the alignment of these species, S2Sf-S2Sr has 

the potential to amplify S. cerevisiae, S. paradoxus, S. mikatae, S. pastorianus, S. bayanus 

and S. eubayanus and can differentiate between each species at least one site (Fig. 3). 

Primer pair RDN200B amplifies a longer stretch of the rDNA than S2S, and also amplifies 

targets in S. cerevisiae, S. paradoxus, S. mikatae, S. pastorianus, S. bayanus and S. 

eubayanus (Fig. 4.) RND200B cannot differentiate between S. cerevisiae and S. paradoxus 

(Fig. 4), so should be used for identifications only in conjunction with S2S sequences.
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Figure 3: BLAST facilitated alignment of S. cerevisiae and related species across part of the fungal ITS-2 region as amplified by primers S2S, showing differences between the DNA 
sequences of some members of the Saccharomyces sensu stricto. Alignment produced from the NCBI database using the BLASTn algorithm. Alignment constructed from multiple BLAST 
queries excluding uncultured/environmental samples, sequentially excluding species matches. Alignment visualised in Geneious v. 7.1.
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Figure 4:  BLAST alignment of the region of the yeast rDNA locus amplified by primers RDN200Bf-RDN200Br in sequences containing primer binding sites. Alignment constructed from 

multiple BLAST queries excluding uncultured/environmental samples, sequentially excluding species matches. Alignment visualised in Geneious v. 7.1. 
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4.3.4. DNA condition assessment and PCR primer validation 

All of the aDNA extracts were primarily tested with primers S2S and RDN200B (Table 8), 

which bind 178 bp and 234 bp rDNA targets in the Saccharomycetales, and are capable of 

distinguishing the Saccharomyces from non-Saccharomyces yeasts (Figs. 2 and 4). I also, 

however, intended to successively amplify progressively longer target regions within the 

rRNA from any DNA extracts which appeared to contain Saccharomyces aDNA sequences. 

Of the primer pairs designed, ultimately only RDN200B was utilised, as the short lengths 

of the DNA present in the test samples, or potentially the absence of Saccharomyces 

yeasts, rendered the amplification of even the 195 bp RDN200B product unfeasible. 

 

Plant DNA was explored in the aDNA extracts using either of the trn-L-trn-F or trn-D-trn-T 

cpDNA multicopy spacer regions, and the maturase K locus; all of which are well 

characterised for universal plant barcoding (Taberlet et al. 2007; CBOL Plant Working 

Group et al. 2009; de Groot et al. 2011). These primer pairs cumulatively can amplify DNA 

from a variety of arable crops, fruits and herbs (Table 9). For many of the ancient 

samples, it was appropriate to conduct PCR with primers from other studies, including 

those homologous to cpDNA  targets in wood (Dumolin-Lapègue et al. 1999; Deguilloux et 

al. 2002; Table 9), mammalian and human mitochondrial sequences (Irwin et al. 1991; 

Bouwman et al. 2008; Table 9) and generic and specific cpDNA regions in the land plant 

chloroplast (Foley et al. 2012; Table 9). In some cases I further optimized the running 

conditions for these previously published primers. Specifically, I increased the annealing 

temperatures of cpDNA primer pairs dt13 and dt74b (Deguilloux et al. 2003), D1-T1 

(Dumolin-Lapègue et al. 1999) and trnLf-trnLr (Foley et al. 2012) as recommended by 

Speirs et al. (2009) to reduce non-specific amplification. In all other cases, I used 

published primers as directed in their source publications (Table 9).  
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Primer Oligonucleotide sequence (5'-3') 
Product 
size (bp) 

Target region
6 Copies 

per cell
1 Source 

Anneal 
temp 
(°C)

5 

d1 
t1 

GAGACCAGAAAGGGTAATGA 
CTAAATAGCAACGCAAGAAA 

359-360 
trn-D-trn-T 
Quercus spp. 

~54 

Dumolin-
Lapègue 

et al. 
1999 

56
7 

dt13µ 
dt13L 

GAGACCAGAAAGGGTAATGAA 
GAATCAATGAATGAAAGTGGA 

53 
5S-rDNA 
Quercus petraea 

10- 
100 

Deguillou
x et al. 
2003 

56
7 

dt74bµ 
dt74bL 

TTTACTCTATACTCACTAGAG 
GTGGACCATTCAGGAACGAGA 

52 
cpDNA 
Quercus petraea 

56
7 

HMW1A 
HMW1B 

GCTCCTTGCTTATCCAGCTTT 
GGCTAGGCTTTTATAGGGACG 

153 
HMW-GS1 
Triticum spp. 

3-5 
This 

study 
65

2
 

L15408 
L15513INV 

ATAGACAAAATCCCATTCCA 
TAGTTGTCAGGGTCTCCTAG 

125 
cytochrome B 
Mammaliae 

100-
10,000 

Adapted, 
Irwin et 
al. 1991 

54 

MATK-OF 
MATK-R5 

TCACATTTAAATTTTGTGTTAGAT
 

TCGTAATAAATGCAAAGAAGAG
 

113 
 

maturase K 
Olea 

10- 
100 

Foley et 
al. 2012

4 58 

MTFf 
MTFr 

ACAGCAATCAACCCTCAACTATCA 
TGTGCTATGTACGGTAAATGGCTT 

131 
HVR1 Homo 
sapiens (16210-
16340 rCRS)

5
 

100-
10,000 

Bouwma
n et al. 
2008 

58 

PEN1A 
PEN1B 

CCGCCCTCGTCTTCTCAT 
ATCGGGCAATGGGTGGCGGA 

133 
VATPc 
Penisetum 
glaucum 

1 
This 

study 
58 

rbcL h1aF-
rbcL h1aR 

GGCAGCATTCCGAGTAACTCCTC 
CGTCCTTTGTAACGATCAAG 

137 
rbcL 
Poaceae ~5000 

Poinar et 
al, 1998 

58
2 

RPS15f 
RPS15r 

AGAAGAAAGAGAAGAAGCACG 
GGACAGCTCGTATTATAACCTGC 

143-146 
RPS15  
Zea mays 

3-5
 

Adapted, 
Gyulai et 
al. 2007 

60 

trnL-F 
trnL-R 

GCAATCCTGAGCCAAATCCT
 

TGTTAGAACAGCTTCCATTGAGTC
 73-103 

trnL-trnF 
Embryophyta 

10- 
100 

Foley et 
al. 2012

4 60
2 

TRNL1A 
TRNL1B 

GGCAATCCTGAGCCAAATC 
GAGTCTCTGCACCTATCCT 

80-85 

trnL-trnF 
 

Vitis spp. 
Mentha spp. 
Olea spp. 
Thymus spp. 
Salvia spp. 
Sorghum bicolor  
Colocasia spp. 
Cola acuminata 
Dioscorea spp. 
Musa spp. 
Manihot 
escaluenta 

10- 
100 

This 
study 

60
2 
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Table 9. CpDNA and mammalian primer pairs used in this study.
 1

Plastid count as estimated for T. 

monococcum by Pyke & Leech (1987), mtDNA count estimated for H. sapiens by Satoh & Kuroiwa (1991), 

Poaceae rRNA counts taken from Sugiyama et al. (1985), HMW-GS1 region copies estimated by Röder et al. 

(1992), rRNA repeats per S. cerevisiae cell as given in Kobayashi et al. (1998), and reviewed in Venema & 

Tollervey (1999).
 2

Annealing temperatures estimated from primer base composition, all other annealing 

temperatures ascertained via gradient PCR. 
5
revised Cambridge reference sequence (Andrews et al. 1999).

 

4
MATK-R5 and trnL-r are misprinted in Hansson & Foley, 2008;  the correct orientation is given in  Foley et al. 

2012. 
5
Annealing temperatures represent those used in PCRs presented in this project, as optimized for the 

needs of this project only, and often fall within a range of equally suitable annealing temperatures. 
6
The 

species amplified by each primer pair are not limited to those listed, and are anticipated based on BLAST 

alignments to the NCBI database. 
7
Annealing temperature increased to favour specific binding following 

assessment of primer stability.  

 

Each fungal rRNA primer pair designed for this study was optimized with temperature 

gradient PCRs, using a DNA extract from S. cerevisiae reference strain S288C, and gel 

electrophoresis images were compared to judge the variation in PCR product 

concentrations over a gradient of annealing temperatures (Fig. 5). Annealing 

temperatures for future aPCRs were then chosen based on these gel images and the 

predicted optimal annealing temperature based on the GC content of each 

oligonucleotide sequence (summing 4˚C for each guanine/cytosine, and 2˚C for each 

adenine/thymine). I rejected and redesigned any primer pairs with a consistently low 

yield (Fig. 5), and also confirmed that each pair would function consistently when run 

under optimum conditions with the wild S. cerevisiae isolates ZP560 and ZP577 (Fig. 6).  
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Figure 5: PCR products from newly designed primers following temperature gradient PCRs. All PCRs carried 

out with S. cerevisiae strain ZP530. Low yielding pairs were rejected at this point and replaced with new 

pairs (see Fig. 6). For gel details see Section 4.4. 
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Figure 6: Wild S. cerevisiae isolates ZP577/ ZP560 amplified in multiple replicate PCRs with each novel primer pair, at their optimized annealing temperatures. For gel 

details see Section 4.4. 
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Figure 7: PCR products of MgCl2 variable gradient PCR, showing multiple replicates of PCR for each novel primer pair, varying only in MgCl2l concentration. Concentration 

values are given in mM. For gel details see Section 4.4. 

CHECK CONCENTRATIONS
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Magnesium chloride concentrations were optimized via gradient PCR for all novel primers 

(Fig. 7). There was little or inconsistent variation in the PCR product concentrations across 

the MgCl2 variable gradient with each primer pair (Fig. 7). For ease of use I therefore held 

the MgCl2 concentration at 1.6mM per reaction (an excess of MgCl2) across all aPCRs as 

recommended by Speirs et al. (2010).  

 

I characterised the plant cpDNA from each study material to contextualise the samples, 

and in some instances to infer DNA degradation in place of any associated remains, as 

these were not available from any of the sites of interest. Using combinations of the 

multicopy trn-L-trn-F spacer region (trnL-trnF), maturase K locus (matK), and ribulose 

biphosphate carboxylase (RuBisCO) large subunit gene (rbcL), it is possible to identify a 

wide range of Euphyta (land plants; Taberlet et al. 2007; CBOL Plant Working Group et al. 

2009; de Groot et al. 2011). Primers designed to span particularly variable areas of each 

of these regions (Table 9, p. 69) were selected to identify DNA from a broad range of 

target plants, a small number of which are named in Table 9. Whilst I was able to use 

some previously published primers for generic cpDNA amplifications (Table 9), I also 

designed new primers to attempt to amplify the species present in each of the samples 

with unidentified plant contents. For example, I designed the short target length primer 

pair HMW1 to complement the high molecular weight glutenin subunit 1 (HMW-GS1) of 

Triticum monococcum (einkorn wheat, Table 9).  

 

Palm wine was a potential content of the Egyptian amphoras sampled. Phoenix 

dactylifera (date palm) is considered the most likely species to have been exploited for 

palm wine production in Ancient  Egypt (Wilkinson 1878; Beadnall 1909), and has been 

placed by ceramic illustrations at Medinet-el-Gurob, the excavation site of amphora MM-

745 (Accession MM-655, The Manchester Museum; Petrie 1890). Seeds of Medemia 

argun (Dellach/Argun palm) and Hyphaenae thebaica (Doum palm), though presently rare 

in Egypt, have also been found in tombs throughout Egypt (Kunth 1841; Petrie 1890; 

Nicholson & Shaw, 2000; Ibrahim & Baker 2009). I therefore designed primers TRNL1A 

and TRNL1B using a BLAST alignment of palm species to confirm that complementary 

binding sites were present in P. dactylifera, M. argun, and H. thebaica (Section 2.2). Other 

palms may also have been used for wine production (Copley et al. 2001), such as Raphia 
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monobotturum (raffia palm; Bruijning 1921, 1922), but as the evidence for this is not well 

supported (Lucas & Harris 2012), I did not design primers to complement these species. 

 

To confirm the oak species present in the bog wood samples, I used a combination of the 

primer pairs trnL-F-trnL-R (Foley et al. 2012) and D1-TI (Dumolin-Lapègue et al. 1999; 

Section 4.3.3), which amplify 109 bp and 359-360 bp products in both Q. petraea (sessile 

oak) and Q. robur (pedunculate oak), the two native U.K. oak species. I established via 

BLAST alignment that these primer pairs can distinguish Quercus spp. from Ulmus minor, 

a morphologically similar species, without amplifying Taxus or Pinus sequences. I also 

tested these samples with primer pairs dt13 and dt74b (Deguilloux et al,2003; Table 9), 

which amplify short specific 52-53 bp targets in Quercus petraea only, and can be 

collaboratively used to assign European Quercus petraea haplotypes associated with the 

various post-glacial oak refugia (Dumolin-Lapègue et al. 1999; Deguilloux et al. 2003).  

 

For the swab samples from Koma Land pottery, I used the generic plant primer pairs 

TRNL1 (this study) and h1aF-h2aR (Poinar et al. 1998) to screen for cpDNA at the trn-L 

and rbcL variable loci. TRNL1 was targeted to a subset of plants of interest to this study 

(Table 15), and shows variability between genera, whilst h1aF-h2aR was used as a general 

screen for plant DNA, having binding sites in most land plants. I confirmed using BLAST 

that these broad spectrum primers collaboratively included binding sites in Sorghum 

bicolor (sorghum), the Triticeae tribe (cereal grasses), Colocasia spp. (taro), Dioscorea spp 

(yams) and Manihot escaluenta (cassava). Finally, it was necessary to design the specific 

primer pair PEN1 for Pennisetum glaucum (pearl millet), a species in which there is no 

binding site for TRNL1.  I also designed primer pair RPS15 to be specific to the 40S 

ribosomal protein S15 of Zea mays (maize), a modern introduction to Ghana, as a 

potential indication of modern topsoil contamination, noting that negative results from 

this PCR would not independently confirm an absence of contamination.  
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I considered that the pottery swab samples from Koma Land may have recovered 

mammalian DNA which may have been associated with ritual practise. They were also 

likely, however, to have recovered modern human contamination from the prior handling 

of the items. I used the generic cytochrome B primers L15408 and L15513INV (Table 9) 

and primer pair MTF (Bouwman et al. 2008), which is specific to the human mitochondrial 

hypervariable region 1 (HVR1). Collectively, these primers enabled me to separate any 

human contamination present on the items from other endogenous mammalian DNA. I 

selected the primer pair MTF from a range of pre-optimized HVR1 primers (Bouwman et 

al. 2008), as these primers distinguished between the various haplotypes of members of 

the Brown group with access to the ancient DNA laboratories.  

 

4.4. Gel electrophoresis 

All modern DNA extracts from controls and yeast isolates, and those from the test breads, 

were run on gels in 5µl volumes per well to confirm extraction success. These gels were 

stained after running with a 1x SYBR®Safe 0.5x TBE buffer solution on a rocker for 30-

60minutes. It is not common practise to visualise aDNA extracts as both their 

concentration and the DNA extraction elution volume is low. However, in some cases I did 

visualise aDNA extracts. These were run on 2% agarose, 0.5x TBE gels in 7µl volumes per 

well, and pre-stained with 1x GelRed. The PCR products of modern samples (which all 

exceeded 500 bp in length) were run in 3µl volumes on 1% agarose 0.5x TBE gels, which 

were either post-stained with SybrSafe, pre-strained with 0.5x GelRed or post-stained 

with 1x GelRed on a rocker. Any PCR products from ancient samples were instead loaded 

in 5µl volumes, and run on 2% agarose 0.5x TBE gels pre-stained with 1x GelRed.  

 

All of the agarose gels were visualised and recorded on UV transilluminators using either 

the BioRad Gel Doc XR system with Quantity One software, or using the Syngene 

GeneFlash system. For each gel, 2.5µl of one of the Bioline DNA ladders Hyperladder™ I, 

Hyperladder™ IV, Hyperladder™ V or Hyperladder™ 50 bp (the recent replacement for 

Hyperladder V) was used on each gel alongside the DNA extracts or PCR products, to 

demonstrate the size and concentration of DNA in each of the other wells.  

 



81 
 

4.5. Recognising and safeguarding against contamination 

All of the ancient DNA extractions, sample processing and PCRs were conducted in 

dedicated aDNA labs in which modern DNA had never been handled. Modern DNA, 

including the PCR products of aDNA, was handled in separate modern DNA laboratories. 

The aDNA facilities at The University of Manchester are maintained with positive 

displacement pressure, with UV irradiation (applied for a minimum of 12 hours prior to 

each use), and with an ultrafiltered air supply. I used two separate clean rooms to 

conduct the aDNA extraction and the aPCR preparation. All plasticware, swabs, water and 

non-enzymatic reagents used were treated in a UVIlink ultraviolet crosslinker (Uvitec CL-

508) for a minimum of 15 minutes prior to use with ancient samples (254 nm, 120 000 µJ 

cm−2). I showered and changed clothes prior to transitioning from the modern DNA 

laboratories to the aDNA areas if this was necessary within the same day. The surfaces 

and cabinets of the aDNA rooms were cleaned with a 30% v/v solution of 6-14% sodium 

hypochlorite, and 70% v/v ethanol. Any equipment that could not be UV treated or 

bleached was cleaned with DNAaway Surface Decontaminant™ (Thermo Scientific™) 

between samples.   

 

During the swab sampling, which was conducted in The Manchester Museum under clean 

conditions, the work surfaces in the conservation laboratory were covered with two 

layers of aluminium foil, the upper changed between each item. I cleaned all of the 

equipment with DNAaway™ (Thermo Scientific) between items. I also opened a tube of 

1ml ‘Lysis buffer A’ (Promega Magnetic DNA extraction kit for food) on the workbench 

prior to sampling, then processed this alongside the samples and extraction blanks as a 

further environmental control. During the sampling conducted in The Manchester 

Museum, KB and I both wore forensic half suits, hair nets, face masks, and nitrile gloves 

taped at the wrists; changing a second overlying pair of gloves between each sample (Fig. 

8). We also used DNAaway™ (Thermo Scientific) to sterilise any re-used equipment, and 

changed gloves between the collection of each sample to avoid cross- contamination.  
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For the aDNA extraction and PCR preparation, I wore a full PPE hooded suit, two pairs of 

gloves, a face mask, overshoes, hair net and goggles. I split the samples from each 

different source evenly between multiple batches of DNA extractions, and between 

different PCR runs, to help identify and monitor any contamination patterns. As KB and I 

jointly took the Koma Land swab samples, we each submitted DNA for mtDNA 

haplotyping by Dr Romy Müller. 

 

 

 

Figure 8:  Swab sampling of Koma Land figurines, The Manchester Museum. 

Image courtesy of The Manchester Museum, 2014. 
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4.6. Sequence analysis 

4.6.1 Cloning  

Any PCR products requiring cloning were purified from residual oligonucleotide primers 

and dNTPs using the Qiagen MinElute PCR purification kit, and then cloned using the 

CloneJet™ cloning kit (Thermo Scientific). In both cases I used the manufacturers’ 

protocols without modification. I used 5ng, and later 10ng of each cloned PCR product 

(double the recommended concentration), estimated from a visual comparison of 

agarose gel bands with Bioline ladders Hyperladder I and Hyperladder V or Hyperladder 

50 bp, to transform 20µl XL1-Blue Competent Cells (Agilent). This increased DNA 

concentration was used to address a low transformation frequency observed in early 

cloning attempts. The transformed cells were incubated in a shaking incubator for one 

hour at 37˚C, and then cultured for 16-20 hours on LB Amp+ Agar (Section 4.8) at 37 ˚C. I 

used colony PCR to amplify 10-12 colonies from each population over 35 PCR cycles, using 

the method described in Müller et al. 2014 (see Table 6, Section 4.3.1 for cycling 

conditions).  

 

4.6.2 Sequencing details 

I purified the PCR products which were to be cloned using the CloneJet PCR Product 

cloning kit (Thermo Scientific) with the Qiagen MinElute PCR purification kit, 

concentrating 20µl PCR product into 10µl eluate.  To prepare all other DNA samples for 

direct Sanger sequencing or 454 pyrosequencing, I treated 5μl of these PCR products with 

1μl of either ExoSAP-IT® (Amersham) or Illustra™ ExoStar™ (GE Healthcare), followed by 

incubation in a PCR thermocycler at 37°C for 30mins, then 15 mins at 80°C. I prepared the 

DNA and primers for direct sequencing (final concentration 4pM primer; 100-200ng 

ExoSAP-IT®/Exostar treated DNA in a 10µl volume). These were then tagged by The 

University of Manchester Sequencing Facility with ABi PRISM® BigDye™ terminators, and 

screened on an ABI™ 3730 DNA Analyzer.  

 

  

https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=5&cad=rja&uact=8&ved=0CDkQFjAEahUKEwjnxMCNvMvHAhUKCtsKHZ5bC1M&url=https%3A%2F%2Fni.vwr.com%2Fapp%2FHeader%3Ftmpl%3D%2Flife_science%2Fillustra_exostar.htm&ei=kyrgVaevOoqU7Aaet62YBQ&usg=AFQjCNHrHJ9ECg_tl8BS0StooPxdq5Npwg&sig2=Mj1q4KjU1q6VTEZUbFfkBA
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I primarily used direct sequencing to sequence the DNA extracts of plate grown colonies 

of modern yeasts, as these were believed to be clonal cultures. The PCR products of 

human variable region 1 which gave bright bands of the anticipated size were also initially 

direct sequenced as the assay aimed only to determine modern DNA contamination in 

the pottery swab samples rather than to distinguish between the haplotypes of 

individuals. A single HVR1 amplicon was also sequenced via Next Generation methods to 

roughly gauge the diversity of human contamination in the sample set. The test bread 

PCR products were directly sequenced, as the aim of this pilot work was to establish 

whether sequences could be returned from bread DNA extracts, not to distinguish with 

confidence between individual plant and yeast species, although cloning these amplicons 

would have improved the assay.  

 

Whilst next generation sequencing has enhanced the potential for ancient DNA recovery, 

the choice of platform and approach is crucial to obtaining useful data. Many platforms 

are optimized to return maximum sequence lengths, and may therefore miss shorter 

sequences such as those anticipated from aDNA. For the barcoded FLX 454 

pyrosequencing, I therefore used the Roche GS FLX Titanium Rapid Library Preparation 

Kit, with modified protocols developed by The University of Manchester Sequencing 

Facility for use with aDNA, as detailed in Penney et al. (2013). I used Roche Multiplex 

Identifier (MID) Adaptors for Rapid Library Preparations, the adaptor mixes that I ligated 

to the PCR products having been prepared in additional separate cleanroom facilities by 

Jannine Först. A total of twelve pooled sequences were run in parallel in a single run on 

the GS Junior+ platform by The University of Manchester Sequencing Facility.  

 

4.6.3 Sequence read processing 

One hundred and eighty-seven sets of paired forward and reverse direct Sanger 

sequencing reads from the PCR products of the modern yeast DNA extracts were 

evaluated and formatted using Pregap4 v1.6 (Bonfield & Staden, 1996), partly by myself, 

and partly by Ana Pinharanda. I also used Pregap4 to process 71 cloned sequences and 

pairs of direct reads from the Koma Land pottery sample PCR products, 33 cloned 

sequences from the amphora samples, and four sets of paired rDNA sequence reads from 
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modern test breads. The base accuracy was assessed for all sequences using Phred-scaled 

confidence scores, and poor quality regions of these sequences clipped, using a threshold 

of q40 (Perror= 1x10-4) for modern sequences, and the standard Pregap4 threshold of q15 

(Perror= 0.059) for the ancient sequences and test bread sequences. The quality scores 

assigned by Pregap4 to individual unclipped bases can be viewed in fastq files archived 

with the European Nucleotide Archive (ENA) at 

http://www.ebi.ac.uk/ena/data/view/PRJEB11221. 

 

The pairs of direct sequencing reads from the modern yeast PCR products were 

assembled using Gap4 v.4.11 (Bonfield et al. 1995), although reads from a single strand 

for 36 modern yeast samples were used alone for identification in cases where 

sequencing was unsuccessful from one strand; given that the remaining single read could 

identify a species without ambiguity. The cloned sequences were each identified from a 

single strand, given that each pair of strands was anticipated to be identical. Paired direct 

sequencing reads from the ancient samples were also joined for the purpose of sequence 

identification. To meet ENA requirements these have been submitted to the ENA as 

unmerged paired reads. 

 

Any yeast rRNA and centromeric sequences from modern yeast isolates were initially 

compared to the Saccharomyces Genome database (at http://www.yeastgenome.org/cgi-

bin/blast-sgd.pl ; Cherry et al. 2012, accessed June 2012) using the WU-BLAST2 fungal 

genomes search, using the default parameters (word length = 11, DUST filter applied). 

Where Saccharomyces yeasts were the WU-BLAST2 closest matches, species identities 

were checked, aligning the sequences with 49 wild and reference Saccharomyces isolates 

including S. cerevisiae and S. paradoxus, in a preassembled alignment provided by Douda 

Bensasson, visualised in Seaview v4.2 (Galtier et al. 1996; Gouy et al. 2010).  

 

All of the modern yeast DNA sequence identities were also checked against the NCBI 

database using the BLAST search tool, with the megablast algorithm, which optimises for 

highly similar sequences. The default parameters were used for each megablast query 

(word length = 28, DUST filter, expect threshold = 10, match/mismatch score = 1,–2, gap 
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costs = linear).  As there were inconsistencies between some of the species identifications 

returned using the two query methods WUBLAST-2 and NCBI BLAST (megablast), all of the 

sequence identities for isolates from modern materials were ultimately assigned from 

their corresponding NCBI BLAST results. 

 

NCBI BLAST was  also used to identify the cloned DNA sequences from ancient samples 

(BLAST v.2.2.17, www.ncbi.nlm.nih.gov/BLAST/; Altschul et al. 1990)., The default 

parameters for the BLASTN algorithm were applied in each case (word length = 11, DUST 

filter, expect threshold = 10, match/mismatch score = 2,–3, gap costs = existence 5, 

extension 2).  All Identities assigned in this study are based on the difference between the 

expected (E) value of the highest hit and that of the second highest match, and the 

number of mismatches between the sample sequence and the first and second BLASTN 

hits. Where sequences from multiple species gave similar E values or numbers of 

mismatches, sequence identities were assigned to the genus or family level, as 

appropriate. 

 

The FLX 454 pyrosequencing reads were split by barcode using Geneious v. 7.1 (Kearse et 

al. 2012). The primer binding sites were trimmed, and duplicate sequences were filtered, 

also using Geneious v.7.1.. MEGAN v.5.11.3 was then used to parse and visualise a 

BLASTN alignment of hits to these unique reads, excluding those under 20 bp in length, 

using BLASTN parameters as described above, and the standard parameters for MEGAN in 

all instances.  
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4.7. Statistical analysis  

4.7.1 Predicting modern yeast distributions 

A total of three generalised linear models (GLMs 1-3), constructed in R v.3.0.1. (R 

Development Core Team 2009), were necessary to separate and simultaneously assess 

the variance in S. paradoxus abundance on oak barks caused by the multiple 

environmental variables recorded for the dataset (R code provided at 

https://github.com/HeatherRobinson/ThesisRcode). These models were simplified in 

each case by subtracting non-significant elements in a stepwise manner, starting from 

highest order terms; using χ2 tests to check if each simplification step reduced the fit of 

the model to the data (following Crawley, 2005). 

 

An initial GLM, GLM1, assessed the effect of sample weight (to the nearest 0.01g), 

sampling month (5 levels: June, July, August, September and November), and the 

undefined variation caused by sampling different individual trees (126 levels), with the 

presence or absence of S. paradoxus used as a binary response variable, including 

binomial errors. This model could be simplified to a single significant fixed effect, the tree 

from which each sample was obtained (Section 5.2.2).  

 

Data from 15 associated soil samples collected from the bases of nine trees were dropped 

from the analysis at this stage, although a Fisher's exact test demonstrated no significant 

difference between these samples and oak bark samples (P = 0.5113), and sample type 

was not significant in a full model considering soil sample type and the variation between 

individual trees (GLM: deviance = 243.66, D.F. =1, P=0.7719). Data from 15 samples which 

had been incubated at 10˚C with an aim towards future analyses were also omitted from 

the analysis as these samples were not available from all trees or sites, and this was not 

the focus of the present research. 
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I explored the significant effect of tree identity in a second GLM, GLM2; replacing tree 

identity with three new explanatory aspects of tree variation; tree trunk circumference 

measurements taken at 1m height (± 0.1m), site identity (13 levels) and tree base 

elevation (±1m), again using binomial errors. Including the tree trunk circumference 

measurements addressed a discrepancy in the size and therefore presumably the age of 

the trees which had been sampled in the U.K. and those sampled in southern Europe 

(Table 10, Section 5.2).  

 

Douda Bensasson and I considered and trialled several response variables for GLM2. 

These included a count of the number of samples per tree from which S. paradoxus was 

isolated, using the log of the total samples taken per tree as an offset. This was rejected, 

as it generated model predictions in which the predicted frequency of S. paradoxus 

isolation under some conditions exceeded 1. Equally, using a binary response of presence 

of absence per tree obscured important quantitative variation in the data. Ultimately, the 

proportion of samples from which S. paradoxus was isolated per tree was used as the 

response. As well as generally assessing the influence of site identity, I compared a 

simplified version of this model grouping trees by five sites (combining UK sites 10-14) to 

a full model considering trees individually, to determine whether the response to each 

variable differed significantly between the U.K. sites. 

 

It was necessary to omit the circumference measurements of 20 of the 126 trees from the 

data prior to modelling GLM2, where the photographs of each tree taken at the point of 

sampling showed evidence of coppicing, or were ambiguous (images available at 

https://github.com/bensassonlab/yeastecology/). The majority of these oaks were 

located at Site 12, where many of the trees grew within a hedgerow. Trunk circumference 

is not a reliable indicator of tree age in coppiced trees, which have multiple thinner trunks 

in place of a large single trunk. Circumference values had also not been recorded for a 

further two trees at site 6, leading to a total of 22 circumference measurements missing 

from the data.  
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A final GLM, GLM3, was constructed to judge whether the observed inter-site differences 

in S. paradoxus isolation incidence could be caused by variation in summer temperature, 

or by some other factor(s). This model again used binomial errors and the proportion of 

samples from which S. paradoxus was isolated per tree as the response. As explanatory 

variables, I included (i) the tree trunk circumference value, (ii) a summarised grouping of 

the northern European distributed oaks Q. robur, Q. petraea and hybrids, and the 

southern oaks Q. pubescens, Q. frainetto,Q. virgiliana and Quercus ilex, and (iii) the 

average temperature values of the hottest month per annum for the years 1950-2000 

(Tmax/BIO5), one of a range of climate variables from the WorldClim dataset version 1.4.3, 

which we included as a measure of summer temperature (Hijmans et al. 2005, personal 

comm.). Tmax values were drawn from the mean of the closest single pixel to each site's 

coordinates within a raster layer of world Tmax values with a resolution of 30 arc seconds 

(WorldClim dataset v1.4, release 3, http://www.worldclim.org; R script available at 

https://github.com/HeatherRobinson/ThesisRcode).  

 

4.7.2 Metaanalysis of published yeast distribution data 

To judge whether the maximum potential species ranges for S. paradoxus and S. 

cerevisiae could be predicted using factors significant to the distribution of European 

populations, or whether global limits should be further restricted by additional factors 

that become influential outside of Europe; MaxEnt v.3.3.3.k (Phillips et al. 2004, 2006), an 

entropy-based species distribution modelling program, was used to simultaneously assess 

the relative response of the habitat ranges of S. cerevisiae and S. paradoxus to the mean 

maximum daily temperature of the warmest month per annum (BIO5/Tmax), the mean 

minimum daily temperature of the coldest month per annum (BIO6/Tmin), and the 

precipitation volume of the driest month (BIO14, Hijmans et al. 2005) at a resolution of 

0.93 x 0.93 (0.86 km2).  

 

The presence data input for each species was drawn from prior published studies noting 

either S. paradoxus or S. cerevisiae isolation from environmental samples. In considering 

the inclusion of these previously published strains, I omitted any potentially mobile 

human and animal hosted strains due to their mobility, and also omitted vineyard 
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associated, agricultural and other industrial strains due to their potentially recent 

introduction to their isolation sites. Those listed as originating from mountainous sites 

where climate data varies heavily over small distances were also omitted, along with 

others with location information that could not be defined to within 10km. After this 

filtering, I compiled 343 reported S. cerevisiae isolates and 362 S. paradoxus isolates from 

a total of 18 studies ,in two presence input files (Tables S1 and S2, available at 

https://github.com/HeatherRobinson/Thesis_data/). The 85 oak-associated S. paradoxus 

isolates presented in this study were omitted from the MaxEnt analysis, to ensure its 

independence. Four of the isolates inputted to MaxEnt, from the Philippines (Almeida et 

al., unpublished), Sri Lanka (Jayatissa et al. 1978), and Benin (Hounhouigan et al. 1993), 

which are not listed in Table S1, were omitted from the model due to missing BIOCLIM 

data over their tiles for value BIO16 (precipitation of the wettest month per annum). The 

jack-knife function was used to measure relative effect importance, taking a random test 

percentage of 25% of the data to validate the model, and analysing the remaining 75% of 

the data. 

 

Saccharomyces yeasts have been intensively sampled in some world regions but not in 

others (Kowallik et al. 2015). The confidence with which we can predict yeast abundance 

globally therefore varies. To address this when predicting S. cerevisiae distribution, a 

pseudo-absence (background) bias file was used (Table S3, available at 

https://github.com/HeatherRobinson/Thesis_data).This file includes the data of seven 

locations considered from four independent studies, each weighted by the number of 

samples taken at that site (weight in CSV file shows sample no. divided by 10). In each 

case, S. paradoxus is described as being isolated from a sample set of over 100 samples 

via selective means, in the apparent absence of S. cerevisiae (Johnson et al. 2004; 

Maganti et al. 2011; Charron et al. 2014), and location data is provided to the nearest 

10km.  

 

This pseudoabsence file included a single site from our own data, Site 3 (Table 6), that 

was admissible for independent validation of the S. cerevisiae data as no S. cerevisiae data 

were included in the original analysis. A CSV outline of this bias file's content is available 

as Table S3 at https://github.com/HeatherRobinson/Thesisdata, and an R script for the 
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production of a bias BIL file from this CSV data is available at 

https://github.com/HeatherRobinson/ThesisRcode. For S. paradoxus projections, no such 

studies were available and no bias file could be applied. This is the result of S. cerevisiae 

studies typically mentioning S. cerevisiae isolations only, with S. paradoxus presence or 

absence remaining ambiguous.  

 

MaxEnt was run for 500 iterations, using both the linear and quadratic features and 

linear-quadratic product functions. To judge the model accuracy I assessed the receiver 

operating characteristic (ROC) plots, that show the sensitivity and specificity of models 

across thresholds values, comparing the presence-only area under the curve (AUCPO) 

values (Phillips et al. 2006; Yackulic et al. 2013). 

 

4.7.3 Thermal age calculation for Koma Land samples 

Thermal age, the number of years taken for an identical sample degrading at 10 ˚C to 

show similar DNA degradation (Smith et al. 2003), was estimated for each group of items 

from DNA depurination rates in bone, given the items' upper and lower age estimates 

(Kankpeyeng & Nkumbaan 2009; Insoll & Kankpeyeng 2014). I used the thermal age 

online interface JRA 1: PrediCtoR (Smith et al. 2003; available at http://thermal-age.eu), 

specifying excavation depths of 10-20cm (Kankpeyeng & Nkumbaan 2009; Kankpeyeng et 

al. 2011, 2013; Insoll et al. 2012), and assuming soil saturation of 15%, soil water 

saturation data unfortunately being unavailable from the site. Elevation and climate 

parameters were estimated by the software using the WorldClim database (Hijmans et al. 

2005). The elevations may be underestimated in both instances, given that the mounds 

could each be higher than the mean value averaged across their respective WGS84 tiles. 

Parameters selected included a silt loam soil type due to the figurines' shallow burial (the 

lower layers of soil at the site more closely resemble clay), and a storage temperature of 

16˚C ± 5˚C post-excavation, specifying the analysis of all items in 2014.  
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4.8. Media, solutions and reagents 

 

Ampicillin stock 

For use in LB amp+ plates for transformant cell screening 

50mg/ml ampicillin solutions were prepared in 10ml volumes, dissolving 500mg ampicillin 

sodium salt in 1ml sterile ultrafiltered H20 (Sigma Aldrich), then adjusting the final volume 

with H20 to a total of 10ml. All ampicillin stocks were syringe-filtered using a 0.2µm filter 

prior to use, and stored at 4˚C for up to 2 weeks. 

 

Chloramphenicol stock 

For use in selective media production 

25mg/ml chloramphenicol solutions were prepared in 1ml volumes, dissolving 25mg 

chloramphenicol in 0.5ml sterile ultrafiltered H20 (Sigma Aldrich), then adjusting the final 

volume with H20 to a total of 1ml. This solution was syringe-filtered using a 0.2µm filter 

prior to use, and stored at 4˚C for up to 2 weeks. 

 

EDTA 

(Cold Spring Harbor, 2006)- For buffer preparation and DNA extraction 

EDTA was prepared as a 0.5M stock solution from 186.1g disodium EDTA·2H2O, pH 

adjusted to 8.0 using gradual addition of ~20g NaOH crystals, then sterilised via 

autoclaving. 

 

Glycerol stock 

(Bensasson lab protocols)- For maintaining yeast stock cultures 

15% glycerol stocks were produced in duplicate for each yeast culture grown to stationary 

phase at 30˚C at the point of DNA extraction, adding 500µl yeast culture in YPD liquid 

broth to 215µl of a 50% w/v sterile glycerol solution. 
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LBA 

(Cold Spring Harbor, 2011) 

Produced in 1 litre solutions using 10g tryptone, 10g NaCl, 5g yeast extract and 15g agar. 

In this instance, pre-made LBA medium was prepared and autoclaved to sterilise by The 

University of Manchester Media Services 

 

LBA amp+ 

(Cold Spring Harbor, 2011) 

LBA medium was prepared and autoclaved to sterilise by The University of Manchester 

Media Services (see above), and 1ml syringe-filtered ampicillin was added per 500ml 

following autoclaving. 

 

Sniegowski selective liquid medium 

(Sniegowski et al. 2002) 

Solution produced in 1 litre volumes from 3g yeast extract, 3g malt extract, 5g Bacto 

peptone, 10g sucrose, 76ml absolute ethanol, 1ml 1M HCl, and 400µl 25mg/ml syringe-

sterilised chloramphenicol stock solution. This medium was filter-sterilised prior to use, 

and was stored at 4˚C. 

 

Sniegowski selective plates 

(Sniegowski et al. 2002) 

A 500ml solution was produced from 50g methyl-α-D-glucopyranoside, 16.75g yeast 

nitrogen base with amino acids and ammonium sulphate, 10ml 1M HCl per litre, which 

was filter sterilised, then supplemented with 450ml melted 2% Bacto® agar and stored at  

4˚C. A negative control plate from each media batch was incubated alongside each set of 

incubated samples. 
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TBE buffer 

(Cold Spring Harbor, 2010)- For gel electrophoresis 

Prepared as a 5x stock solution from 54g Tris base, 27.5g boric acid, 20ml 0.5M EDTA (pH 

8.0), subsequently diluted to 0.5x for gel running as required. 

 

TE buffer 

Purchased from Thermo Scientific U.K.-for stabilising DNA for storage  

Comprised 10ml 1M Tris-HCl, 2ml 0.5M EDTA (pH 8.0) and 988mls sterile distilled H20 per 

litre.  

 

YPD (syn.YEPD) 

(Amberg et al. 2005) - liquid medium for general yeast growth in broth culture 

Constitutes 20g Bacto® peptone, 10g yeast extract, 950ml sterile distilled H2O and 50ml 

sterile 40% w/v glucose per litre. In this instance, YPD was prepared from 500ml premade 

YP medium prepared and autoclaved to sterilise by The University of Manchester Media 

Services, with 26ml of 40% w/v solution of sterile glucose added following autoclaving. 

 

YPDA 

(Amberg et al. 2005) - solid medium for general yeast growth on plate culture 

Constitutes 24g Bacto®  agar, 20g Bacto® peptone, 10g yeast extract, 950ml sterile 

distilled H2O and 50ml sterile 40% w/v glucose per litre. In this instance, YPDA was 

prepared from 500ml premade YPA medium prepared and autoclaved to sterilise by The 

University of Manchester Media Services, with 26ml of 40% w/v solution of sterile glucose 

added following autoclaving. 

 

All solutions were stored at room temperature unless otherwise stated. 
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5. Results 

 

To quantify the environmental variables influential to the distribution of European 

Saccharomyces populations, I analysed more than 600 environmental samples from a 

range of natural habitats. Ninety aDNA extracts were also analysed in an attempt to 

temporally position past Saccharomyces populations, using samples from Neolithic and 

Atlantic era oak remains, and swabs of classical era Roman, Ancient Egyptian and pre-

colonial Ghanaian pottery items. These samples were all screened for yeast DNA, and for 

any associated plant DNA that could contextualise the yeast sequences obtained. Modern 

yeast distributions were characterised, and the likelihood of recovering ancient yeast 

sequences from each sampled material was critically assessed, to draw conclusions which 

may direct future approaches to fungal aDNA studies. 

 

5.1 Method validation 

Several of the methods used in this study were used as standard protocols, as they had 

previously been optimized fully in either the Brown or Bensasson laboratories. For 

example, DNA extraction method 1 (Box 1, Section 4.2.1), which utilises The Promega 

Wizard® Genomic DNA extraction Kit, had previously been optimized with modern yeast 

cultures by Douda Bensasson. It was also possible to include positive controls for yeast 

DNA recovery alongside the modern yeast test samples.  Specifically, as part of each set 

of DNA extractions, DNA was extracted from a colony of one of the wild S. cerevisiae 

strains ZP530 or ZP566 grown on YPD plates. As these controls were repeatedly 

successful, no further method tests were necessary. In other instances, however, method 

tests were required to ensure that the plant and yeast DNA sequences contained in the 

samples could be efficiently extracted and later amplified.  
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5.1.1 DNA extractions 

DNA extraction method 2 (Box 2, Section 4.2.2), which I used to process bread samples, 

was not optimized, having been used in the Brown lab frequently to recover DNA from 

charred cereal grains. However, I found that this method failed to extract either yeast or 

wheat DNA from bread samples in sufficient lengths or concentration for PCR (Section 

5.4). As DNA extraction method 2 had been chosen for its proficiency in recovering cereal 

DNA, but had failed to recover wheat DNA, instead of optimizing this protocol I replaced it 

with DNA extraction method 3, which appeared to work well.  

 

The bread samples processed using DNA extraction protocol 2, and the modern DNA 

controls processed using DNA extraction protocol 4, may have been affected a later 

recognised centrifuge fault that was undetected at the time of the extractions (the 

centrifuge in the modern DNA lab failing to reach the indicated speed). No other DNA 

extraction method was affected by this fault.  

 

DNA appeared to be successfully extracted from positive controls of organic einkorn 

wheat and rye flours, commercial white bread, and an environmental bread starter 

culture (Sourdough International, CA, USA),  using DNA extraction method 3 (Box 3), with 

smears being visible for each of these sample extracts on an agarose gel (Fig. 9). DNA 

extraction method 3 was not optimized for use with yeast as this had already been 

experimentally demonstrated (Tilley 2004). I also later successfully amplified potential 

yeast aDNA from a pottery swab sample, confirming that this DNA extraction method was 

suitable for both yeast cells and ancient samples (Section 5.6.3). 

 

There was no detectable difference in the ITS PCR product yields from S. cerevisiae S288C 

DNA when the standard protocol for DNA extraction method 3 was supplemented in the 

early stages with 60-80 units (1.25-2.00µl 20mg/ml) lyticase (Fig. 10). This is consistent 

with prior yeast DNA extractions using the standard protocol (Tilley 2004). The standard 

protocol was therefore used across all of the relevant samples without a lyticase addition. 
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Figure 9: DNA extracted using the Promega Wizard® magnetic DNA extraction kit for food. Sizes indicated by 

HyperLadder™ I and II (Bioline). For gel details see Section 4.4. 

 

 

Figure 10: PCR products generated from S. cerevisiae DNA extracts with varying Lyticase supplements. PCR 

products amplified using S1S primers from extracts of wild S. cerevisiae isolate ZP530. DNA extracted using 

the DNA Extraction Method 3 (Box 3; Section 4.3.2); with and without a 60-80 units lyticase supplement per 

sample at cell wall lysis stages A and B. For gel details see Section 4.4 
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 DNA extraction method 4 was initially used without prior method tests to extract aDNA 

from the ancient wood samples. However, the yields of both plant cpDNA and yeast rDNA 

were low (Section 5.3), necessitating later method validation. To assess the probability of 

recovering any cpDNA from ancient oak bark, I first attempted DNA extraction from fresh 

oak leaves, fresh leaves appearing to be a more likely source of tree DNA to be successful 

based on past studies (Deguilloux et al. 2002; Rachmayanti et al. 2006, 2009). The DNA 

yield even from oak leaves appeared relatively low, although some high molecular weight 

DNA was visible (Fig. 11). The yield of this assay could have been impacted by the 

aforementioned centrifuge fault that was undetected at the time of the extractions.  This 

fault could not have affected any of the ancient wood samples, as these were processed 

separately in the aDNA laboratory.   

 

  

Figure 11: DNA extracted from Q. robur leaves using DNA extraction method 4 (Box 4: Section 4.2.4). Each 

well contains 5µl DNA extract. For gel details see Section 4.4. 
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The S. cerevisiae reference strain S288C DNA was also extracted as a control using DNA 

method 4 (Box 4), from a 20µl overnight culture. This DNA gave only a weak smear when 

visualised on gel (Fig. 12), although a target region from this extract could be amplified 

over 35 cycles of PCR with yeast primer pair S1Sf-S1Sr (Fig. 13). It is possible that the 

previously mentioned centrifuge fault resulted in low levels of genomic DNA, or that the 

cell wall was not lysed in some cells. Given the documented reliability of DNA extraction 

method 4 for use with ancient plant material (Giles & Brown 2008; Lister et al. 2008, 

2009; Bunning et al. 2012; Fernández et al. 2013), and that similar results were observed 

from yeast and wood DNA extractions, it is most likely that the centrifuge fault impacted 

the  results of the method tests with modern yeast cultures and Q. robur leaves.  

 

 

Figure 12: DNA extracted from an overnight culture of S. cerevisiae S288C using DNA extraction method 4 

(Box 4: Section 4.2.4). Each well contains 5µl DNA extract. For gel details see Section 4.4. 
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Figure 13: Comparative PCR products of S. cerevisiae S288C DNA. DNA extracted from an overnight culture 

using DNA extraction method 4 (S288C B, Box 4, Section 4.2.4)  is shown side by side with a positive PCR 

control of previously extracted S288C DNA extracted using DNA extraction method 1 (S288C A, Box 1, 

Section 4.2.1), with modifications detailed in Section 3.2. For gel electrophoresis methods see Section 4.4. 

Product lengths appear consistent with the expected product length for the S. cerevisiae rDNA target of the 

RDN primers S1S (702 bp). 

 

 

Since the bog wood DNA extractions were completed in 2012, further studies have 

assessed this protocol as less efficient for aDNA recovery from plant material than 

traditional cetyl trimethyl ammonium bromide (CTAB) and silica-binding column methods 

(Oliveira et al. 2012), suggesting it may be suboptimal for additional future work. In 

Section 5.3 I critically discuss the lack of fungal and cpDNA recovered from these wood 

samples using DNA extraction method 4; as well as commenting on a range of recovered 

soil bacteria sequences that were successfully amplified via PCR following the use of this 

method. 
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DNA extraction method 3 proved the most effective of all methods tested for used with 

ancient DNA samples, most of which were complexed with soils or other organic material. 

The magnetic separation method, designed for use with processed foods, is designed to 

be effective with even the most viscous mixtures, which could clog columns, leading to 

loss of the desired DNA fraction. The current cost of the Promega Wizard® Magnetic DNA 

extraction kit is, however, higher than many other kits, and it is possible that other 

magnetic systems may work equally well. 

 

5.1.2 PCR inhibition tests 

My initial attempts at PCR using DNA extracts from both bog oak in the aDNA laboratories 

and modern bark in the modern DNA laboratories (DNA extraction method 4, Box 4, 

Section 4.2.1) were unsuccessful across all of the selected cpDNA primer pairs (Table 9, 

blank gels not shown), despite bands of DNA being visible for some of the bog wood 

extracts when visualised on agarose gel (Fig. 27, Section 5.3.1). In each instance, PCRs 

using 5µl of DNA extract per 25µl PCR did not produce primer dimers. Whilst for the 

modern controls this may be due to the centrifuge fault in the modern DNA laboratory, 

this was not the case for the aDNA samples.  

 

For the bog wood samples, this low DNA concentration instead suggested inhibition of 

the Taq polymerase from compounds carrying over to the DNA extracts from the wood 

and bark samples (Deguilloux et al. 2002; Giles and Brown, 2008; Nasab et al 2010). 

Diluting the DNA extracts proved effective in overcoming this PCR inhibition (Fig. 14), and 

PCRs using the oak leaf control DNA extracts (shown in Fig. 11) were effective when 

spiked with final volumes of no more than 0.5µl DNA extract per 30µl PCR (Fig. 14). The 

strongest amplifications of an anticipated 53 bp product were in fact seen using just 0.05 

µl of the DNA extract (Fig. 14). The bog wood aPCRs were therefore subsequently 

repeated using 0.05 µl of wood sample DNA extract. 
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Figure 14: PCR inhibition tests using modern oak DNA extracts spiked with 0.05-0.5µl of bog wood extract 

HMF1BA. PCR products from the trnD-trnT intergenic spacer were amplified with oak cpDNA primers 

(expected product size with primer pair dt13 = 53 bp). For gel details see Section 4.6. 

 

 

It was not possible to amplify either plant cpDNA or mammalian cytochrome B PCR 

products from the first set of Ghanaian pottery swabs and clay soil when using 0.12µl 

DNA extract per 25µl reaction. I therefore diluted the DNA extracts by a further factor of 

10, to use 0.012µl original extract per 25µl reaction. I then confirmed that DNA extracts of 

the reference S. cerevisiae strain S288C spiked with up to 0.05µl cavity soil DNA extract 

per 25µl reaction could be successfully amplified by yeast rDNA primers without 

inhibition occurring (Fig. 15).  
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Figure 15: PCR inhibition test of S288C ITS1 amplification from pottery swab samples. The addition of 0.05µl 

per 25µl reaction of Koma Land soil extract YK08-AB9-L7C does not inhibit the PCR amplification of S. 

cerevisiae reference strain S288C with rDNA primer pair S1Lf-S1Lr. For gel details see Section 4.4. 
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5.2 Present spatial distributions of European Saccharomyces populations in 
oak habitats. 

 

To establish the present geographical distributions of S. paradoxus and S. cerevisiae in 

wild European habitats, I cultured and analysed the distributions of yeast isolates from 

environmental samples collected between 2006 and 2011 by Douda Bensasson, Ana 

Pinharanda, Dan Smith (DS) and Catherine Walton (CW). The sampling sites of these 

isolates had been deliberately selected by Douda Bensasson to include northern 

European and southern European regions (Fig. 16, Table 10). Previous ecological studies 

of  oak bark had indicated wild S. cerevisiae may be absent from the U.K. outside of 

human-associated habitats (Johnson et al. 2004; Koufopanou et al. 2006). To test this 

possibility, Ana Pinharanda, Douda Bensasson and I analysed samples from a broad range 

of U.K. sites (Fig. 16, Table 10).  

 

Whilst fruit and bark samples were collected from various sites as detailed in Table 10, in 

the majority of instances only one type of sample was recovered from each of the 16 sites 

(Fig. 16, Section 4.1.1). Up to twenty oak bark samples had been collected from each tree, 

and most commonly four samples (87 of 126 trees; Appendix A). Four of the sites (Sites 3, 

4, 12 and 14) had been sampled multiple times over the 2006-2012 period. All of the 

samples were collected between 2006 and 2012 (Section 4.1.1., Appendix A). Samples 

collected between 2006 and 2009, the data from which is co-analysed as part of this 

project, had already been fully processed and sequenced by Douda Bensasson and 

Viranga Tilakaratna.   
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Figure 16: Collection sites of oak bark and fruit samples. Orange points mark sites where both oak and fruit 

samples were collected in close proximity. See Table 6 for location details. Image produced in R version 

3.0.1. (R Development Core Team 2009).  
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Table 10: Collection sites of oak bark and fruit samples spanning the U.K., France, Greece and Portugal. 

1
Codes used for each site in Robinson et al. 2016 (Appendix B). 

2
For individual tree GPS coordinates and 

elevations, and individual sample details, see Appendix A. 
3
Trunk circumference means for sites 5, 12, and 13 

are based on a subset of trees present due to coppicing at these sites.  

Country 
Site 
No. 

Site 
code

1 Location 

Mean oak 
trunk 

circumference 
at 1m (m)

3 

x ̄latitude 
(˚N, 

WGS84)
2 

x ̄ 
longitude 

(˚E, 
WGS84)

2 

Total 
samples 

Sample 
type 

 1 TTP 
Tatton Park, 
Manchester 

3.96 53.34 -2.39 9 

oak 
bark 

U.K. 
 

2 CHO 
Chorlton, 

Manchester 
1.14 53.42 -2.27 1 

3 CRO 
Crowden 

Wood, Peak 
District 

1.48 53.49 -1.89 145 

4 LBW 
Ladybower 
Wood, Peak 

District 
2.30 53.38 -1.69 39 

5 UEA 

University 
of East 
Anglia, 

Norwich 

6.82
3
 52.62 1.24 9 

6 FRI 
Fritham, 

New Forest 
3.29 50.93 -1.66 60 

7 OCK 
Ocknell, 

New Forest 
1.48 50.90 -1.65 59 

8 PLU 
Plumpton 
Vineyard 

1.29 50.91 -0.07 53 
oak 

bark, 
grapes, 
grape 
must 

9 DAV 
Davenport 
Vineyard 

1.20 51.02 0.2 54 

France 10 MB Montbarri 0.80 43.65 3.20 59 
oak 
bark 

Greece 

11 TAX 
Mount 

Taxiarchis 
0.82 40.33 23.5 60 

12 PYR Pyrgadikia 1.26
3
 40.35 23.69 116 

oak 
bark, 
figs 

13 PAR 
Mount 

Parnassus 
1.08

3 
38.17 23.79 102 

oak 
bark, 

grapes 

 14 CR Crete 

NA 

35.55 23.78 11 

figs 
Portugal 

15 SON Sonim 41.71 -7.23 24 

16 IGC 
Oerias, 
Lisbon 

38.69 -9.32 11 
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The U.K. oak sites assessed  were selected by Douda Bensasson using websites by The 

Woodland Trust (http://www.ancient-tree-hunt.org.uk), The Tree Register of Britain and 

Ireland (http://www.treeregister.org), and other websites that list large registered trees. 

Four of the seven non-vineyard U.K. sites chosen fell within the Peak District and New 

Forest national parks (Table 10). U.K. oaks were also sampled at a single semi-urban site 

(Site 5), and in two landscaped parks (Sites 1-2). Greek and French sites were not selected 

for tree size, and most constituted small oak stands rather than established forests (tree 

images available at https://github.com/bensassonlab/yeastecology/fieldphotos). Tree 

GPS coordinates and elevations are given in Appendix A. 

 

Each oak tree was identified on the basis of leaf morphology by Douda Bensasson. In 

France and Greece, Quercus pubescens (downy oak), Quercus ilex (holm oak) and Quercus 

frainetto (Hungarian oak) had been identified following Sutton (1990) and Fitter and 

More (1999). In the U.K., the native species Quercus petraea (sessile oak) and Quercus 

robur (pedunculate oak) had been distinguished as recommended by Potter (1994; 

http://www.keele.ac.uk/media/keeleuniversity/arboretum/articles/oaks_id.pdf). The 

morphological identifications of Q. petraea and Q. pubescens should be interpreted 

loosely, as these are typically distinguished only by the down on the undersides of their 

leaves, and by their geographical distribution. These species can therefore easily be 

misidentified (Sutton 1990; Fitter and More 1999). Three morphologically intermediate 

oaks in southern Europe were recorded as Quercus x virgiliana, hybrids of Quercus 

pubescens and Quercus frainetto. A single UK hybrid oak was noted, and is designated in 

the data as 'Quercus spp.' (Robinson et al. 2016, Supplemental file 3). 

 

Fruit samples were collected from both cultivated figs, and from grapes independent of 

commercial vineyard sites. These were sampled in close proximity to oak trees in cases 

where this was possible (Fig. 16). All figs and grapes were collected in either August or 

September of years 2009-2011; and the bark samples between June and September in 

2006-2011 (Appendix A). Grapes from two U.K. vineyards (Sites 8 and 9; Table 10) and 

their associated vine barks were sampled both prior to the grape harvests at each site in 

August 2011; and again in November 2011, following each harvest. 

https://outlook.manchester.ac.uk/owa/redir.aspx?C=4kFS9_j4f0Sl4Pff6t6Lr4iFrihtI9EIE5i8r-muBLKQRfL6rIZS0WqZOWp2EfkXuEp16oRlfOQ.&URL=http%3a%2f%2fwww.ancient-tree-forum.org.uk
https://outlook.manchester.ac.uk/owa/redir.aspx?C=4kFS9_j4f0Sl4Pff6t6Lr4iFrihtI9EIE5i8r-muBLKQRfL6rIZS0WqZOWp2EfkXuEp16oRlfOQ.&URL=http%3a%2f%2fwww.treeregister.org
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5.2.1 Yeast cultures recovered from environmental samples 

From plate cultures of the 812 selectively enriched environmental samples collected by 

the Bensasson lab (Section 4.1.1), 296 of which I processed, it was possible to recover a 

total of 264 yeast strains (see Robinson et al. 2016, Supplemental files 2 and 3). These 

included 29 S. cerevisiae strains and 85 S. paradoxus strains, as identified from 855-862 

bp lengths of their rDNA (Section 4.3.3). Saccharomyces kudriavzevii was isolated from a 

single sample from  Pyrgadikia in Greece, this species previously only having been isolated 

in Japan, Spain and Portugal (Naumov et al. 2000; Sampaio & Gonçalves 2008; Lopes et al. 

2010). Candida albicans was similarly isolated from oak bark for the first time, at U.K. 

sites only, with three isolated strains suggesting a previously unrecognised natural habitat 

for this human commensal microbe (Robinson et al. 2016). 

 

Three hundred high quality rDNA sequences were submitted to GenBank (NCBI 

accessions: KT206983-KT207282), and identification via BLAST comparison was also 

possible from 71 lower quality sequences or technical replicates (available at 

https://github.com/bensassonlab/yeastecology). Other yeast isolates not belonging to 

the Saccharomyces genus, yet cultured from oak bark, that were non-specifically 

amplified by the same rDNA primer pairs, most commonly included Lachancea 

thermotolerans (n=59) and various Pichia species (n=15). The non-Saccharomyces yeasts 

most commonly isolated from fruits included Pichia spp. (n=12), Candida zemplinina 

(n=7), Zygosaccharomyces bailii (n=6), and Wickerhamomyces anomalus (n=6).  

 

Two samples showed limited sequence identity between paired sequence reads (AN4h.1, 

TAX2b.1), and are listed as 'other' amplified sequences in the data.  These identifications 

are specified fully in the supplementary data accompanying Robinson et al. 2016 

(Appendix B), but are not further discussed here. Finally, DNA extracts from 19 yeast-like 

plate cultures could not be amplified with the fungal rDNA primers, and may represent 

more distantly related fungi. 

 

Saccharomyces paradoxus was recovered from each oak tree sampling site in the U.K., 

France and Greece, with the exception of Site 2 (Chorlton, U.K.), where only a single tree 
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was sampled (Table 10, p.102), and yeast recovery was therefore statistically less likely. S. 

paradoxus appears to be common to most European oak woodlands, occurring in 13.4% 

of all oak bark and associated soil samples analysed (Table 11). The converse was true for 

S. cerevisiae, which was recovered from only three of the thirteen oak sites, and from 

fewer than 1% of the same oak samples (Table 11). Saccharomyces kudriavzevii was 

isolated from only one oak bark sample, at Site 12 (Table 10), and no further 

Saccharomyces species were noted. Extracting and amplifying the DNA of both pooled 

and single colonies for each sample was successful as a means of identifying sympatry, 

with S. cerevisiae and S. paradoxus being identified alongside additional yeast species 

from eight of the 810 samples considered.  

 

There were considerable differences in the non-Saccharomyces yeasts recovered from 

the U.K. and southern European oak bark; also between the Greek and French sites; and 

between the northern and southern U.K. sites. Calculating these based on the 

presence/absence of each species only, disregarding any shared absences, and 

summarising the sites in each region, gave a Jaccard index dissimilarity of 0.80 for 

northern and southern European sites, 0.70 between French and Greek sites, and 0.77 

between the northern and southern UK sites. These relatively high values suggest that 

several of the other yeast species recovered may also have had restricted distributions, 

and the distributions of some of these non-Saccharomyces yeasts within the dataset are 

further explored in Robinson et al. 2016 (Appendix B).  

 

Saccharomyces cerevisiae was isolated from 10.2% of the samples taken from soft fruits 

and fruit barks (Table 12), and was recovered from fruits and fruit tree bark samples at a 

statistically similar frequency (Fisher tests: P (F. carica) = 0.47,  P (V. vinifera) = 0.73; Table 

12). S. paradoxus appeared to be more abundant on oak bark than on wild fruits or fruit 

bark, and was absent in the 171 Southern European fruit samples and must samples 

(Table 12). S. paradoxus was marginally less abundant than S. cerevisiae on vineyard 

grapes sampled within the U.K, although both species were present on grapes at each of 

the U.K. vineyard sites and S. cerevisiae was similarly scarce here (Table 12). 
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Table 11: Incidence of Saccharomyces isolates  recovered from oak samples.
1
Some missing data for trunk girth measurements where trees appeared to have been 

coppiced, or had an ambiguous appearance (Section 4.7.1). Trunk girth means are derived from the available data only. Site information given in Table 10. 
3
Sample 

count includes data from 15 soil samples and 14 cold cultured samples which were recovered but not analysed as part of this study. 

  

Country Site 
Tree 
total 

 
Sample 

total 

Positive samples Mean 
trunk 
girth 
(m) 

Incidence (% of samples) 

S. 
paradoxus 

S. 
cerevisiae 

S. 
kudriavzevii 

S. 
paradoxus 

S. 
cerevisiae 

S. 
kudriavzevii 

 1 2 9
3 

2
1 

0 0 3.96 22.2 0 0 

U.K. 
 

2 1 1 0 0 0 1.14 0 0 0 

3 15 145
 

10 0 0 1.48 6.9 0 0 

4 4 39
3 

8
1 

0 0 2.30 20.5 0 0 

5 2 7
3 

3
1 

0 0 6.82
1
 42.8 0 0 

6 15 60 8
1 

0 0 3.29 13.3 0 0 

7 15 59 4 0 0 1.48 6.8 0 0 

8 6 24 3 0 0 1.29 12.5 0 0 

9 6 28 1 1 0 1.20 3.6 3.6 0 

UK 
total 

66 372 39 1 0 2.55 10.5 0.3 0 

France 10 15 59 9 1 0 0.80 15.3 1.7 0 

Greece 

11 15 60 20 0 0 0.82 33.3 0 0 

12 15 82 14 2 1 1.26
1
 17.1 2.4 1.2 

13 15 60 1 0 0 1.08
1 

1.7 0 0 

Overall total 126 633 83 5 0 NA 13.4 0.8 0 
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Country Site 
Host 
fruit 

Sample 
type 

No. 
plants 

Total 
Samples 

Positive samples 

S. paradoxus S. cerevisiae 

U.K. 
 

8 

grape 

fruit/ 
bark 

12 23 2 8 

must NA 6 0 3 

9 

fruit/ 
bark 

5 22 0 3 

must NA 4 0 3 

Total 17 55 2 17 

Greece 

12 
fig 

fruit/ 
bark 

3 25 0 3 

grape 
fruit/ 
bark 

1 9 0 0 

13 
fig fruit/ 

bark 
2 22 0 2 

grape 2 20 0 0 

14 fig 
fruit/ 
bark 

1 11 0 0 

Total 9 87 0 5 

Portugal 

15 
fig 

 8 24 0 1 

16 
fruit/ 
bark 

1 11 0 0 

Total 9 35 0 1 

Overall total 35 177 2 23 

 

Table 12: Saccharomyces isolates recovered from fruit samples (Greece, Portugal) and vineyard fruits (U.K.). 

The samples detailed here include fruit (n=138), must (n=10), fig bark (n=8), and vine bark samples (n=21).  

See Figure 3 and Table 6 (pp. 50, 58) for more site information. 
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5.2.2 Variation in S. paradoxus isolation frequency between trees 

Saccharomyces paradoxus was isolated from 16.5% of mainland European oaks and 

10.5% of U.K. oak samples, whilst S. cerevisiae was isolated from less than 1% of all oak 

samples (Table 11). Due to the infrequency of Saccharomyces cerevisiae isolation from 

oak bark, and the low recovery rate of Saccharomyces paradoxus from fruits (Table 12), it 

was more appropriate to statistically analyse the oak-based species distribution of S. 

paradoxus. A generalised linear model (GLM) was constructed as outlined in Section 

4.7.1, revealing significant differences in S. paradoxus abundances between individual 

European oak trees (deviance = 60.6, D.F. = 29, P=5.2 x 10-4). This model was then 

expanded, considering tree trunk circumference as a proxy for tree age, tree elevation, 

and bark sampling site. Elevation measurements were subsequently removed from this 

second GLM to avoid over parameterisation, as these varied by no more than 100m 

within each site, and therefore any effect of elevation was unlikely to be successfully 

differentiated from other unrelated effects of field site.  

 

S. paradoxus isolation frequency was at its highest on the larger trunks of presumably 

older trees (Fig. 17; Deviance = 17.3, D.F. = 1, P = 3.1e X 10-5), and considering trunk 

circumference measurements in the multivariate analysis was necessary to detecting a 

second significant effect, that of field site (deviance = 53.3, D.F. = 12, P = 3.7e X 10-5), 

which was later further explored (Section 5.2.3). Trunk circumference proved a 

particularly strong indicator of S. paradoxus at the southern European sites sampled (Fig. 

17). The oak trees sampled in southern Europe were all slender-trunked, with a low 

circumference range (0.23 - 1.81m), whilst the trunk circumference of the largest U.K. oak 

included in the dataset was 6.82m (Fig.17, Supplemental file 3 of Robinson et al. 2016).  
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Figure 17: The effect of increasing oak tree trunk circumference on S. paradoxus isolation rate. Points 

represent count data for individual trees, normalised by sample count; lines represent model predictions 

(GLM2: Section 4.7.1), assuming all other factors are held at median values. Image produced in R version 

3.0.1 (R Development Core Team 2009).  
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5.2.3 Site-specific differences in S. paradoxus abundance predicted by climate 

The significant effect of field site differences on S. paradoxus isolation frequency 

(deviance = 53.3, D.F. = 12, P = 3.7 X 10-5) was explored in a second GLM. In addition to 

trunk circumference, which remained significant to this expanded model (deviance = 4.8, 

D.F. = 1, P = 3.6 X 10-4), it was possible to pinpoint a significant effect of mean summer 

temperature highs (deviance = 1.84, D.F. = 1, P = 4.0 X 10-5).The model additionally 

suggests further cryptic north-south variation in overall species abundance (deviance = 

33.2, D.F. = 1 P = 7 X 10-4), which could result from differences in the oak species which 

were sampled in the U.K. and Southern Europe. These three effects collectively explained 

the variation in S. paradoxus isolation rate between trees as successfully as the 

summarised effect of field site (deviance = 4.5, D.F. = 8, P = 0.81). Repeating this second 

GLM including elevation once again as part of an expanded effect of field site confirmed 

elevation to be non-significant with regards to these data (GLM: deviance = 0.005, D.F. = 

1, P =  0.946). 

 

Saccharomyces paradoxus isolation frequencies were predicted by the statistical model to 

be low across all U.K. temperature ranges, and to fall to critical levels as mean summer 

monthly temperature highs (Tmax) approached 31˚C (Fig. 18). An optimum growth 

temperature range between 22 and 28˚C, a range which is not covered by the dataset, is 

implied by a jump in S. paradoxus isolation rate between the data points represented at 

21.6˚C  and 27.2˚C, and a steep decrease in isolation rate in data points recorded from 

27˚C to 30.9˚C (Fig. 18). In vitro observations have previously suggested that the optimal 

growth temperatures of a range of S. paradoxus strains fall between 20˚C and 31.5˚C 

(Vaughan Martini and Martini, 1995; Salvado et al. 2011; Leducq et al. 2013), and these 

data are consistent with these prior findings. In the U.K., Tmax was predicted by the 

simplified model to have a lower impact on S. paradoxus distribution, most likely because 

summer temperatures here are generally permissive to growth and rarely exceed the 

upper tolerable temperatures that the model predicts for S. paradoxus (Fig. 18).  
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Figure 18: Predicted isolation rates of S. paradoxus from oak bark (isolates/ sample). Points show counts of 

S. paradoxus isolates by tree, normalised by sample count. Lines show model predictions (GLM2) for trees 

within each trunk circumference range (0.7-1.5m, 1.5-2.0m, 2m+), assuming median values for all other 

parameters. Image produced in R version 3.0.1 (R Development Core Team 2009). 
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5.2.4 Influential factors addressed in other studies  

Both sample weight and collection month were sufficiently minimalized in the study 

design to have a low impact on the experimental outcome. During the analysis of these 

data, a paper by Charron et al. (2014) demonstrated a significant effect of sampling 

season on Saccharomycetaceae isolation as a result of collecting samples across the 

annual cycle. In this study, however, where seasonal variation in collection time was 

intentionally limited to the summer months (when Charron et al. indicate recover 

incidence is highest), the recovery of S. paradoxus from the oak bark tested was not 

significantly influenced by sample collection month (GLM: D.F. = 4, P = 0.1; June-

November).  

 

Saccharomyces paradoxus was not universally distributed across the bark of trees on 

which it was present, and for only three trees in the dataset did all of the samples tested 

from a tree prove positive (Figure 18). In this study, bark was collected from two opposite 

faces of each tree at a one metre height, then each piece divided in two. Samples A and B 

per tree can therefore be considered linked, and likewise samples C and D. Despite this, 

there was no obvious correlation between Saccharomyces isolation for AB and CD pairs. 

Unfortunately the aspect of the areas sampled on each tree was not recorded. 

 

 It is a logical assumption that increasing the surface area of bark incubated in each 

sample tube should increase the probability of positive identifications. The weight of 

samples in this dataset, however, appeared to have been sufficiently controlled, and the 

recovery of S. paradoxus from the oak bark tested was not significantly influenced by bark 

sample weight (GLM: D.F. = 1, P = 0.8; Mean = 0.71g; weight = 0.06-3.78g).  

 

It has been suggested that the Saccharomyces may be more common in some oak species 

than others (Sampaio & Gonçalves 2008). It was not possible to assess this from the data 

collected here, as the oak species sampled here were situated exclusively in either 

northern or southern Europe. For the purpose of statistical modelling, we therefore 
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grouped the species sampled in the U.K. (Quercus robur, Quercus petraea and their 

hybrids); and those from southern Europe (Q. pubescens, Q. virgiliana, Q. ilex and Q. 

frainetto). This subgrouping was not detrimental to the GLM fit (GLM: deviance = 12.844, 

D.F. = 14, P = 0.539), and was necessary to avoid a resampling of site identity, as some 

species were limited to individual sites.  

 

5.2.5 Inferring global Saccharomyces distributions 

The world regions possessing a Tmax in the 22-28˚C range, that the GLM analysis predicts 

will constitute permissive S. paradoxus habitat, can be visualised globally, creating a 

rudimentary climate envelope model (Fig. 19).  This predicts the maximum potential 

species range for S. paradoxus, assuming that there is suitable habitat available in these 

locations. If this region is mapped, even when considering a buffer of temperatures 

predicted by our model to be permissive but suboptimal to S. paradoxus growth (18-31 

˚C; Figure 19), the resulting maximum potential species range for S. paradoxus is 

surprisingly narrow (Figure 19). Our model predicts a similar northern species limit for the 

S. paradoxus in Eurasia as has recently been demonstrated for the species in North 

America (Charron et al. 2013; Figure 19). This northerly range limit for S. paradoxus in 

Europe explains the general low isolation frequency of S. paradoxus in the U.K., in both 

the 372 oak bark samples taken here (10.5%), and also in the 800 U.K. oak bark samples 

analysed in previous studies (10%; Johnson et al. 2004; Koufopanou et al. 2006). In fact, 

when comparing global regions with a Tmax of 22-28°C to the sites of previously recorded 

S. paradoxus isolations, most prior S. paradoxus isolations fell within this proposed 

climate envelope (Fig. 19). 

 

Further to a northern range limit, these data also suggest for the first time a southern 

range limit for Saccharomyces paradoxus that predicts the species may be absent from 

most of Africa, South America, the majority of the Indian Subcontinent, and Australia (Fig. 

19). This information may be relevant to the planning of future studies of wild S. 

paradoxus strains, as it suggests that attempted study of this species here would be likely 

to be unsuccessful. 
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 Figure 19: World regions exhibiting mean daily temperature highs during their hottest month per annum of 22-28˚C, as predicted by GLM to contain optimum habitats of S. 

paradoxus (dark grey), shown with a buffer zone of 18-31˚C, in which S. paradoxus may be present at low frequency (light grey). Points represent prior isolations of S. paradoxus 

from natural habitats in Europe, America, Asia, Oceania and Africa. Map produced in R v.3.0.1. (R Development Core Team 2009, using parameter BIO5 (TMAX) downloaded from 

the Worldclim database (v.1.4, http://www.worldclim.org; Hijmans et al. 2005) at a 10 arc-minute resolution. All isolates mapped are detailed in Table S2, available at 

https://github.com/HeatherRobinson/Thesis_data/.  
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Whilst insufficient Saccharomyces cerevisiae isolates were captured during this study to 

model the spatial distribution of wild oak-associated S. cerevisiae populations, the well-

characterised in vitro temperature preferences of S. paradoxus and S. cerevisiae 

(Sweeney et al. 2004; Liti et al. 2009; Salvadó, Arroyo-López, et al. 2011) meant that the 

data obtained for Saccharomyces paradoxus could be used cautiously to infer regions that 

may  provide optimum summer conditions for S. cerevisiae growth.  Namely, if the in vitro 

differences in the growth temperature optima of S. cerevisiae and S. paradoxus of 

approximately 7 ˚C, as reported by Sweeney et al. (2004) in the most extensive of these 

surveys, are assumed to hold true in wild populations, and the permissive growth 

temperature range of S. cerevisiae is assumed to be as broad as that of S. paradoxus (Tmax 

= 25-31˚C), then a maximum global habitable zone can also be projected for S. cerevisiae 

(Fig. 20). For a fuller justification for the selection of parameters used see the 

Supplemental Results of Robinson et al. 2016 (Appendix B).  

 

The predicted species ranges for S. cerevisiae and S. paradoxus supported by this model 

and prior in vitro growth kinetics data, overlap in Europe and in North America (Figs. 19 

and 20)  This overlap is surprisingly narrow, but includes the sites in Pennsylvania and 

Portugal in which incidences of sympatry have previously been recorded  (Sniegowski et 

al. 2002; Sampaio & Gonçalves 2008; Gonçalves et al. 2011). This noted, the true 

permissive habitats for both S. cerevisiae and S. paradoxus will almost certainly be smaller 

than any area mapped with Tmax alone, due to the interruption of the suitable woodland 

or other habitats necessary for each species (Peterson 1999; Svenning & Skov 2004; 

Araujo et al. 2005).  
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Figure 20: Regions likely to provide optimum habitats for S. cerevisiae, (dark grey) as extrapolated from GLM analysis of S. paradoxus distribution, and differences in the in 

vitro growth temperatures of each species (Sweeney et al. 2004). S. cerevisiae may occur at low abundance in light grey regions.  Yellow points note prior isolations of S. 

cerevisiae from natural habitats, including S. cerevisiae from spontaneous fermentations and vineyard proximal oaks, but no commercial grapes or commensal infections. 

Strains shown are detailed in Table S1, available at https://github.com/HeatherRobinson/Thesis_data/. Map produced in R v.3.0.1. (R Development Core Team 2009, using 

parameter BIO5 (TMAX) downloaded from the Worldclim database (v.1.4, http://www.worldclim.org; Hijmans et al. 2005) at a 10 arc-minute resolution. 
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The predicted maximum global S. paradoxus species distribution projected using Tmax (Fig. 

19) closely fits the distribution of the majority of prior isolates, other than in the 

American midwest, where strain NRLLYB2047 (Leducq et al. 2014) isolated from insect 

excrement deposited on a hickory leaf, and multiple oak bark isolates (Hyma & Fay 2013), 

were recovered from Missouri in two independent studies. Local adaptation in the form 

of variations in temperature tolerance has previously been documented in S. paradoxus 

at the Northern limit of its North American range by Leducq et al. (2014), so some 

isolations occurring outside the predictions of the GLM were to be anticipated. 

 

A considerable number of previously isolated S. cerevisiae strains fell outside of the 

habitable zone predicted by the GLM (Fig. 20). When the genotypes of outlying western 

European strains were considered, however, many of these could be contextualised as 

feral or transient populations (Fig. 21). Others have been independently proposed as 

feral, such as the Mattua Valley New Zealand oak-associated isolates, which may have 

originated from imported wine barrels (Zhang et al. 2010; Goddard et al. 2010).  
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Figure 21: Clade identities of S. cerevisiae strains isolated from sites inside and outside of the western 

European climatic zones predicted to be optimal for S. cerevisiae growth (having a Tmax of 25-38°C). 

Genotypes listed are as given in Almeida et al. 2015. The mapped isolates are drawn from a European subset 

of the isolates detailed in Table S1 (available at: https://github.com/HeatherRobinson/Thesis_data). 
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To judge whether factors not considered in this analysis may influence Saccharomyces 

distributions outside of Europe, I used MaxEnt v.3.3.3.k (Phillips et al. 2006) to project a 

species distribution model independent of the test data, instead using data from 362 

prior isolations detailed in Table S2 (available at 

https://github.com/HeatherRobinson/Thesis_data). I included Tmax (BIO5) as used 

previously, and also mean minimum annual temperature (Tmin/BIO6); and the 

precipitation volume of the driest month per annum (BIO14) for each site (Hijmans et al. 

2005).  The results of this MaxEnt model for S. paradoxus (Fig. 22) were similar to those of 

the simplified GLM, which had included only one environmental variable, Tmax. In the 

MaxEnt model, Tmin, Tmax and precipitation of the driest month per annum assessed as 

having relative influences of 59%, 18.5%, and 22.5%; temperature cumulatively bearing 

76.5% of all factorial influence. The presence-only area under the curve (AUCPO) measure 

for this model, a measure of the closeness of model fit to the data provided, was 0.929, of 

a maximum value of 1 (Fig. 23), suggesting that Tmax  and Tmin  cumulatively predict an 

observed global S. paradoxus population distribution very close to that observed in the 

metadata.  

 

Using this spatial distribution model (Phillips et al. 2006), to simultaneously assess the 

influence of Tmax , Tmin and precipitation lows (Hijmans et al. 2005), it appears plausible 

that Tmin could limit S. paradoxus in regions with extreme Tmins in excess of those 

encountered in the European dataset. This may be predicted to include the Canadian 

Rocky Mountains and the Russian interior (Fig. 22), although it will not be possible to 

support this without future direct study of these areas.   
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Figure 22: MaxEnt prediction of S. paradoxus population density. Predictions as  limited by Tmax (BIO5), Tmin (BIO6) and minimum precipitation (BIO14) (Hijmans et al. 2005).  Image 

produced in MaxEnt version 3.3.3k. Predictions based on a subset of S. paradoxus isolates detailed in Table S2, available at https://github.com/HeatherRobinson/Thesis_data/, for 

which locations could be ascertained to the nearest 10km (Section 3.2.3). White points show training points, blue points show randomly selected test data.  
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Figure 23: The sensitivity vs specificity of prior S. paradoxus isolate distributions mapped using MaxEnt v.3.3.3.k 

(Phillips et al. 2006). Training data includes 25% of the data entered (19 isolates), and test data constitutes the 

remaining 75% (57 isolates).  This image is a direct output of MaxEnt v.3.3.3.k (Phillips et al. 2006). Isolation records 

used are detailed in Table S2 (available at https://github.com/HeatherRobinson/Thesis_data/). AUCPO measures are 

derived from presence-only data, and do not equate to classical AUC values (see Yackulic et al. 2013). 
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Mapping 344 other prior S. cerevisiae isolates to their collection sites and independently 

analysing their distribution with MaxEnt gave results that were inconsistent with the prior 

U.K. data (Fig. 24). In fact, MaxEnt predicted a moderately dense S. cerevisiae population 

within the U.K. and north western Europe, despite the provision of pseudo-absence data 

points from the U.K., detailing more than 200 previously recorded negative samples 

(Johnson et al. 2004; Koufopanou et al. 2006); and despite the omission of all vineyard 

and human-associated strains from the input data.  

 

The presence-only area under the curve (AUCPO) measure for this model, an indication of 

the fit of the model to the available data, was lower than that for the Maxent model 

produced for S. paradoxus, at only 0.839 (Fig. 25). Furthermore, the MaxEnt model of S. 

cerevisiae distribution considering Tmax, Tmin and precipitation levels (Figs.22 &24; AUCPO = 

0.883) appears to predict the isolation based distribution of S. cerevisiae isolates less 

accurately than a simple global distribution model predicted solely by variation in Tmax 

(Fig. 20).  

 

In the Maxent model, the environmental variables Tmax, Tmin and precipitation lows had 

respective permutation importances of 24.8%, 33.2%, and 42%. It is possible that the 

effects of Tmin and minimum precipitation are overestimated by MaxEnt, are not 

independent of one another, or are not independent of Tmax, despite the latter two 

events being notionally accounted for by the lasso regression. This may result in mild-

summered sites being overestimated as suitable habitats in this projection because they 

experience mild winters. 

 

Despite the high S. cerevisiae numbers predicted by the MaxEnt model for Europe, 

elsewhere this model was more restrictive than the basic climate envelope model. As 

with S. paradoxus; the Russian interior and Canadian Rocky Mountains were both omitted 

from MaxEnt predictions due to their extreme low minimum temperatures (Fig. 24). The 

MaxEnt model suggests that extrapolated GLM projections based solely on Tmax could fail 

to recognise a restriction on S. cerevisiae growth in the prohibitively dry Australian 

interior, American Rocky Mountains, western South Africa and Namibia (Fig. 24). More 
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data points in these regions would, however, be required to test for these types of 

effects.
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Figure 24: MaxEnt prediction of global S. cerevisiae population density. This range is limited by maximum temperature (BIO5), minimum temperature (BIO6) and minimum 

precipitation (BIO14) values (Hijmans et al. 2005). Image produced in MaxEnt version 3.3.3k. Predictions based on a subset of S. cerevisiae isolates detailed in Table S1, for which 

locations could be ascertained to the nearest 10km (Section 3.2.3), and pseudo-absences included from studies detailing more than 100 samples in which S. paradoxus was 

isolated in the absence of S. cerevisiae, given in Table S3.  Both tables are available at https://github.com/HeatherRobinson/Thesis_data. White points show training points, blue 

points show randomly selected test data.
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Figure 25: MaxEnt model fit against global S. cerevisiae population density. Predictions limited by Tmax 

(BIO5), Tmin (BIO6) and minimum precipitation (BIO14) values (Hijmans et al. 2005).  Image produced in 

MaxEnt version 3.3.3k. Predictions based on a subset of S. cerevisiae isolates detailed in Table S1, for 

which locations could be ascertained to the nearest 10km (Section 3.2.3). Pseudo-absences derived from 

S. paradoxus isolations in the absence of S. cerevisiae totalling in excess of 100 samples taken, weighted 

by the number of samples recorded, detailed in Table S3. Both tables are available at 

https://github.com/HeatherRobinson/Thesis_data.   
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5.2.6 Differences in S. cerevisiae abundance across European woodlands 

The isolation rate of S. cerevisiae from oak bark did not differ significantly in the data 

between U.K. and southern European oak bark samples (Fisher’s exact text, P = 0.168), 

due to the low frequency of the species in both regions (Table 11, p. 106). A single U.K. 

S. cerevisiae isolate was sequenced from a U.K .vineyard (Site 9, Table 10). This is the 

first published S. cerevisiae isolate from U.K. oak bark, and despite resampling of all 

Site 9 trees in both June and November of 2011, S. cerevisiae could only be recovered 

here from samples collected in November 2011, immediately following the grape 

harvest. As S. cerevisiae was not detected before the harvest in four earlier samples 

from this tree, this isolate may originate from a transient population, as is anticipated 

given the previously established scarcity of S. cerevisiae in the U.K. (Johnson et al. 

2004; Koufopanou et al. 2006).  

 

5.2.7 The distribution of Saccharomyces yeasts in European fruits 

As observed in prior studies, Saccharomyces cerevisiae was as common, or more 

common, than Saccharomyces paradoxus on fruits and fruit tree bark across all of the 

fruit tree sites (Mortimer & Polsinelli 1999); and the two species were found together 

in one U.K. vineyard, as has previously been reported in Croatia (Redzepović et al. 

2002). S. cerevisiae was readily isolated from 6.5% of figs, despite the scarcity of S. 

cerevisiae in proximal southern European oak bark (Table 11). However, the overall 

frequency of isolation from fruit outside of vineyards was low (Table 12), with only six 

of the 122 wild fruit samples containing S. cerevisiae. S. cerevisiae was not isolated 

from 29 non-vineyard grape bunches in southern Europe, but could be isolated from 

24.4% of U.K. vineyard  grapes (Table 12, p. 107). 

 

The two U.K. vineyard sites (Sites 8 and 9; Table 10, p. 102), had been sampled in 

November when grapes were ripe to rotting, unlike the fruit trees in gardens or semi-

urban wild settings, which were sampled between August and September, and had 

therefore been collected at various stages of ripeness. This may have reduced the 

likelihood of S. cerevisiae isolation from figs, as S. cerevisiae is known to be enriched in 

damaged and rotting fruits (Mortimer & Polsinelli 1999). There was no significant 
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effect of the weight of fig samples (which varied from 1.2– 24.8g) on S. cerevisiae 

isolation frequency (GLM: deviance = 18.0, D.F. = 1, P = 0.768), which suggested that 

this variation had been appropriately controlled. 
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5.3. Assessment of yeast aDNA sources: Neolithic and Holocene sub-
fossilised bog oaks 

 

Holocene sub-fossilised wood samples, or 'bog oaks', were included in this study to 

attempt to link Saccharomyces strains to oak lineages present in the U.K. during the 

Atlantic period, 7.5–5 kya, the warmest and moistest Holocene period, chronozone 

and pollen zone to date for northern Europe (Ciais et al. 1992; Davis et al. 2003; Mauri 

et al. 2015). Wood from trees that were likely to have reached maturity during this 

time period was collected from Great Fen, Cambridgeshire. This region was selected 

due to the frequency with which ancient trees surface here. This site is also particularly 

interesting due to its unusual alkaline soil pH, which may offer more favourable 

conditions for aDNA survival than acidic bog conditions. 

 

Extensive local dated archaeology is available for this site (Hall & Coles 1994; Sharples 

2010; Clover et al. 2013), along with a range of archaeobotanical records (Godwin & 

Clifford, 1938; Godwin & Willis, 1960; Godwin & Mittre 1975;Clover et al. 2013). Wood 

samples were collected at three separate yet proximal sites in Great Fen within a 1km 

area (Table 13);  within 2km of a site at which the soil strata had previously been 

radiocarbon dated (Godwin & Willis 1961), and close to 1930s bore holes which had 

been used to construct pollen stratigraphies (Godwin & Clifford 1938, Fig. 26). All field 

sampling was conducted following guidelines by Menotti & O’Sullivan (2013). This 

work was by nature restricted to January, when the majority of trees rising to the 

surface are removed during ploughing.  

 

  

https://en.wikipedia.org/wiki/6th_millennium_BC
https://en.wikipedia.org/wiki/4th_millennium_BC
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Figure 26:  Aerial image of part of Great Fen, showing (numbered) sample sites HMF1-3; (blue) boreholes 

by Clover et al. (2013); (red) boreholes by Godwin & Clifford (1938); (green) site of stratigraphic 

radiocarbon dating (Godwin & Willis, 1961); and (purple) Holme Fen depth marker (Fillenham 1963; 

Shennan 1986; Waltham 2000). Image produced using Google Maps ©2012 Google. 
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At the first site  (HMF1), I removed six pieces of wood from surfaced, axe-cut Neolithic 

stumps that were also close to a range of discarded pre-excavated bog wood sections, 

and therefore at high risk of cross-contamination. I collected two more from a 

surfaced trunk embedded in the wall of a ditch (HMF2), and two sections of wood 

from a large, straight, complete tree trunk at a 1-3m depth during its excavation 

(HMF3; Table 9). I morphologically identified HMF3 as an oak rather than a yew, elder 

or elm due to its long, straight single trunk with a diameter of over 3m and height of 

over 4m. It was not possible to accurately measure the diameter of the trunk given its 

large size and its partial burial, therefore this value is a visual minimum estimate.  

 

The samples collected from point HMF1A included a single pine sample from one 

stump (HMF1AF; Table 13). This was identified from its red/orange colour on the 

interior and an unusual absence of the dark tannin pigment produced during 

decomposition of the other trees sampled. Trunk HMF2A is morphologically consistent 

with Taxus baccata (yew), having characteristic twists, and is therefore included as a 

control, as extracts from HMF2A should not be successfully amplified during PCR by 

oak specific cpDNA primers. All other wood sections could not be visually assigned a 

species 

 

I collected two 7ml volumes of soil adjacent to trees HMF2 and HMF3, for pH testing 

with Fisherbrand universal indicator paper. The soil pH was recorded as 8.4±0.1 for site 

HMF2, and pH9.0±0.1 for site HMF3. Finally, I collected three Quercus robur leaves as a 

source of control DNA from Bruntwood Park, Manchester (N 53.380235, W -2.214098). 

I considered Quercus robur to be the most likely species to be present in Great Fen, as 

it is better adapted to lowland and wetland sites than Quercus petraea (Gardiner 1974; 

Rackham 1980), and is the only oak species to have recolonized part of this most 

recently drained region of Great Fen (Huntingdonshire District Council 1998).  

  

javascript:void(0)
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Table 13: Samples taken from wood collected from Great Fen, January 2012. 
1
Dates estimated from 

stratigraphies and radiocarbon dating by Godwin & Willis (1961) and Godwin & Mittre (1975), based on 

maximum and minimum visually estimated trunk depths.
2
 Fluorospectrometry values measured using 

the Qubit™ 2.0 fluorospectrophotometer. Values are a mean of three readings. 

 

5.3.1 Plant cpDNA condition in bog wood sections 

The DNA visualised after its extraction from the bog wood samples appeared to be of 

unexpectedly high molecular weight, with no visible DNA smear representing low 

molecular weight fragments (Fig. 27). High molecular weight (mw) bands were visible 

for samples HMF1CA, HMF1EA, HMF2AA and HMF3AA; and faintly visible for HMF1DA 

and HMF2BA. This high mw DNA and the absence of low mw fragments suggested that 

there may have been modern DNA contamination, and that only low levels of ancient 

DNA remained in the samples if any was present.   

Site Tree 
Sample 

ref. 
Coordinate
s (WGS84) 

Estimated 
depth (m) 

Est. burial 
date (B.C.)1 Field notes 

DS 
DNA 

(ng/µl)
2 

HMF1 

HMF1
A 

HMF1A
A 

52.467644 
-0.192929 

Trunk 
Emergent 

1490-0  
Cut stumps 

with axe 
marks 

2.14 

HMF1
B 

HMF1B
A 

<0.05 

HMF1
C 

HMF1C
A 

3.53 

HMF1
D 

HMF1D
A 

9.01 

HMF1
E 

HMF1EA 0.58 

HMF1
F 

HMF1FA 14.9 

HMF2 HMF2 
HMF2A

A 
52.412053 
-0.374329 

1490-0  
Twisted 

trunk, likely 
yew 

7.19 

HMF3 HMF3 

HMF3A
A 

52.472538 
-0.203027 

1m 
highest 

point, to 
3m 

lowest 
point 

3000-1455 

Large 
straight 

trunk, ~3m 
circumferenc

e, ~4m 
length, likely 

oak 

13.0 

HMF3B
A 

<0.5 
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Figure 27: DNA extracts of sub-fossilised wood samples extracted via DNA extraction method 4 (Box 4, 

Section 4.2.4), shown with Bioline Hyperladder IV size and concentration standard. For gel 

electrophoresis details see section 4.4. 

 

  

From the DNA extracts of the wood samples (Fig. 27) I attempted the generic 

amplification of a conserved cpDNA region in the Quercus genus, to identify the 

individual trees that could not be confidently distinguished as oaks from their trunk 

shape and size. However, after 50 PCR cycles, the generic cpDNA primer pair trnL-F-

trnL-R (Foley et al. 2012) and Quercus-specific primer pair D1-T1 (Dumolin-Lapègue et 

al. 1999) failed to generate any amplicons from any of the bog wood DNA extracts 

(blank gels not shown). Given that the morphology of tree HMF3 suggested samples 

HMF3AA and HMF3BA to be as Quercus samples, and that many more of the samples 

are potential oak samples (Section 2.6), this suggested a generally poor condition for 

any DNA remaining in the wood sections.  
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Despite the lack of PCR products from the generic Quercus primers, I also completed 

the amplification of each sample with the Q. petraea-specific primer pairs dt13 and 

dt74b (Deguilloux et al. 2003), which can distinguish glacial refugia correlated oak 

haplotypes in Q. petraea. PCR of the extracts using the cpDNA primer pair dt13 

generated DNA smears for most samples (Fig. 28). These included in several instances 

a non-specifically amplified contaminant far in excess of the expected product length, 

which was most evident in the PCR blank and pre-sampling extraction blank. This band 

was faintly visible in samples HMF1BA, HMF1CA and HMF1DA. The PCR blank product, 

in which this band was strongest, was cloned to explore its origin. This product, 

although visible once purified, could not be cloned in Agilent XL-Blue cells. This might 

suggest that it came from a repetitive or palindromic primer multimer lethal to the E. 

coli vector. 

 

Figure 28: PCR products generated from bog wood sample DNA extracts amplified with cpDNA primer 

pair dt13. 

 

  



138 
 

The second Q. petraea specific cpDNA primer pair, dt74b, again gave bands well in 

excess of the expected size range (50-100 bp) from DNA extracts of HMF1AA, HMFIBA 

and HMF1FA; and smeared PCR products for samples HMFICA, HMF1DA, HMF1EA, 

HMF2AA, HMF3AA and HMF3BA (Fig. 29). Three of these PCR products, HMF1AA, 

HMF1CA and HMFE1, which collectively were representative of the different band 

sizes visualised, were sequenced as part of a 454 pyrosequencing run including twelve 

barcoded samples.  Additionally, the PCR products of HMF2AA and HMF3BA were 

cloned and Sanger sequenced. 

 

 

 

Figure 29: PCR products generated from bog wood DNA extracts with primer pair dt74b. For gel 

electrophoresis details see section 4.4. 
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The 454 sequenced dt74b PCR products returned only 55-202 reads per sample, and 

these were subsequently filtered by removing any primer artefacts to a combined total 

of just 167, indicating that the sequencing had been largely unsuccessful.  No plant 

cpDNA reads were recovered from any of the three dt74b products. This was 

anticipated as the PCR products all greatly exceeded the anticipated fragment length 

based on NCBI curated sequences of various Quercus species (Fig. 29). Despite this, 

some bacterial sequences were non-specifically amplified with the cpDNA primers. 

These were consistent with microbial succession with changing land use in Great Fen.  

 

MEGAN analysis of 32 unique reads from sample HMF1AA (total filtered reads=54) 

showed highly scored matches to the common soil bacterium Nitrobacter 

hamburgensis (BLAST score 221, E=8e-57), members of the Yersinia genus (BLAST 

score 87.8), and the marine bacterium Rhodothermus marinus (BLAST score 73.4, Fig. 

30). Six poorly scored sequence matches were also made to the archaeon Halostagnia 

larsenii (BLAST scores all equal to 53.6), and a single sequenced matched to Xenopus 

tropicalis (tropical clawed frog, BLAST score 55.4). As a common model organism, X. 

tropicalis (syn. Silurana tropicalis) is likely to be misidentified based on its high 

representation in the NCBI database. The same X. tropicalis sequence was additionally 

observed in 454 barcoded data obtained as part of the same run for another unrelated 

sample, and appears to be a sequencing artefact (Section 5.6.3). 

 

Rhodothermus marinus is described as ‘slightly but strictly halophilic’, preferring saline 

conditions of 0.5-6% (Bjornsdottir et al. 2006), whilst Halostagnia larsenii is an 

extreme halophile, with in vitro studies strains requiring minimum concentrations of 

15% NaCl for growth, and with optimum growth at 20% NaCl (Castillo et al. 2006). 

Given that sequences from two halophiles, one archaeon and one bacterium, are 

recognised together in the data from this sample, and that six unique sequences are 

returned which all correspond to H. larsenii, these sequence identifications appear 

well supported. The presence of halophiles at the site is contextually consistent with 

DNA persisting from the late 17th century, after which the site was drained and ceased 

to be connected to The North Sea.  
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Of the 24 unique sequences non-specifica, six mapped to a subset of the Vibrio genus 

(Vibrio parahaeomolyticus and Vibrio alginolyticus, BLAST score-59.0). These 

halotolerant Vibrio species are primarily found in brackish or marine environments and 

can cause human disease when ingested with shellfish (Makino et al. 2003; Mustapha 

et al. 2013).  A high scoring match was also made between one sequence and Pirrelula 

stayeli, another aquatic bacterium (BLAST score=111). Additionally, a relatively high 

scoring match (BLAST score-93) was made to the black yeast Exophiala xenobiotica, 

implying that Extraction protocol 4 could successfully degrade the yeast cell wall to 

some extent, and therefore that had Saccharomyces yeasts been present in these 

samples then the ITS primers designed for their amplification should have generated 

PCR products. 

 

Low scoring single unique sequence matches were made to the nitrogen fixing 

bacterium Cupriavidus taiwanensis, a newly discovered and as yet poorly characterised 

bacterium Pandoraea thiooxydans, Parus major (bluetit) and Thamnophis sirtalis 

(common garter snake)(all BLAST scores=50). As each of these species is assigned one 

unique sequence only, and with low BLAST confidence scores, little should be inferred 

from these designations, particularly that of T. sirtalis, whose distribution is limited to 

North America. Raw sequence data for all 454 sequences discussed in this document is 

available at http://www.ebi.ac.uk/ena/data/view/ PRJEB12670). 

 

Little additional information was obtained by Sanger sequencing two dt74b PCR 

products cloned in E. coli (HMF2AA AND HMF3BA, Fig. 29). Only two clones were 

recovered, one of which was dismissed as low quality (q<15) during quality clipping. 

The second clone did not match any species within the NCBI database as queried with 

BLASTN. The absence of PCR amplicons from these samples may imply some PCR 

inhibition (Giles and Brown, 2008; Nasab et al 2010), and suggests that the DNA 

extraction methods and PCR methods could both benefit from optimisation (see 

discussion). However, the partial success of the 454 sequencing in recovering bacterial 

sequences more likely to originate from soil than from the laboratory suggests that 
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further work with bog oak samples may be justified in other microbial ecology 

contexts.  

 

 

Figure 30. MEGAN categorisation of 454 sequences obtained from dt74b PCR products 

of the DNA extracts of a.) sample HMF1CA, and b.) sample HMFIAA. Images produced 

in MEGAN v.5.11.3. 
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5.3.2 An absence of yeast DNA in bog wood samples 

It was not possible to amplify short regions of the rDNA of Saccharomyces yeasts from 

any of the wood DNA extracts with the short target yeast rDNA primers, even after 

varying the concentration of DNA extract used from 0.05-0.5µl per 25µl PCR. A 

replicable PCR product was only generated for sample HMF1EA, and this was longer 

than the expected 174p Saccharomyces product of S2Sf-S2Sr, at 246 bp. Cloning these 

products revealed sequences that when compared to the NCBI database most closely 

matched rDNA from the proteobacterium Burkholderia xenovorans (5 of 10 clones, 

99% homology; E = 5e-117, sequences available at 

https://github.com/HeatherRobinson/aDNA-sequence-submissions), along with 

multiple clones that could not be identified from the BLASTN queries (4 of 10 clones). 

Consistent with this result, the longer 195 bp 5.8S rDNA-ITS2 target also could not be 

amplified from any of the wood sample DNA extracts.  
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5.4. Assessment of yeast aDNA sources: the potential for aDNA 
extraction from breads and wines 

 

An experiment was planned to roughly determine the DNA preservation that could be 

anticipated from air-dried breads and charred bread loaves, and I considered the 

implications of these results for DNA preservation in ancient bread. It is not known 

what the concentration and composition of yeasts in ancient breads may have been 

therefore I focused on DNA preservation in a known component of many ancient 

breads, diploid wheat. I also assessed the persistence of yeast DNA in these breads in 

qualitative terms. A decision was made based on the results of these pilot tests as to 

whether a destructive analysis of five Ancient Egyptian bread fragments at The 

Manchester Museum could be justified.  

 

Six small test loaves were baked and left to air-dry, four of which were charred for 

variable lengths of time with a direct propane flame (Table 14), and two of which were 

made from a Secale cereale (rye) flour as an additional variable. The recovery of wheat 

and yeast DNA from each of these breads was followed using a range of specific PCRs. 

These were conducted multiple times on DNA extracts of microdrilled and crushed 

bread samples taken at intervals during the storage of the loaves under warm, dry 

conditions. To make these test loaves, a starter culture was established in a 1 litre glass 

canning jar with 60g organic einkorn wheat or rye flour (Doves Farm, U.K.), 120ml 

water and 14g freeze-dried sourdough bread starter from Giza, Egypt (Sourdough 

International, CA, USA; Wood 1996). This activated culture was incubated for 2hrs at 

30°C; and transferred sequentially to 3 further volumes of 60g flour and 120ml water 

at 12hr intervals, retaining 100g of the previous culture each time.  
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Sample 
Code 

Loaf Flour 
base 

Loaf 
precooked 
weight (g) 

Charring (mins 
exposed to  

propane 
flame) 

Sampling 
Method 

Approx. 
sample 
weight 

(mg) 

PB1A 
PB1 

 
 
 

einkor
n 

wheat 

104 0 
Microdrill 200 

PB1B Destructive 1000 

PB2A 
PB2 98 10 

Microdrill 200 

PB2B Destructive 1000 

PB3A 
PB3 94 20 

Microdrill 200 

PB3B Destructive 1000 

PB4A 
PB4 91 30 

Microdrill 200 

PB4B Destructive 1000 

PB5A 
PB5 

 
rye 

112 10 
Microdrill 200 

PB5B Destructive 1000 

PB6A 
PB6 92 0 

Microdrill 200 

PB6B Destructive 1000 

 

Table 14: Details of bread samples taken from test loaves PB1-PB6. 

 

The bread starter used here to produce the text loaves had been maintained in a Giza 

bakery for more than 100 years from an originally spontaneous inoculum (Wood 

1996), so may be the closest modern representation of the microflora of ancient 

bakeries that might have produced Giza tomb breads. The slow reported leavening 

speed of starter culture fermented breads, such as that produced in this assay (Wood 

1996), suggests a lower initial concentration or efficiency of yeast than modern 

inoculated dough. Using a starter rather than a commercial bread yeast therefore 

better approximates the yeast concentration of ancient breads. 

 

Six round loaves approximately 7cm in diameter were shaped from 100g of either 

organic wholemeal Triticum monococcum (einkorn wheat) or organic wholemeal 

Secale cereale (rye) flour (Doves Farm, U.K.) and 10g olive oil, each leavened for 12hrs 

at 30°C with 100mls of the activated starter culture (Table 14). These loaves were 

baked together for 30 minutes in a fan oven at 190°C and air-dried for 6 weeks at 

~30°C ±5, to mimic the annual average of the only Ancient Egyptian tomb 

temperatures that have been published, those of Nefertari's tomb in Thebes 

(Maekawa 1993). Following the initial 6 weeks air-drying, two of the loaves were also 
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charred using a direct propane flame (~1780°C direct heat, ambient ~250°C), to assess 

the additional effect of charring. Charring is evident for most Viking funerary bread 

finds (Hjelmqvist 1984, 1990), and for all Pompeiian loaves (Mayeske 1979).  

 

After six weeks air drying at ~30˚C ±5, samples were taken from the six test breads as 

detailed in Section 4.1.2, and the DNA extracted using DNA extraction method 2 

(Section 4.2.2, Box 2). I extracted DNA from both ~1000g crushed fragments of bread, 

and from ~200g microdrilled powder for each loaf, as a test of the potential of the less 

destructive microdrill sampling method. Smears level with low molecular weight 

markers, that are consistent with the appearance of degraded DNA, were visible on an 

agarose gel, from extracts of both of the uncharred loaves, PB1 (wheat) and PB6 (rye; 

Fig. 31a). Smears could also be visualised in extracts of both of the loaves charred for 

only 10 minutes (Fig. 31a; PB2 and PB5), yet the extracts of the two loaves charred for 

20 minutes (PB3-4) produced only faint smears on the agarose gel (Fig. 31a).  

 

The smears visible for each bread sample from the DNA extracts made using the 

ground bread samples were similar in appearance to the DNA extracts from micro-

drilled powder (Fig. 31a). This implied that the sampling method chosen made little 

difference to DNA recovery, and therefore that a minimally destructive sampling 

method such as microdrilling could be viable. For all loaves, the yield and fragment 

length differed between each ground bread sample and the corresponding microdrill 

samples (Fig. 31a), without following a discernible pattern. This may reflect 

inconsistencies in DNA condition across the interiors of individual loaves. 
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Figure 31:  DNA extracts from test wheat and rye loaves. DNA extracted from loaves following air-drying 

for a.) 6 weeks, and b.) 24 weeks, following a.) DNA extraction method 2, and b.) DNA extraction method 

3 (boxes 2 and 3, section 4.3.2). Sample details given in Table 14.  

 

Unfortunately, It was not possible to amplify either yeast rDNA or plant cpDNA 

products from any of these DNA extracts using 0.05-0.5µl final volume of DNA extract 

per 15µl reaction, despite attempting PCR with five different primer pairs (S1S, S2S,  

S1L, HMW1 and rbcL h1a: Tables 8 & 9, Section 4.3.3). As the control DNA extractions 

suggested a low suitability of this DNA extraction method to DNA extraction from yeast 

cells (Section 5.1.1), DNA extraction method 2 was replaced with DNA extraction 

method 3 at this point, and these tests were repeated.  
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Using DNA extraction method 3 (Section 4.3.2), I extracted the DNA from new samples 

of each loaf following a total of 24 weeks, 30 weeks and 35 weeks air drying. I had 

confirmed beforehand that this magnetic separation method of DNA extraction was 

effective at extracting DNA from positive controls of fresh commercial brown bread, 

rye and einkorn flours and the activated Giza starter culture maintained on einkorn 

wheat flour, all of which showed visible smears on agarose gel following DNA 

extraction (Section 5.1.1, Fig. 9). These smears could arguably have represented both 

RNA and/or DNA. PCR followed by DNA sequencing confirmed, however, that DNA was 

present in at least a subset of the samples extracted following 30 weeks air drying 

(Section 5.4.3), suggesting that these earlier visualisations primarily show DNA. 

 

As in the original DNA extractions conducted after six weeks air-drying; the DNA from 

the twenty-four week extracts could also be visualised on an agarose gel (Fig. 31b). 

This time, fewer longer length DNA strands were recovered after twenty-four weeks 

air-drying than after six weeks air-drying, and the DNA appeared to be more 

concentrated at a shorter fragment length (Fig. 31). This follows the anticipated 

inverse relationship between degraded DNA fragment length and DNA concentration 

(Pääbo 1989), but may also reflect potential differences in the efficiencies of DNA 

extraction method 2 and DNA extraction method 3.  

 

As was visible in the six weeks air-dried DNA extracts, smears were again less visible for 

the 24 week DNA extracts from charred breads. No DNA was visible in the charred 

loaves PB3-5, with only a faint smear visible for a DNA extract from a sample of loaf 

PB2, which had had the shortest exposure to the propane flame of any of the charred 

test breads (Fig. 31b).  
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5.4.1 Plant DNA rapidly degrades in air-dried breads 

After 24 weeks air-drying, the general condition of the DNA within the test breads was 

assessed by amplifying regions of the high molecular weight glutenin subunit gene 1 

(HMW-GS1) and the ribulose carboxylase gene (rbcL), both of which have conserved 

binding sites in einkorn wheat. Bright bands were observed on agarose gel for the 

uncharred loaves PB1 and PB6 that were consistent with the expected size of the T. 

monococcum rbcL product (137 bp, Fig. 32). Direct sequencing of one of these rbcL 

products, from the uncharred wheat loaf PB1, returned a largely low quality sequence 

(q<15), which after quality clipping comprised just 67 bp of the 94 bp sequence 

anticipated from  T. monococcum (sequences available at 

https://github.com/HeatherRobinson/aDNA-sequence-submissions). This sequence 

included five mismatches to the various reference strains of T. monococcum, causing it 

to match the multiple Poaceae sequences within the NCBI database equally well. The 

low quality of the direct sequence obtained would have prevented a confident 

identification of T. monococcum if replicated with aDNA samples, and highlighted the 

need for molecular cloning or next generation sequencing in identifying sequences 

from this type of complex sample (Fulton & Stiller 2012).  

 

 

Table 32: PCR products of bread DNA extracts amplified with rbcL primers, as visualised on agarose gel. 

Product lengths estimated from visual comparison with Bioline HyperLadder™ 50 bp.  
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Dimmer bands were also visualised on the same agarose gel from the rbcL PCR 

products of all other loaves, and again within the anticipated size range of the target 

product. A dim band was also, however, present in the extraction blank for this series 

of DNA extractions (Fig. 32), meaning the authenticity of these faint bands to the 

individual samples was ambiguous.  

 

The amplification of the 157 bp HMW-GS wheat specific target was not possible from 

any of the test bread DNA extracts (blank gel not shown). This was anticipated given 

that the HMW-GS1 region is present in only 3-5 copies in the Triticaceae, compared to 

the 5S rDNA large subunit (including rbcL), of which there are an estimated 5000 

copies (Röder et al. 1992; Sugiyama et al. 1985). 

 

After a total of 35 weeks air drying, the DNA from each loaf was once again extracted 

and amplified. This time, only one rbcL product could be amplified (Table 15), from a 

DNA extract of PB1A (a micro drilled sample of an uncharred wheat loaf). This PB1A 

product was recovered in insufficient concentration to enable sequencing or cloning. 

The results observed following this extended air-drying suggest that cpDNA rapidly 

degrades in air dried bread; implying working with ancient samples of this type will 

have a low likelihood of success.  

  



150 
 

 

Loaf Cereal 

Exposure to 
direct heat 

source 
(mins) 

35 PCR cycles 50 PCR cycles  

S1Sf-S1Sr (702 bp) S1Lf-S1Lr (823 bp) 

24 
weeks 

30 
weeks 

35 
weeks 

24 
weeks 

30 
weeks 

35 
weeks 

PB1 

Einkorn 
wheat 

0 + - - + + 

N
o

t 
at

te
m

p
te

d
 

PB2 10 - - - - + 

PB3 20 - - - + + 

PB4 30 - - - - - 

PB5 

rye 

10 - - + + - 

PB6 0 + - - + - 

commercial brown bread +  

 

+ 

 

bread dough + + + 

S. cerevisiae ZP530 / S288C + + + + + 

 

Table 15: PCR products of the anticipated S. cerevisiae product length for each primer pair, as visualised 

on agarose gel. Product lengths estimated from comparison with Bioline HyperLadder™ I on an agarose 

gel.  

 

5.4.2 Yeast DNA persistence in response to extended air-drying 

The DNA extracted from each test bread after 24 weeks air drying was amplified via 

PCR over 35 cycles with 18S-ITS1-5.8S-ITS2-25S primer pair S1S-S1Sr; giving faint yet 

visible product bands in wells containing the DNA from breads PB1 and PB6 (Fig. 33). 

Increasing the number of PCR cycles to 50 later enabled additional amplification of the 

longer S1Lf-S1Lr fragment from samples from loaves PB3 and PB5, as well as from PB1 

and PB6 (Fig. 34; Table 15), although the DNA concentration of the PCR products 

suggested by gel visualisation remained low (Fig. 34).  
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Figure 33: ITS-1 PCR Products obtained from extracts of breads air-dried for 24 weeks. PCR run for 35 

cycles using primer pair S1S complementary to the Saccharomyces rDNA. For gel details see Section 4.4. 

Fragment lengths compared to Bioline Hyperladder™ I. 

 

 

 

Figure 34: Putative rDNA PCR products generated from test bread DNA extracted following 24 weeks air-

drying using primers S1Lf-S1Lr over 50 cycles of PCR. For gel details see Section 4.4. Fragment lengths 

compared to Bioline Hyperladder™  I.  
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After a total of 30 weeks air-drying, all of the bread DNA extractions and PCRs were 

repeated. At this time, none of the 702 bp S1Sf-S1Sr ITS-1 products amplified at 24 

weeks could be replicated over 50 PCR cycles (Table 15), suggesting that critical 

degradation of the fungal rDNA had occurred. However, it was still possible to 

generate products of the anticipated length from three samples (PB1A, PB2A, PB3B), 

using the ITS-1 primer pair S1L. This was surprising, given that the targets of primer 

pairs S1L (823 bp) and S1S (655 bp target) are both conserved across the 

Saccharomycetales, that they are present in equal copy number, and that the target of 

S1L is longer.  

 

There was little consistency between those samples that could be amplified with S1L 

after 24 weeks air drying, and those that could be amplified after 30 weeks of storage 

(Table 15). This could either be the result of inconsistent DNA degradation within each 

sample of bread, or alternatively could be attributable to laboratory contamination.   

 

After 35 weeks air drying, the DNA extractions and PCRs were repeated for the last 

time. This further supported degradation of the rDNA, as this time only a single rDNA 

amplicon was recovered. This product was visualised from a sample of rye bread loaf 

PB5, and amplified with primer pair S1Sf-S1Sr, in concentrations too low for 

sequencing (Table 15). The poor amplification of the 702 bp rDNA target in these 

samples suggested that no Saccharomyces DNA persisted in excess of 700bp. 

Amplification of the longer 823 bp rDNA product was therefore not attempted, as 

given the results of the S1S PCR, any sequences amplified with these primers would 

have been highly unlikely to have represented the Saccharomyces.  
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5.4.3 Identification of yeast DNA sequences recovered from breads 

The S1L PCR products from the extracts of PB1A, PB1B and PB3 air-dried for 30 weeks 

(Fig. 17) were cleaned using ExoSAP-IT® (Section 4.6.2) and directly Sanger sequenced 

on both strands for each sample. All of the sequences were quality clipped in Pregap4 

(Section 4.6.3, q=15) then joined in Gap4, with the exception of the paired reads for 

sample PB1A, which could not be successfully joined. This processing resulted in two 

sequences of 408 bp and 75 bp for sample PB1A, both of which mapped to the rDNA 

region of interest and shared the same species identity as inferred by BLAST. I also 

analysed a low quality consensus sequence for PB1B, and a 604 bp consensus 

sequence for PB3A (Table 16; sequences available at 

https://github.com/HeatherRobinson/aDNA-sequence-submissions.  

 

 

Table 16: Direct sequences from cpDNA and rDNA PCRs using wheat bread sample DNA extracts. Primer 

details are given in Section 4.3.3. 
1
Two reads taken which could not be joined in a single consensus 

product.
3
Length excludes primer binding sites 

 

Comparing the 408 bp PB1A direct sequence to the NCBI database, this closely 

matched S. paradoxus, mismatching all closest matching strains at the same single site. 

This sequence showed five mismatches to the closest S. cerevisiae matches, with 

Sampl
e 

Propane 
flame 

exposur
e (mins) 

PCR  Target locus 

Highest 
megablast/ 

BLASTN 
match(es)  

Min 
E-value 

Length (bp) 
(mismatche
s to closest 

match)3 

PB1A 0 
RbcL 
H1A 

Ribulose 
biphosphate 
Carboxylase 
gene, partial 

Poaceae E = 7e-19 67 (5) 

PB1A 0 S1L 
partial 18S-ITS1-

5.8S-ITS2- 
partial 25S 

Saccharomyces 
paradoxus 

01 

E = 1e-26 
75  

408 (1) 

PB1B 10 S1L 
partial 18S-ITS1-

5.8S-ITS2- 
partial 25S 

Wickerhamomyce
s anomalus 

E = 3e-
103 

291 (5) 

PB3A 30 S1L 
partial 18S-ITS1-

5.8S-ITS2- 
partial 25S 

Wickerhamomyce
s anomalus 

0 604  
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additional further mismatches to S. mikatae, S. kudriavzevii, S. pastorianus and S. 

bayanus. The 604 bp S1L sequence from charred loaf PB3 was identified as 

Wickerhamomyces anomalus. Although Wickerhamomyces anomalus is the most 

frequently isolated genus from sourdough cultures (Vrancken et al. 2010), it is also 

common to the northern European environmental samples studied here (Section 5.2), 

and the PB3A sequence aligned without mismatches to strains DBAJ78, yHKS235 and 

yHRM29, which were isolated in the Bensasson laboratory. As the sequence showed at 

least 1 mismatch to all other strains, it is likely to represent a laboratory contaminant. 

The unclipped PB1B sequence also showed the highest similarity to European strains of 

W. anomalus, but aligned over only 88% of its 291 bp length. Quality screening showed 

it was of low quality. The quality screened direct sequences from PB1A and PB1B are 

available at https://github.com/HeatherRobinson/ aDNA-sequence-submissions), 

alongside the lower quality sequences, which were not suitable for ENA submission.  

 

5.4.4 Breads fermented independently of Saccharomyces yeasts 

It was not possible to culture the Saccharomyces, or any other yeasts, directly from the 

freeze-dried Giza environmental culture provided by Sourdough International (CA, 

USA), which has been used for more than 100 years to produce flatbreads in a bakery 

close to the Giza plateau (Wood 1996). Recently, an environmental culture established 

within a mile of this culture's origin via settle plate culture on sterilised flour, 

successfully leavened moulded breads in a reconstruction of Ancient Egyptian 

breadmaking (Lehner 1996; Wood 1996).  There has, however, been no experimental 

analysis of Egyptian bread starter cultures which might suggest that S. cerevisiae drives 

these or other traditional Egyptian bread fermentations.  

 

In the experimental approach used for this project, selective methods were used to 

favour the growth of Saccharomyces yeasts present in the bread starter, and to inhibit 

bacterial growth; using both chloramphenicol and minimal media (Sniegowski et al. 

2002). Despite this enrichment, after repeat plating the cultures onto both selective 

minimal medium, and nutrient-rich yeast peptone dextrose agar (YPD; Section 4.8), 

only a profuse brown peaked bacterial growth was observed.   
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It is possible that the Saccharomyces were originally entirely absent from this bread 

starter, and that the S. paradoxus PCR products obtained represent contamination 

with the PCR products of prior yeast ITS sequencing in the modern DNA laboratory. 

The sequence showed a single mismatch to S. paradoxus sequences. As S. paradoxus is 

common in U.K. environmental samples (Section 5.2), S. paradoxus may also have 

colonised the yeast starter culture from the organic wheat flour used in the baking. 

The latter explanation could be supported by faint bands of the anticipated PCR 

product length generated from organic T. monococcum flour in PCRs with the fungal 

rDNA primer pair S1S, despite the flour notionally containing no yeast (Fig. 35).  

 

 

Figure 35: ITS-1 PCR Products obtained from extracts of commercial breads, organic flours, and the 

activated bread starter. PCR run for 35 cycles using primer pair S1S complementary to the 

Saccharomyces across a region of ITS-1.  
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5.4.5 DNA recovery from vintage and new wines 

To ascertain how persistent DNA may be in ancient wine residues, it was necessary to 

test a cross section of modern wines of different ages and regions to make a broad 

assessment of the DNA remaining in modern wines. These samples included sediments 

of 1959 and 1970 vintages from Château Cantenac, a 1990 vintage wine from Château 

Nénin, and a 1958 pressing from Château Chasse Spleen, all of which had been aged in 

glass bottles with natural corks (Table 17). I also extracted the DNA from 2013 Côtes 

du Rhone and Sauvignon Blanc wines, including pasteurized red wine vinegar as a 

negative control (Table 17). I extracted and quantified the DNA remaining in each wine 

using both DNA extraction method 1 and DNA extraction method 4, to assess the 

suitability of ancient wine residues for DNA studies. I compared rough estimates of the 

total double stranded DNA (ds-DNA) present, and attempted PCR amplification of 

conserved yeast ITS and cpDNA targets. 

 

  

The extraction products of both DNA extraction method 1 and DNA extraction method 

4 appeared colourless. No DNA was observed on an agarose gel following extraction 

wih DNA extraction method 1, suggesting that the total DNA volume recovered from 

all of the wines was low. I used a nanodrop spectrophotometer to give a rough first 

indication of DNA concentration and directly compared nanodrop results across the 

two tested methods (Table 18). These data confirmed that DNA extraction method 1 

had been unsuccessful, although it indicated that some DNA may have been 

Sample 
code 

Producer Year Description Appellation 

CS58 Chasse Spleen 1958 

Red wine 

Pomerol 

CA59 
(Brâne) Cantenac 

1959 
Margaux 

CA70 1970 

NE90 Nénin 1990 Pomerol 

DA13 Les Dauphins 2013 Côtes du Rhône 

BR13 Brancott Estate 2013 White wine Marlborough 

AS13 Aspall 2013 Vinegar U.K. 

Table 17: Wine samples from various vintages and appellations sampled for DNA quantification and 

analysis. 



157 
 

successfully recovered from wine when using DNA extraction method 4 (Table 18). In 

this case, the extract of the pasteurised red wine vinegar control demonstrated values 

close to those of the extraction blank (Table 18), and the wines tested gave 

considerably higher values. These values may be inflated by the presence of RNA, but 

the low control value in the pasteurised red wine vinegar negative suggests that they 

do not result from other general DNA contamination.  

 

DNA 
extraction 

method 
Kit used 

Wine samples 
Contro

l 

CS 
1958 

CA 
1959 

CA 
1970 

NE 
1990 

BR 
2013 

DA 
2013 

AS 
2014 

4 
Roche High Pure 

PCR product 
purification kit 

8.6 14.8 8.3 26.0 3.7 12.6 0.2 

1 

Promega 
Wizard® 

Genomic DNA 
extraction kit 

-0.2  0 0 -0.6 

 

Table 18: Nanodrop spectrophotometer results for DNA extracts of wines and a red wine vinegar control 

via two DNA extraction methods. Each value is a mean of 2 readings from 1.5µl samples, adjusted by 

their respective extraction blanks. Values given in ng/µl. For sample details see section 4.2.1. 

 

The two vintage red wines CS58 and CA59  gave readings consistently higher than that 

of recent vintage white wine (BR13), and in some cases also greater than recent red 

wine, noting that dregs were sampled from vintage wines, and liquid from modern 

pressings. The two wines CA1959 and CA1970 from the same vineyard did not give 

similar results, CA1959 having a higher value.  

 

5.4.6 DNA sequence amplification from wine  

Given the low rate of DNA recovery from the aged bread DNA extracts, and the poor 

amplification of these extracts using primer combinations with 700-800 bp targets; 

when targeting the yeast and grape DNA of wine extracts, I replaced the yeast S1S 

rDNA primers with a replacement primer pair, S2S, to target a shorter region of the 

yeast ITS2-25S rDNA (Section 4.3.3, Table). These PCRs generated a single 174 bp 
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product with each of the wild S. cerevisiae strains ZP577 and ZP560 during 

optimisation (Section 4.3.3, Table 8). I also used the generic cpDNA primer pair TRNL1 

designed for this study, which targets a short 80-85 bp region of trnL-trnF in most 

euphytic plastid genomes (Section 4.3.3, Table 9).  

 

In testing the DNA extracts of the wine samples, I recovered two PCR products with 

multiple bands which included bands in the expected size ranges for both the S2S and 

TRNL1 targets, rather than the anticipated single bands. These both originated from 

the same red wine, Chateau Cantenac, CA70 (Fig. 36).  

 

 

Figure 36: PCR products amplified from wine DNA extracts using generic yeast and cpDNA primers. 

 

Direct sequencing of each CA70 product returned a long low quality composite 

sequence with no BLASTN homology, as predicted by the visualisation of multiple 

bands in the products on an agarose gel (Fig. 36). Due this non-specific amplification of 

multiple environmental sequences, any future amplification from ancient wine will 

necessitate cloning or next generation sequencing to separate any sequences of 

interest from the general microbiome. To specifically amplify the Saccharomyces, PCR 
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was attempted for the longer 195 bp ITS2-25S S. cerevisiae target of primer pair 

RDN200B. This amplification was not possible from any of the extracts.  
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5.5 Assessment of yeast aDNA sources: Ancient DNA recovery from 
ancient Roman and Egyptian amphoras 

DNA extracts from the pottery swab samples of five Roman amphora sherds excavated 

in Britain, a complete North African Roman era amphora, and three complete Ancient 

Egyptian amphoras (Table 19) were analysed via PCR amplification of the multicopy 

cpDNA intergenic spacer region trn-L-trn-F, and the Maturase K (matK) locus (Taberlet 

et al. 2007; CBOL Plant Working Group 2009; de Groot et al. 2011). I aimed to identify 

which amphoras may have contained wines, and to assess the overall DNA 

preservation of each item. I attempted to recover a region of the fungal rDNA locus 

ITS2-25S conserved across the Saccharomycetales, including the Saccharomyces sensu 

stricto (Section 4.3.3), to identify any yeast aDNA sequences that could be linked to 

ancient wine production.  

 

Five partial British-excavated Roman era amphoras and three complete Egyptian-

excavated amphoras were identified in the Roman and Egyptian collections at The 

Manchester Museum (Table 19). These were selected with a preference for complete 

examples and amphora base sherds, following a hypothesis that yeast cells may have 

accumulated during wine storage at the bases of wine vessels. These pottery sherds 

and amphoras spanned a date range of 1300 B.C. to 350 A.D. (Table 19).  

 

Some of the amphoras sampled have typologies that give clues as to their original 

contents. For example, the Roman era pottery sherds MM1 and M/C 1972.74, in BAT-

AM-1 fabric (Tomber & Dore 1998), have a wide angle between point and body, and a 

reinforcing clay plug in the base point (Fig. 37). These features are consistent with 

Dressel type 20 (Tyers 1996), which has been associated with the transport of olive oil 

from Baetica (Sealey 1985; Funari 1996). The amphora MM-2136, also from Medinet el 

Gurob, matches the form and dimensions of an Amarna-excavated amphora inscribed 

‘Very good wine of the house of the Aten’ (Petrie 2013; AN1893.1-41 268, The 

Ashmolean museum, Oxford), although it is not inscribed itself. Finally, the two mid-

body Roman era pottery sherds, M/C 1978.5996.495 and M/C 1977.5992IE, have 

brown deposits on their inside walls, that could conceivably be from lipids or resins 

(Fig. 37).  
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Item 
ref. 

Sample ref. Description 
Item 
date 

Excavation 
Site 
context 

Sample 
details 

DS 
DNA 
(ng/ 
µl)

3 

MM-1
1 

MM-1A 

Roman base 
pottery 
sherd, 
Dressel 20 
form, BAT-
AM-1 fabric, 
stored in 
plastic 
ziplock in 
box 

79-
350 
A.D. 

Deansgate, 
Manchester 
1972-1979 

military 
garrison 

Interior, 
centre 
plug 

<0.05 

MM-1B 
First 
interior, 
crevice

2 
<0.05 

MM-1C 
Second 
interior, 
crevice

2 
<0.05 

MM-1D 
Exterior
, base 

<0.05 

MM-1S 
Soil, 
crevice 
(0.03g) 

1.62 

M/C 
70. 
265 

M/C 70-265-1A Roman era 
lower body 
pottery 
sherd, 
stored in 
plastic 
ziplock in 
box 

Deansgate, 
Manchester 
1972-1979 

military 
garrison 

Interior, 
no 
residue 

<0.05 

M/C 70-265-1B <0.05 

M/C 70-265-1C 

Exterior 

<0.05 

M/C 70-265-1D <0.05 

M/C 
1972. 
74 
 

M/C 1972.74-1A 
Roman base 
pottery 
sherd, 
Dressel 20 
form, BAT-
AM-1 fabric, 
stored in 
plastic 
ziplock in 
box 

79-
129 
A.D. 

Castle Shaw, 
Oldham 
1972 

military 
garrison 

Interior, 
right of 
plug 

<0.05 

M/C 1972.74-1B 
Interior, 
crevice

2 <0.05 

M/C 1972.74-1C 
Exterior
, base 

<0.05 

M/C 1972.74-1D 
Interior, 
crevice

2 <0.05 

M/C 
1977. 
5992- 
1E 
 

M/C 1977.5992IE-
1A 

Roman era 
lower body 
pottery 
sherd, 
orange 
fabric, 
stored in 
plastic 
ziplock in 
box 

79-
350 
A.D. 

Deansgate, 
Manchester 
1972-1977 

military 
garrison 

Interior, 
no 
residue 

<0.05 

M/C 1977.5992IE-
1B 

Interior, 
residue 

<0.05 

M/C 1977.5992IE-
1C 

Exterior <0.05 

M/C  
1978. 
5996. 
495 

M/C 5996.495-1A 
Roman era 
lower body 
pottery 
sherd, buff 
fabric, 
stored in 
plastic 
ziplock in 
box 
 

Deansgate, 
Manchester 
1972-1979 

military 
garrison 

Interior, 
residue 

<0.05 

M/C 5996.495-1B 
Interior, 
no 
residue 

<0.05 

M/C 5996.495-1C 

Exterior 

<0.05 

M/C 5996.495-1D <0.05 
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Eg
yp

ti
an

 e
xc

av
at

ed
 p

o
tt

er
y 

M/C 
1983. 
1192 

M/C 1983.1192-
1A 

North 
African 
torpedo 
amphora, 
complete, 
orange 
fabric, small 
volume 
(<2l), stored 
in box 

1200
-150 
B.C. 

Egypt, 
1890-1936 

unknown 

Exterior
, lip 

<0.05 

M/C 1983.1192-
1B 

Interior, 
base 

<0.05 

MM- 
2136 

MM-2136.A North 
African 
cylindrical 
amphora, 
complete, 
orange 
fabric, 
stored on 
shelf 

1300
-

1200 
B.C. 

Medinet el 
Gurob, 
Egypt. 1904 

town/ 
necropolis 

Interior, 
base 

<0.05 

MM-2136.B 
Interior, 
mid 
body 

<0.05 

MM-2136.C 
Interior, 
neck 

<0.05 

MM-2136.D 
Exterior 

0.061 

MM-2136.E <0.05 

MM- 
745 

MM-745.A 
Canaanite 
amphora, 
small hole 
to mid body 
(Fig. 36), 
stored on 
shelf 

Medinet el 
Gurob, 
Egypt. 1889-
1890 

town 
dwelling 

Interior, 
base 

0.060 

MM-745.B 
Interior, 
mid 
body 

<0.05 

MM-745.C 
Interior, 
neck 

0.052 

MM-745.D 
Exterior 

0.053 

MM-745.E <0.05 

 

 

Table 19: Details of swab samples taken from amphoras and pottery sherds. 
1
Unprovenanced; known to 

originate from 1970s excavations in Manchester, but cannot be assigned to a specific site or excavation 

season. 
2
Between base plug and main body (Fig. 5.1). Amphora fabrics identified using Tyers (1996), 

Tomber & Dore (1998), Serpico et al. (2003) and Bourriau (2010), and with the asisstance of Valentina 

Gasperini. Images of individual items are available at 

https://www.dropbox.com/sh/hfkni18u6k8bpwj/AAA6kwhDE3jQS7DcM2GI4lKha?dl=0. 

3
Fluorospectrometry values measured using the Qubit™ 2.0 fluorospectrophotometer. Values are a 

mean of three readings. 

 

A specific excavation context could be uncovered for only one of the items; Canaanite 

amphora MM-745 from the harem palace town Medinet el Gurob (Petrie 1890; Petrie 

1891; Loat 1905; Shaw 2007; Shaw 2011), that is documented in The Manchester 

Museum's records as synonymous to find 13 of Flinders Petrie’s 1890 excavations, this 

being supported by both museum catalogue entries and Petrie’s own illustrations (Fig. 

38; Plate XX of Petrie 1890). 
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Figure 37: Amphora pottery sherds; 1972.74 and MM1A, demonstrating wide base angles and 

characteristic Dressel 20 clay plug in their base points (Tyers 1996); and M/C 1977.5992IE, and b.) M/C 

1977.5992-1E and M/C 1978.5996.495, demonstrating patchy dark residues. Letters correspond to 

positions for swab sampling (Table 19). 
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Figure 38: Drawings of 'find 13' /accession MM-745, The Manchester Museum A.) from the excavation 

records of Petrie, 1890, with no indication of upper body damage; and B.) a recent illustration, 

demonstrating the height and dimension of a hole visible in the upper mid-body. Image by Valentina 

Gasperini, 2015, personal comm. 

 

5.5.1 Plant DNA sequences indicated across multiple amphoras 

PCRs with cpDNA primers TRNL1 produced products within the size range of the 

expected 80-85p trn-L gene product from samples of four items, as visualised on an 

agarose gel (Table 20). Four of these products were cloned, including two from interior 

swab samples, and their corresponding exterior swab PCR products where relevant for 

comparison. A total of 38 resultant colonies were sequenced (Table 21), including 23 

with BLAST matches to the cpDNA target region, trn-L. Only one of these products, 

from M/M 2136.1, was not cloned or sequenced, as this was recovered only from the 

exterior face of the item (Table 20).  
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Sample reference Swab position 

Plant primers 

MAT-K 
MAT-K-R5 

trnL-F 
trnL-R 

TRNL1A 
TRNL1B 

MM-1A interior - - - 

MM-1B interior - - - 

MM-1C interior - - - 

MM-1D exterior - - - 

MM-1S soil - - - 

M/C 1970-265-1A interior - - - 

M/C 1970-265-1B interior - - - 

M/C 1970-265-1C exterior - - - 

M/C 1970-265-1D exterior - - - 

M/C 1972.74-1A interior - - - 

M/C 1972.74-1B interior - - - 

M/C 1972.74-1C exterior - - - 

M/C 1972.74-1D interior - - - 

M/C 1977.5992IE-1A interior - - - 

M/C 1977 5992IE-1B interior - - - 

M/C 1977 5992IE-1C exterior - - + 

M/C 1978.5996.495-1A interior - - - 

M/C 1978.5996.495-1B interior - - - 

M/C 1978.5996.495-1C exterior - - + 

M/C 1978.5996.495-1D exterior - - - 

M/C 1983.1192-1A exterior - - - 

M/C 1983.1192-1B interior - - - 

MM-2136.A interior - - - 

MM-2136.B interior - - - 

MM-2136.C interior - - - 

MM-2136.D exterior - - - 

MM-2136.E exterior - - + 

MM-745.A interior - - - 

MM-745.B interior - - + 

MM-745.C interior - - + 

MM-745.D exterior - - + 

MM-745.E exterior - + + 

 

Table 20: Generic cpDNA PCR products of swab sample extracts.  '+' shows a match to the expected 

product size,' -' shows no match (excludes non-specific bands of incorrect size). 

 

No products were amplified using the second set of trn-L primers trnl-F-trnl-R, or with 

MATK-0-F-MATK-R5 (Foley et al. 2012), that I had included in the assay primarily to 

assay for the Olea genus (Section 4.3.3). 
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5.5.2 Vicia-like DNA recovered from a Canaanite amphora  

DNA sequences consistent with the trn-L gene PCR target were cloned from all four of 

the cloned plant PCR products (Table 21). Three of the cloned trn-L sequences 

originating from the interior of the Egyptian excavated amphora MM-745 showed a 

complete match to a database trn-L sequence of Vicia faba (fava bean, E = 3e-09) (Fig. 

39), with a single mismatch differentiating them from next best matches in the 

Melilotus (clover), and Trigonella (Fenugreek) genera (Fig. 39). A further 49 bp 

sequence from this sample also showed some similarity to various different Faboideae 

species, differing from all database sequences b a minimum of 2 bases. The same 

sequence consistent with V. faba was also cloned from the exterior of the same item 

(Table 21), as well as three sequences with at least two mismatches to sequences 

within the Faboideae from the exterior of Roman pottery sherd M/C 1977.5992IE (M/C 

1977.5992IE-1C; Table 21). 

 
 

Cloned Sample 
Swab 
region 

Target 
locus 

Highest BLASTN 
match/ 
Lowest shared order1 

(No. clones) 

Min 
E-value 
(e)2 

Length (b.p.)3 
(mismatches 
to highest 
BLASTN 
match) 

M/C 1977.5992IE-
1C 

sherd 
exterior 

trn-L- 
trn-F 

Poaceae (8) 
Variovorax spp. (1) 
No BLASTN match (1) 

9e -13 
6e -137 
NA 

47 
311 (26) 
101 

M/C 5996.495-1C 
sherd 
exterior 

No BLASTN match (7) 
Faboideae (1) 

NA 
1e-17 

39-495 
39 (2) 

MM-754.C 
amphora 
interior, 
neck 

Vicia faba (3) 
Faboideae (2) 
No BLASTN match (2) 

3e-09 
1e -12 
NA 

39 
49 (2) 
31-47 

MM-754.D 

amphora 
exterior, 
below 
handle 

Vicia faba (2) 
Faboideae (3) 
No BLASTN match (3) 

1e-07 
1e-12 
NA 

39 
38-39 (1-2) 
35-139  

 

Table 21: Closest BLAST matches to query sequences from cloned trn-L amplicons. 
1
Based on the lowest 

taxonomic rank shared by each of the best matches displaying equal 'E' (expected) values. 
2
The highest E 

value is given where multiple sequences are represented. LQ= low quality reads not submitted to the 

European Nucleotide Archive. All other sequences are curated by the European Nucleotide Archive (ENA) 

at http://www.ebi.ac.uk/ena/data/view/PRJEB12533). 
3
Length excludes primer binding sites. 
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Figure 39: Alignment of all cloned sequences from MM-745 interior and exterior swab sample PCR products with their closes BLAST matches, Vicia  faba, Melitotis albus and Vicia cypra; 

from the NCBI database (Altschul et al. 1990).
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A single Fabaceae-like sequence was identified in the interior sample of item MM745C, 

and three from the exterior swab sample 745D,  in addition to those identified as full 

matches to the V. faba database sequences (Table 21, Fig. 19). These each failed to show 

a complete match to any BLAST hits, but still most closely matched the Faboideae (Fig. 

19). As six of the nine bases mismatching the Faboideae-like BLAST hits within these 

sequences appear to reflect A to T substitutions (Fig.39), a higher than predicted 

frequency in comparison with the probability of random substitution (Fisher’s exact test, 

P=0.016), it is likely that these sequences could represent damaged Faboideae DNA 

(Section 2.4). 

 

It is possible that the transfer of this DNA to the exterior of MM-745 and its subsequent 

damage could have occurred via leaking of the original contents from the large hole in the 

side of MM-745, spillage during the filling or emptying the vessel, or the spread of DNA 

around the vessel during its cleaning and handling. There is a high possibility of 

endogenous DNA transfer between these two samples that is likely to be responsible for 

the two cloned sequences recovered from the exterior of M/C 1977.5992IE-1C. All cloned 

sequences are curated by the ENA and are available at 

http://www.ebi.ac.uk/ena/data/view/PRJEB12533.  

 

5.5.3 Grass sequences determined on exterior amphora surfaces 

Multiple Poaceae sequences each 85 bp in length were recovered from the exterior of 

pottery sherd M/C 1977.5992IE-1 (Table 21), that were not present on interior swabs of 

the same pottery sherd; or in any other sample of the dataset (Table 21; sequences at 

http://www.ebi.ac.uk/ena/data/view/PRJEB12533). BLASTN comparison shows that these 

are homologous with 0-2 mismatches to the Triticaceae (grains, E=2e-34), and to a single 

outlier, Lolium perenne (ryegrass). These mismatches may imply the presence of an 

unsequenced species, but given the extensive characterisation of past and present cereal 

grasses (Allaby & Brown 2000,2003; Baum & Bailey 2001; Brown et al. 2008, 2015; Lister 

et al. 2009; Isaac et al. 2010; Zohary et al. 2012), they are more likely to equate to DNA 

damage (Hofreiter et al. 2001a). No further plant species were sequenced that may have 

indicated environmental contamination during or subsequent to excavation. 
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5.5.4 No evidence of Saccharomyces DNA recovered from amphora residues 

Over fifty PCR cycles, only two DNA extracts generated amplicons using the yeast ITS-2-

25S rDNA primers, from swab samples of the interior and exterior swabs of the same 

Roman pottery sherd M/C 1972.74 (Table 21). Both of these PCR products were shorter 

than the expected 176 bp rDNA product, and were therefore cloned to identify their 

source. Despite using competent E. coli cells with an antibiotic lethality screen, only four 

of the 24 colonies screened contained inserts; a single human sequence, and three 

sequences with no homology to the NCBI database. The other sequenced clones 

represented the vector only, suggesting a low starting DNA concentration, a common 

issue during aDNA amplicon cloning (Winters et al. 2011). As no PCR products were visible 

in the expected size range, it can therefore be assumed that neither of these PCR 

products contained aDNA from Saccharomyces yeasts.  
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5.6 Assessment of yeast aDNA sources: aDNA from pre-colonial ritual West 
African figurine cavities 

 

A range of 6th-14th century northern Ghanaian pottery items were examined which 

contained internal cavities potentially linked to the ritual practise of libation (Insoll et al. 

2012). The Koma Land collection was excavated in Yikpabongo village, northern Ghana, 

over four consecutive seasons, from two of four mounds officially excavated to date 

(Kankpeyeng & Nkumbaan 2008; Kankpeyeng & Nkumbaan 2009; Kankpeyeng et al. 2011; 

Insoll et al. 2012b; Kankpeyeng et al. 2013). These mounds are only a small 

representation of the hundreds of similar mounds recorded across Koma Land. Two 

excavations of the first of these mounds employed standard archaeological procedures 

(Mound YK07: N10.14449, W1.33562; Kankpeyeng & Nkumbaan 2009; Kröger & Saibu 

2010), whilst in 2011 and 2012, excavators wore gloves and implemented aseptic packing 

procedures to excavate a second mound, in anticipation of future downstream biological 

analyses (Mound YK10-3/YK11: N10.14480, W1.34052: Insoll et al. 2012). 

 

 Items from mound YK10-3/YK11 had been foil wrapped until their transfer to The 

Manchester Museum in October 2013, at which point they were unwrapped and 

displayed in glass cabinets for seven months. These items were handled with gloves 

throughout their loan to The Manchester Museum. The prior storage conditions and 

extent of handling of the items excavated from mound YK07 were not clear, although it is 

possible that the majority of these items had been displayed as part of exhibitions for up 

to five years prior to their transfer to the U.K. 

 

I aimed to establish whether any ancient DNA remained in these items from 

Saccharomyces yeasts, or from related yeasts which may also have been involved in the 

fermentation of alcohols. DNA was extracted from sterile swabs of the exteriors of nine 

figurines of various forms (Table 22), and from cavities in the mouths, nostrils, crania and 

ears. I also extracted DNA from two cones, and from three co-excavated ceramic discs 

included in the dataset as positive controls. The items collectively span the five Koma 

Land pottery forms described by Kröger (1988): cones with heads (category I), 

anthropomorphic figures (II), Janiform figures, (III) animal forms (IV), and other 



171 
 

uninterpreted forms (V). Images of each item listed are available at 

https://www.dropbox.com/sh/2mymjlwlbew4mdx/AAD31F_6a9ZHboc3OcaA28V0a?dl=0.  
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Accession No. 
Item 

Description
1
 

Mound 
Excavation 

year 
Sample 

Sample description, soil 
weight where applicable 

DS DNA 
(ng/µl) 

Predicted 
age (years)

3 

Thermal age 
(years)

4
 

YK07-2-A8-1
2 Anencephalic 

head 

YK07/08 

2007 

YK07-2-A8-1A first interior (mouth) <0.05 

1045-1383 
-± 39 

18640- 
28929 

YK07-2-A8-1B second interior (mouth) <0.05
3 

YK07-2-A8-1C exterior <0.05 

YK07-2-A8-1S soil (mouth) 0.19g <0.05 

YK07-2-C3-1 
Undecorated 

cone with skirt 

YK07-2-C3-1A first interior <0.05 

YK07-2-C3-1B exterior <0.05 

YK07-2-C3-1A2 second interior 0.063 

YK07-2-C3-1B2 exterior <0.05 

YK07-2-C3-1S soil 0.08g <0.05 

YK07-2-C4-L2 
Circular disc/ 
horn stopper 

YK07-2-C4-L2A rough side 0.494 

YK07-2-C4-L2B smooth side <0.05
3 

YK07-2-B5-1 
Circular disc/ 
horn stopper 

YK07-2-B5-1A rough side <0.05 

YK07-2-B5-1B smooth side 0.489 

YK07-2-A4 
Large conical 

figure 

YK07-2-A4-1A exterior (residue) <0.05 

YK07-2-A4-1C1 exterior (no residue) 0.062 

YK07-2-A4-1C2 exterior (no residue) <0.05
3 

YK07-1-85-1 
Circular disc/ 
horn stopper 

YK07-1-85-1A smooth side 0.079 

YK07-1-85-1B patterned side <0.05 

YK07-2-02-1 Janus heads 

YK07-2-02-1A exterior <0.05 

YK07-2-02-1B interior (large mouth) <0.05 

YK07-2-02-1C interior (small mouth) 3.320 

YK07-2-02-1SA soil (large mouth) 0.29g <0.05 

YK07-2-02-1SB soil (small mouth) 0.1g <0.05 

YK07-2-B5.1 
Large head 

(Mohican head) 

YK07-2-B5.1-A2 interior (mouth) 0.114 

YK07-2-B5.1-B2 exterior (left of mouth) 0.201 

YK07-2-B5.1-S soil 0.09g 1.373 

YK08-AB9-L7 Horse and rider 2008 

YK08-AB9-L7-A 1st interior (left of mouth) 0.083 

18567- 
29044 

YK08-AB9-L7-B 2nd interior (left of mouth) <0.05 

YK08-AB9-L7-C exterior <0.05 

YK08-AB9-L7-S soil 0.036g 0.663 
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Table 22: Items sampled, their accession codes for The Ghana National Museum, Accra, the codes for their swab samples, and the ds-DNA concentrations of their DNA extracts (Section 

4.2.3). Fluorospectrometry values measured using the Qubit™ 2.0 fluorospectrophotometer. Values in excess of 0.05ng/ul are a mean of three readings. 
1
Descriptions as given in Insoll et 

al. 2013; 
2
Previously listed under accession YK07-2-D5-1 (Insoll et al. 2013). 

3
Samples extracted on 18/6/15, for which the extraction blanks gave a mean value of 0.052ng/ul .

3
Based on 

radiocarbon dating by Kankpeyeng & Nkumbaan (2009). 
4
Thermal age calculated using JRA1 PrediCTOR (See Section 5.6.2).  

Accession No. 
Item 

Description
1
 

Mound 
Excavation 

year 
Sample 

Sample description, soil 
weight where applicable 

DS DNA 
(ng/µl) 

Predicted 
age (years)

3 

Thermal age 
(years)

4
 

YK08-A9B9-L7 
Human head 
wearing cap 

YK07/08 2008 

YK08-A9B9-L7-A mouth interior 0.180 
1045-1383 

-± 39 

18567- 
29044 

YK08-A9B9-L7-B exterior 0.052 

YK08-A9B9-L7-S soil 0.058g 1.400 

YK10-D11-3 
Seated female 

figure 

YK10-3/ 
YK11 

2010 

YK10-D11-3A interior (top of head) 0.387 

846-1006 
± 40 

22559- 
28207 

YK10-D11-3B second interior (top of head) <0.05 

YK10-D11-3C exterior (right face) 0.256
3 

YK10-D11-3SA soil 0.095g 0.145
3 

YK10-D11-3D exterior (top of head) 0.058
3 

YK10-D11-3H interior (left nostril) <0.05
3 

YK10-D11-3I interior (right nostril) 3.000 

YK10-O11-3 
Stylised 

androgynous 
human head 

YK10-O11-3E interior (ear hole) 0.162
3 

YK10-O11-3F exterior right face 0.076
3 

YK10-O11-3SB soil (ear) 0.120g 0.842
3 

YK11-H13H14 
-113114 

 

Combined 
human and 
animal head 

2011 

YK11-H13H14-113114-A mouth interior 0.074 

22583- 
28239 

YK11-H13H14-113114-B right nostril interior <0.05 

YK11-H13H14-113114-C exterior (right face) 0.057 

YK11-Q10-L1 Clay bicone 

YK11-Q10-L1A interior (tallest side) 0.178 

YK11-Q10-L1B exterior (tallest side) <0.05 

YK11-Q10-L1S soil 0.24g <0.05 



174 
 

 

No oral or written history contemporary with the Koma Land pottery record is available 

(Anquandah 1987; Anquandah 1998). However, West African libations prior to colonial 

influence are believed to have included palm wine, sorghum beer and millet beer (Baum 

1999; Mulemi 2004; Kröger & Saibu 2010), all of which can result from spontaneous S. 

cerevisiae fermentation (Naumova et al. 2003; Jesperson 2003; Glover et al. 2005). The 

crops cultivated by the present day Yikpabongo population include Pennisetum glaucum 

(pearl millet), Sorghum vulgare (sorghum), Oryza glaberrima (African rice), and Manihot 

esculenta (cassava) (Kröger & Saibu 2010, Tim Insoll, personal comm.); many of which 

have traditionally been fermented in West Africa (Halm et al. 1993; Jesperson 2003; 

Bulemi 2004; Mukisa et al. 2012). A PCR strategy therefore needed to be developed 

which could ampify the cpDNA of these likely target species if present. 

 

I used multiple PCRs to target both fungal and associated plant aDNA sequences in these 

DNA extracts, with the aim of identifying the original cavity contents, and to judge 

whether any of these products identified could have been fermented. I used generic PCR 

and both traditional molecular cloning and 454 pyrosequencing to ascertain if fermented 

beverages were applied to these items, and if so, whether S. cerevisiae may have been 

involved in pre-colonial fermentations. All of the Koma Land items referenced in this 

study were sampled during their removal from an exhibition at The Manchester Museum 

in May 2014 facilitated by the Wellcome Trust, with kind permission from The Ghanaian 

Museums and Monuments Board. These are now permanently housed at The Ghana 

National Museum, Accra. 

 

. 
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5.6.1 Double-stranded DNA quantification 

The double stranded DNA (ds-DNA) concentration of each DNA extract was estimated, as 

a low template frequency prior to PCR can lead to carried errors from miscoding lesions 

(Hofreiter et al. 2001a). The values recorded ranged from < 0.05 - 3.32ng/µl (Table 23), 

revealing two orders of magnitude variation in ds-DNA content within the dataset. All 

extraction blanks gave non-quantifiable values below 0.05ng/ul, with the exception of the 

extraction blanks from 18/06/15, which gave a mean value of 0.052ng/ul (samples from 

this run are designated in Table 22). Using a basic linear model, I checked for potential  

correlations between DNA concentration and excavation year, mound or sample type 

(cavity, external surface or soil), also including a potential interaction effect between 

excavation year and mound. The only significant relationship (p = 0.04) was that soil 

sample DNA extracts had a significantly higher DNA concentration than both the internal 

and external swab sample extracts. There was no statistical support for a correlation 

between the DNA concentration of the DNA extracts and the item excavation year (P = 

0.35) or between DNA concentration and excavation mound (P = 0.63).  

 

5.6.2 Thermal age estimation 

Using the software tool JRA 1: PrediCtoR, I calculated mean effective burial temperatures 

of 28.4-28.7˚C for the Koma Land collection, and calculated thermal ages for the items 

ranging from 18,567–29,044 10°C thermal years (Table 23, Smith et al. 2003). This placed 

the DNA sequences associated with the collection close to the threshold of a realistically 

recoverable range  (Hagelberg et al. 2014). In no instance did the maximum predicted 

fragment length persisting exceed 100 bp, with the mean surviving fragment length 

estimated to be as low as 12 bp in some samples (Table 23). The thermal age reports can 

be viewed online at the following URLS: http://thermal-age.eu/pub/TAEU-S1315 (YK07 

min); http://thermal-age.eu/pub/TAEU-S1317 (YK07 max); http://thermal-

age.eu/pub/TAEU-S1319 (YK08 min); http://thermal-age.eu/pub/TAEU-S1318 (YK08 max); 

http://thermal-age.eu/pub/TAEU-S1321 (YK10 min); http://thermal-age.eu/pub/TAEU-

S1320 (YK10 max); http://thermal-age.eu/pub/TAEU-S1324 (YK11 min); http://thermal-

age.eu/pub/TAEU-S1322 (YK11 max). 

  

http://www.synthesys.info/II_JRA_1.htm
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Excavation 
series 

Effective 
burial 

temperature 
(◦C) 

Est. date (B.P) 
Thermal age 

estimate (10◦C 
Thermal Years) 

λ * 

Mean 
estimated 
fragment 

length (base 
pairs) 

YK07 
28.4-28.7 979-1317 ± 39 

18640-28929 
0.056-0.087 

12-18 

YK08 18567-29044 12-19 

YK10 
28.4-28.7 780-940 ± 40 

22559-28207 
0.067-0.085 

12-16 

YK11 22583-28239 12-16 

 

Table 23:Thermal ages estimated for items sampled (Smith et al. 2003), based on upper and lower 

radiocarbon date estimates for each item (Kankpeyeng & Nkumbaan 2009).  *λ = Estimated proportion of 

bases damaged due to spontaneous depurination. Thermal age predictions calculated using JRA 1: 

PrediCtoR (available at http://www.thermalage.eu). 

 

5.6.3 Fungal DNA indicated by next generation sequencing data 

Using 50 PCR cycles, I amplified three potential fungal ITS products approximating the 

expected 174 bp product length for Saccharomyces yeasts as visualised on agarose gel 

(Table 24). Of these, I attempted to clone one sequence via traditional methods, which 

proved unsuccessful, and therefore also sequenced all of these PCR products via 

pyrosequencing, using the FLX 454 platform. These three PCR products were sequenced 

as part of a run of twelve barcoded samples. This generated 11512 reads, which I split by 

barcode. These split data files are curated by the ENA at 

http://www.ebi.ac.uk/ena/data/view/PRJEB11221 under the accession nos. ERS898019, 

ERS898020 and ERS898022. 

Each set of barcoded reads was trimmed to remove the oligonucleotide primer binding 

sites, then the unique sequences extracted and inputted into MEGAN along with a 

BLASTN output (see Section 4.6.3 for parameters).   

http://www.synthesys.info/II_JRA_1.htm
http://www.synthesys.info/II_JRA_1.htm
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Table 24: Amplicons generated from each primer pair. + shows a match to the expected fragment size,' -' 

shows no match (a subset of these samples generated non-specific PCR products or primer artefacts 

deviating from the anticipated product length).  

Sample ref. 

 
Swab  
site 

Targetted DNA region 

trn-L RbcL RDN CytB HVR1 

YK07-2-A8-1A 
cavity 

- - - - - 

YK07-2-A8-1B - - - - - 

YK07-2-A8-1C exterior + - - -  

YK07-2-A8-1S soil - - - -  

YK07-2-C3-1A cavity - - - - - 

YK07-2-C3-1B exterior - - - + + 

YK07-2-C3-1A2 cavity - - - -  

YK07-2-C3-1B2 exterior - - - -  

YK07-2-C3-1S soil - - - -  

YK07-2-C4-L2A 

disc 
surface 

- - - -  

YK07-2-C4-L2B - - - -  

YK07-2-B5-1A - - - -  

YK07-2-B5-1B - - - + + 

YK07-2-A4-1A 

exterior 

- - - -  

YK07-2-A4-1C1 + - - + - 

YK07-2-A4-1C2 - - + - - 

YK07-1-85-1A disc 
surface 

- - - + + 

YK07-1-85-1B - - - -  

YK07-2-02-1A exterior - - - - - 

YK07-2-02-1B 
cavity 

- - - -  

YK07-2-02-1C - - - + + 

YK07-2-02-1SA 
soil 

- - - -  

YK07-2-02-1SB - - - -  

YK07-2-B5.1-A2 cavity + - - -  

YK07-2-B5.1-B2 exterior - + - + - 

YK07-2-B5.1-S soil + - - + + 

YK08-AB9-L7-A 
cavity 

- - - -  

YK08-AB9-L7-B + - + - - 

YK08-AB9-L7-C exterior - - - - - 

YK08-AB9-L7-S soil - - - - - 

YK08-A9B9-L7-A cavity - - - -  

YK08-A9B9-L7-B exterior - - - - + 

YK08-A9B9-L7-S soil - - - -  

YK10-D11-3A 
cavity 

- - - -  

YK10-D11-3B - - - -  

YK10-D11-3C exterior - - - - - 

YK10-D11-3SA soil - - - -  

YK10-D11-3D exterior + - - -  

YK10-D11-3H 

cavity 

- - - -  

YK10-D11-3I - + - - - 

YK10-O11-3E - - + -  

YK10-O11-3F exterior - - - -  

YK10-O11-3SB soil - - - -  

YK11-H13H14-113114-A 
cavity 

- - - -  

YK11-H13H14-113114-B + - - -  

YK11-H13H14-113114-C exterior - - - -  

YK11-Q10-L1A cavity - - - -  

YK11-Q10-L1B exterior - - - + - 

YK11-Q10-L1S soil - - - -  
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The pyrosequencing of the S2S PCR product from the DNA extract of the mouth cavity of 

item YK08-AB9L7, the ‘horse and rider’ figure (Fig. 40), generated 1739 sequences, from 

which 14 unique reads were extracted. MEGAN assigned two of these to the 

Sordariomycetideae (sac fungi, BLAST scores 73-79), one to the Silurana genus (clawed 

frog, BLAST score=55), and two to Calluna vulgaris (common heather, BLAST score=52), 

nine remaining unassigned (Fig. 41). A total of 1701 of the 1715 filtered sequences from 

this PCR product measure 43 bp in length (excluding primer binding sites), and are divided 

by a single SNP into two unique sequences (Fig. 42), each showing at least two to three 

mismatches to some members of the Coniochaeta gienus (E = 1e-09), and a minimum of 

three mismatches to other members of the Coniochaeta genus (Fig. 40). Filtering BLASTN 

to consider type strains only, due to a high volume of unidentified Ascomycota hits, the 

highest matches included the newly assigned Coniochaeta gigantospora (Raja et al. 2012), 

Coniochaeta canina, and Coniochaeta prunicola (Fig. 42).  

 

 

 

Figure 40: Soil is removed from YK07-AB9-L7B, the ‘horse and rider’, revealing three 

distinct cavities within the mouth orifice. This image shows clearing of the cavity to the 

left of the mouth from which swab and soil samples were taken. Image courtesy of Keri 

Brown, 2014. 
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Figure 41: MEGAN categorisation of 454 sequences obtained from a S2S PCR product of 

the DNA extract of Swab sample YK08-AB9L7. Images produced in MEGAN v.5.11.3. 

 

 

 

Figure 42: NCBI BLAST alignment of YK08-B9-L7B 454 sequences A and B, the most 

frequently returned two sequences from the 454 sequencing reads of the S2Sf-S2Sr PCR 

product. Sequences A and B are shown aligned to their closest BLAST matches: 

Coniochaeta gigantospora strain ILLS 60816, Coniochaeta africana CBS 120868, 

Coniochaeta canina R-4810 and Coniochaeta prunicola CBS 120875. A single SNP 

separates the 454 reads returned. 
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These Coniochaeta-like sequences are likely to be contemporary with the burial of YK08-

B9-L7, as they are detected only in the second swab of this cavity, and not from soil 

removed from the cavity or from the first swab taken of the area. It was not possible to 

amplify a longer 195 bp fungal rDNA target with primer pair RDN200Bf-RDN200Br. The 

amplification of the fungal sequences from the S2S primers was itself surprising, as there 

are 12 mismatches between the sequence obtained and the forward primer sequence 

(reflected in the 5’ terminal end of the PCR product), the forward primer binding site 

comprising only 20 bases. This suggests that an ITS repeat may be duplicated in some 

form elsewhere in the genome of one of the members of this genus or in a related yeast, 

which now complements the forward primer binding site, but that this is not yet present 

in the NCBI database.  

 

Clawed frogs (Silurana genus) are limited in their range to northern and central Africa and 

sequences from these species can be considered unlikely laboratory contaminants. 

Populations of Silurana tropicalis have been previously recorded in the Volta river (Rödel 

& Agyei, 2002, Leache, 2005) which can seasonally flood areas proximal to the excavation 

site, and Silurana-like sequences in the interior of YK07-AB9-L7B could therefore suggest 

ongoing water flow through mound YK07. However, Silurana (syn. Xenopus) species are 

also common biological models, and their sequences are therefore over-represented in 

BLAST. Given the low confidence score of this sequence and its appearance also 

elsewhere in the 454 run in the PCR product of a European excavated sample (Section 

5.3.1), this assignation should not be considered meaningful in this context, nor should 

the identification of Calluna vulgaris, also with a low confidence score,, which is 

considered to be absent from the Sub-Saharan region. 

 

Pyrosequencing of a second S2S product, that of YK10-011-3E, the ear cavity of the 

‘Stylised androgynous human head’, generated 5710 reads comprising largely primer 

multimers, filtered to only a single read 257 bp in length which has low similarity with the 

bacterial sequences curated in the NCBI database. 
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5.6.4 Recovery of coniferous cpDNA sequences  

I designed pairs of PCR primers to bind conserved regions in both the trn-L gene and the 

ribulose biphosphate carboxylase gene in an attempt to amplify the cpDNA of cereal DNA 

sequences that might have been associated with traditional West African libation alcohols 

(Section 4.3.3). PCR products were recovered in the anticipated size range for the trnL-L 

target from seven of the 49 samples analysed (Table 24). These samples included soil and 

interior swabs of both the ‘horse and rider’ figure YK08-AB9-L7 (Fig. 40) and the ’large 

head’ YK07-2-B5-1 (Fig. 43b), swabs of the mouth and exterior of the ‘combined human 

and animal head’ YK11-H13H14-113114 (Fig. 43a), and exterior swabs only from the 

‘anencephalic head’ YK07-2-A8-1, the ‘large conical Figure’ YK07-2-A4-1 (Fig. 43c-e), and 

the ‘seated female figure’ YK10-D11-3 (Figure 44). It was also possible to amplify part of 

the rbcL gene region of two samples, both cavity swabs: from YK10-D11-3 and YK07-2-

B5.1 (Table 24).  All of the PCR products of interest were cloned in E. coli, both to 

distinguish the multiple species that may have been present, and to judge their 

authenticity. 

 

Multiple trn-L clones in two samples included sequences homologous to NCBI database 

sequences of  Pinus spp. (pine), from the nasal cavity of ‘combined human and animal 

head’ YK11-H13H14-113114 (Fig. 43a), and also from the exterior of ‘large conical Figure’ 

YK07-2-A4-1 (Table 25; Fig. 43c-e). These 38 bp sequences (excluding primer binding sites) 

matched their closest BLASTN matches, all within the Pinus genus with the exception of 

Araucaria araucana (monkey puzzle), without mismatches (Fig. 45). It cannot be inferred 

from this short region of trn-L which Pine species may be represented by these species, or 

if this species is still extant, given that a number of ancient trees from North Africa are 

now known to be extinct or in the process of extinction (Ibrahim & Baker 2009).  
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Figure 43: Items containing cpDNA sequences of interest: a.) 'combined human and animal head' YK11-

H13H14-113114; b.) 'large head' YK07-2-B5.1; c-e.) 'large conical figure' YK07-2-A4-1. Image courtesy of Keri 

Brown, 2014.  
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Figure 44: 'Seated female figure' YK10-D11-3, displaying nostril cavities. Image by Keri 

Brown, 2014 
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Figure 45. Alignment of pine-like replicably cloned sequences amplified with primers TRNL1 from items YK07-2-A4-1C and YK11-H13H14-113-114 with their closest BLAST matches, 

demonstrating single base mismatches within the primer binding sites. Alignment visualised in Geneious v7.1.
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Cloned Sample 
Swab 
region 

Target 
locus 

Highest BLASTN match 
(No. clones)1, E value 

Length (bp) 
(mismatches)2 

YK10-D11-31 
Seated Female Figure 

interior 
rbcL 

Poaceae (6) E = 2e-35 
No BLASTN match (1) 

95-96 (0-3) 
146 

YK07-2-BS.1-B2 
Large head 

exterior No BLASTN match (LQ) (2) 99 

YK10-D11-3D 
Seated Female Figure 

exterior 

trn-L-
trnF 

Poaceae (9) E = 2e-34 84-85 

YK07-AB9-L7B 
Horse and Rider 

interior 
No BLASTN match (2) 

Plantae (2) 
Proteobacteria (1) 

78 
66-76 (13-20) 

249 (105) 

YK07-2-A4-1C1 
Large conical Figure 

exterior 
Pinus spp. (5) E = 8e-11 
No BLASTN match (3) 

38  
114-169 

YK07-2-B5.1-A2 
Large head 

interior 
 

Musa spp. (3) E = 8e-12  
No BLASTN match (4) 

Zingiberales (3) 

42  
65-159) 

41-42 (1-13) 

YK07-2-B5.1-S 
Large head 

cavity 
soil 

Plantae (2) E = 7e-5 
No BLASTN match 

63 (13-14) 

YK07-2-A8-1C 
Anencephalic head 

exterior 
No BLASTN match (2) 

Poaceae (1) 
131 

136 (26) 

YK11-H13H14-113114-
1B 

Combined human and 
animal head 

interior 
Pinus spp. (7) E = 8e -11 

No BLASTN match (2) 
Zingiberales (1) 

38  
79-182 
38 (1) 

 

Table 25: BLASTN matches (www.ncbi.nlm.nih.gov/BLAST/; Altschul et al. 1990) to quality clipped Sanger 

sequences of cloned cpDNA amplicons (q=15), based on the lowest taxonomic rank shared by each of the 

highest matches displaying equal 'E' (expected) values. Unidentified sequences showed no BLASTN matches, 

or matches with > 5 mismatches per 100 bp to several higher orders. LQ= low quality reads not submitted to 

the European Nucleotide Archive. All other sequences are curated by the European Nucleotide Archive (ENA) 

at http://www.ebi.ac.uk/ena/data/view/PRJEB11221. 
1
The highest E value is given where multiple 

sequences are represented.
 2

Length excludes primer binding sites 

 

 

  

https://pdrives.manchester.ac.uk/horde/gollem/manager.php?dir=%2F%2Fss3.ds.man.ac.uk%2FVOL6%2FMEDICINE%2FDivLabRegen%2FSEQDATA%2FApril+2015%2F24_04_15+additional%2FHeather+R+24_04_15
https://pdrives.manchester.ac.uk/horde/gollem/manager.php?dir=%2F%2Fss3.ds.man.ac.uk%2FVOL6%2FMEDICINE%2FDivLabRegen%2FSEQDATA%2FApril+2015%2F24_04_15+additional%2FHeather+R+24_04_15
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5.6.5 Potential ancient Musa spp. sequences 

Sections of the euphytic trnL-trnF region were cloned from seven DNA extracts in total, 

including from an interior swab of the ‘Large head form’ YK07-2-B5-1 (Table 25; Fig. 43b). 

The 42 bp clones from this extract were found to be homologous to sequences conserved 

across the large Musa genus (plantain/banana), with some clones demonstrating no 

mismatches to Musa species (Fig. 46), or to Ensete lasciocarpa (chinese dwarf banana), 

which is identical to the Musa across this region. Each of these clones mismatched 

sequences from all other genera at a minimum of three bases. Another single 80 bp clone 

also best matched the various Musa species, mismatching the YK07-2-B5-1 clones at two 

bases, this time from a cavity of the 'combined human and animal head’ YK11-H13H14-

113114 (Table 25; Fig. 43a). 

 

One cloned sequence could not be identified with confidence but also most closely 

matched the Musa sequences, mismatching the closest BLASTN matches at seven sites 

(Table 25, Fig.46). This occurred in single copy only, and could not be replicated. A total of 

8 of the 12 possible base substitutions are observed amongst the Musa like cloned 

sequences from samples YK07B51A2 and YK11H13H141131141B (Fig. 46), and whilst A to 

T substitutions numerically are the most frequent, they are not statistically so (Fisher’s 

exact test, P=0.31). In fact, the majority of observed sequence changes occur in polyA or 

polyT regions which can encourage DNA polymerase slippage during DNA replication. It 

should therefore be considered that several of these sequence changes may be due to 

PCR errors. 

 

Environmental contamination from multiple contaminating modern unsequenced Musa 

cultivars is unlikely at this site, given that wild Musa plants prefer to grow under forest 

cover. I consider the probability of contamination limited to the interiors of two of the 

figurines from 2 different excavation seasons with DNA from modern commercial banana 

varieties during excavation or analysis to be extremely low. 
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Fig. 46.  Alignment of Musa-like cloned sequences amplified with primers TRNL1 from items YK07-B5-1 and 

YK11-H13H14-113-114 with their closest BLAST matches. Alignment visualised in Geneious v7.1. 
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5.6.6 Assessment of grass sequences  

Eight 138 bp rbcL clones were sequenced from a cavity sample of YK10-D11-3I, the 

'seated female figure' (Fig. 44, Table 25). These comprised three unique sequences that 

could be distinguished from one another by SNPs replicated across multiple clones. Three 

of the cloned sequences were consistent with trn-L sequences conserved among the 

Poaceae, which cannot be differentiated on the basis of these loci. The remaining five 

sequences mismatched their highest matches in the Poa family by up to three bases. 

 

Unlike RbcL, The trnL target region can differentiate between grass species, and it was 

possible to clone an 85 bp trn-L product from the same figurine, YK10-D11-3. This product 

could only be produced from a swab of the exterior, and gave cloned sequences that 

were a match for a sequence conserved broadly among a range of the Poaceae, also the 

legume Medicago trunculata and the herb Ferulago campestris (sequences available at 

https://github.com/ HeatherRobinson/aDNA-sequence-submissions). Although these trn-

L sequences matched multiple Poaceae sequences, the DNA in these samples did not 

appear homologous with E. coracana, H. vulgare, O. glaberrima or S. bicolor, all of which 

demonstrated multiple single site mismatches to the query sequence. This result, in 

conjunction with the absence of a trnL product from the interior swab sample, suggests 

that the RbcL sequences obtained from the interior do not represent crop species of 

interest to this study. 

 

As a final assessment of the plant sequences which could be recovered, I specifically 

assayed for modern cpDNA contamination in all of the samples, using PCRs with primers 

specific to a low copy number target in maize (Section 4.3.3), an introduced species to 

Yikpabongo (Kröger & Saibu 2010). No maize products were recovered from any of the 

samples using maize specific primers (Table 24), and direct sequencing of 15 non-

specifically amplified products in the expected product size range gave either bacterial 

sequences, or low quality or short sequences with limited BLAST homology.  

 

The results of the cpDNA analysis suggest that modern wild grass sequences could be 

present throughout mound YK10-3/YK11, although it is also possible these are 
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contemporary with these items. Any Poaceae sequences recovered from the cavity swabs 

of YK10-D11-3I were therefore interpreted as endogenous modern artefacts. All cloned 

aDNA sequences are curated by the European Nucleotide Archive (ENA) at 

http://www.ebi.ac.uk/ena/data/view/PRJEB11221. 

 

Reflecting on the DNA concentrations estimated via Qubit prior to the analysis (Table 22, 

Section 5.6.1), the four Koma Land samples yielding likely authentic aDNA sequences 

(namely YK07-2-B5-1A2, YK11-H13H14-113114-1B, YK08-1B9-L7B and YK07-2-A4-1C1), 

had a mean DNA concentration of 0.069ng/µl, orders of magnitude lower than the mean 

of all samples (0.306ng/µl). Samples YK10-DII-3D and YK10-D11-3I, which generated the 

Poaceae sequences assumed here to represent modern DNA contamination, instead gave 

a much higher mean value of 1.305ng/µl, with YK10-D11-31 having one of the highest 

recorded DNA concentrations of the dataset (Table 22).  

 

5.6.7 Modern human DNA contamination control during excavation 

Four of the eight samples that gave products with the Cytochrome B primers, all of which 

originated from items excavated in seasons 2007 and 2008, also produced PCR products 

with the human HVR-1 primers (Table 24). Two of these products came from repurposed 

pottery disc stoppers, a third from the mouth of anthropomorphic head piece YK07-2-B5, 

and the final product from the exterior of a second anthropomorphic head, YK08-A9B9-

L7. All potential HVR1 amplicons of the anticipated product length were directly 

sequenced on the forward and reverse strand, and a quality scored consensus of each 

forward and reverse sequence pair compared to the revised Cambridge reference 

sequence (rCRS; Andrews et al. 1999). I used GS FLX 454 sequencing to assess one HVR1 

amplicon, that via direct sequencing appeared the most similar to the previously 

determined mtDNA haplotypes of those involved in the sample collection (YK07-1-85-1A).  

This returned 3568 reads, filtered to give 180 unique sequences, 172 of which could be 

assigned to Homo sapiens.  

 

Of the 2491 human HVR1 reads returned, 2402 shared SNP 16311C, which was not 

present in the mtDNA sequences of any individuals involved in this project. This suggested 
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human DNA had been introduced to the items prior to their analysis in this study. No 

human DNA was detected from items excavated during seasons 2010-2011, indicating the 

precautions employed to prevent contamination in the field were effective. Four further 

unique sequences from the 454 sequencing of the YK07-1-85A product were assigned to 

Ralstonia pickettii, a common soil and water bacterium, whilst a final four were 

unassigned.  

 

A single 178 bp human DNA product amplified from a lysis buffer blank, exposed on the 

workbench during sampling as a control, was consistent with multiple haplotypes most 

common to western European populations, so is likely to originate from the sampling 

process. This sequence was, however, absent from the rest of the sample set.  The HVR1 

sequences recovered from the ceramic discs YK07-1-85-1 and YK07-2-B5-1, a cavity of the 

horse and rider YK08-AB9-L7B, and soil removed from large head YK07-2-B5-1, also all fell 

within the HV haplotype group. It was not possible to define an exhaustive list of 

individuals who handled each item, particularly those excavated in 2007 and 2008. HV 

haplotypes are, however, rare in present day North Africa (<5%). These sequences are 

therefore likely to be a product of post-excavation handling.  
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6. Discussion 

 

6.1. Global distributions of the Saccharomyces 

The most closely studied of the Saccharomyces yeasts, S. cerevisiae and S. paradoxus, 

have different yet overlapping global distributions. In this study these could be defined 

for the first time as being limited by each species' optimal growth temperature ranges 

and by the availability of suitable tree habitats (Section 5.2; Robinson et al. 2016). 

Summer temperature (Tmax), tree age inferred from trunk circumference, and a larger 

overall S. paradoxus population in southern Europe, were all important to the distribution 

of oak-associated European S. paradoxus strains (Section 5.2.2). Site temperature had 

previously been found to be significant to S. paradoxus distributions in some studies 

(Charron et al. 2014), but less so in others (Leducq et al. 2014). Here, by separating and 

simplifying the effects of multiple environmental factors, those meaningful to the 

European S. paradoxus distribution were identified. It was not possible to model S. 

cerevisiae distribution directly from the isolation data, as S.cerevisiae proved scarce in 

European oak bark samples (<1%). 

 

The highest S. paradoxus isolation rates from oak bark were observed at sites 

experiencing temperature highs (Tmax) of 22 to 28˚C: namely Taxiarchis, Greece, and 

Montbarri, France (Fig. 17, Section 5.2.2). Here, 22% of all oak-associated S. paradoxus 

isolates were recovered from just 10.5% of the total oak samples collected. The projected 

response of S. paradoxus isolation rate to Tmax based on our generalised linear model 

(GLM) showed steep declines in S. paradoxus abundance leading away from these two 

points (Fig. 17, Section 5.2.2). This implied a peak in isolation rate at an unknown value 

between 22 and 28˚C. Unfortunately if was not possible to further refine this effect 

without further data from sites with Tmax values intermediate to these points. Some 

isolates were still successfully recovered from sites with temperatures outside of the 22 

and 28˚C range, but at a much lower frequency, suggesting a buffer zone of tolerable yet 

sub-optimal habitat exists around this optimum range (Fig. 17, Section 5.2.2). These in 

vivo findings reflect what has been already  observed of wild and type strain S. paradoxus 

growth profiles in vitro (Sweeney et al. 2004). 
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Mapping this Tmax defined range limit globally for the first time demonstrated that S. 

paradoxus growth could be limited to a surprisingly narrow North American and Eurasian 

corridoor (Fig. 19, Section 5.2.5). This features a maximum northern European range limit 

for S. paradoxus that is consistent with the northern range  limit previously proposed in 

North America for S. paradoxus and S. cerevisiae (Charron et al. 2014; Leducq et al. 2014). 

A newly defined southern limit was also outlined, creating a closer species distribution for 

S. paradoxus than has previously been suggested by excluding much of the southern 

hemisphere (Fig. 19, Section 5.2.5). The habitat fragmentation of this projected 

distribution explains why Brazilian strains of S. paradoxus have previously been 

designated as a separate species, S. cariocanus, based on high sequence differentiation 

from North American strains.  

 

The distinct continental oak associated populations of North America, Europe and East 

Asia are known to be geographically isolated, and highly genetically diverse, suggesting 

minimal genetic exchange (Liti et al. 2009, Cromie et al. 2013).The potentially large 

populations of South American and anticipated Southern African and Southern Australian 

strains proposed here are also therefore likely to show high genetic differentiation from 

the rest of the global S. paradoxus population.  

 

A MaxEnt climate envelope projection was made for S. paradoxus' global species 

distribution considering the relationship between past isolations and the minimum and 

maximum temperatures and precipitation values at each site. Considering maximum and 

minimum temperatures modelled simultaneously with precipitation values, the MaxEnt 

model fit to prior records of S. paradoxus isolation approached 1 (AUCPO =0.929). The 

habitable regions indicated closely matched the global regions where summer 

temperatures equal 22-28˚C, supporting summer temperature highs as the most 

influential climatic factor for determining S. paradoxus species range globally (Fig. 22, 

Section 5.2.5). The MaxEnt analysis for S. paradoxus distribution was somewhat limited 

by the lack of pseudoabsence or 'background' data points, points at which a closely 

related species has been isolated yet the species of interest has not. This is because 



193 
 

studies have detailed various single Saccharomyces species in wild habitats, but 

frequently overlook the absence or presence of other Saccharomyces yeasts. 

 

Whilst the MaxEnt analysis indicated precipitation to be less influential than temperature, 

a study of Mediterranean sites has demonstrated that precipitation can affect the 

distributions of some yeasts in soils (Yurkov et al. 2015). Precipitation and temperature 

are linked at the sites sampled here, therefore it was not possible to analyse these 

variables as independent variables via GLM. The sites sampled all experience either hot 

and dry summers exceeding highs of 28˚C (Greece, southern France) or mild and wet 

summers that rarely exceed 22 ˚C (U.K.). From a starting hypothesis that temperature was 

influential to yeast distribution in Europe, this analysis considered the correlation 

between S. paradoxus and isolation frequency and Tmax, mean summer temperature 

highs, noting a significant influence of Tmax (Section 5.2.3).  The multivariate analysis 

carried out thereby makes an assumption that climates with warm, wet summers are 

equally as suited to Saccharomyces growth as the warm, dry sites represented in the 

dataset. Any future studies addressing the effects of temperature on yeast ecology will 

therefore hopefully challenge the validity of this assumption.  

 

Very few previously published S. paradoxus isolates were anomalous to the species 

distribution model defined solely by Tmax (Fig.19, Section 5.2.5). These included strain 

NRLLYB2047 isolated from insect excrement deposited on a hickory leaf, and multiple oak 

bark isolates, all recovered from Missouri, U.S.A (Hyma & Fay 2013; Leducq et al. 2014). 

Missouri has been identified as supporting populations of both S. paradoxus and S. 

cerevisiae (Hyma & Fay 2013), as has Pennsylvania (Sniegowski et al. 2002).  

 

It should be acknowledged that additional ecological factors may also have a significant 

effect on S. paradoxus distributions in other studies, but varied insufficiently in this 

dataset to be influential. For example; tree elevation, which within this dataset has a 

mean range of 43.9m and maximum range of 112.5m per site, led to 

overparameterisation in the European dataset when included in an initial GLM (Section 

5.2.2). Repeating a subsequent GLM including elevation once again as part of an 
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expanded effect of field site suggested elevation to be non-significant to the S. paradoxus 

isolation rate in these data (GLM: deviance = 0.005, D.F. = 1, P =  0.946). 

 

Such global species distributions projected from climate variables alone are likely to 

overestimate a species’ realized range. This is anticipated given that few species ever fill 

the entire habitable space of their potential species ranges (Peterson 1999; Svenning & 

Skov 2004; Araujo et al. 2005). For S. paradoxus, considering trunk circumference in the 

mutivariate analysis was vital to detecting other significant effects, with larger older trees 

being significantly more likely to harbour S. paradoxus populations. S. paradoxus exhibits 

increasing genetic differentiation with increasing geographic distance. This is true not 

only of the distant continental populations, but also of clones on individual trees, and 

between trees within single sites (Koufopanou et al. 2006). This suggests Saccharomyces 

strains on oak bark may take years to both colonise trees, and to spread to new trees 

within sites.  

 

Significant oak habitat has been lost in western Europe following increased urbanisation 

and changes in land use (Borelli & Varela 2001; Peterken 2002), and ancient woodland 

now covers just 1.4% of the U.K (Peterken 2002). If, as the data infers, S. paradoxus is 

slow to colonise new trees and new sites, then rapid tree succession through logging, and 

the loss of native deciduous trees such as oak, ash and elm, may be expected to 

significantly impact S. paradoxus populations. One such effect of tree management was 

apparent in the coppiced trees analyzed here from site 12 (PYR,Pyrgadikia, Greece), which 

showed an inverse relationship to that anticipated between tree circumference and 

maximum site temperature in comparison with trees from non-coppiced sites (Fig. 47). 
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Fig. 47. Model predictions of the relationship  betweeen trunk circumference and S. paradoxus isolation 

rate predicted by GLM2, assuming all other variables are held at median values. Coppiced Site 12 (PYR) 

shows an anomalous relationship. Points represent individual trees sampled. 

 

 

It has previously been suggested that Saccharomyces distribution varies between the 

barks of the various oak species (Sampaio & Gonçalves 2008; Maganti et al. 2011). 

However, Sampaio & Gonçalves were only able to sample Quercus robur at their Canadian 

and German sites, so an effect of species in the data cannot be reliably disentangled from 

any effects of other site differences. In this dataset also, there was a similar limited range 
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overlap of oak species that prevented this suggested effect of species from being 

objectively analysed. Given that Saccharomyces isolates have been absent or scarce in 

many of the tree bark enrichment studies to date (Johnson et al., Koufopanou et al. 2006, 

Maganti et al. 2011, Charron et al. 2014, Kowallik et al. 2015), it is likely that a resolution 

to this question will not be possible from isolation studies of various deciduous tree 

families, few of which overlap in range. Instead, a future exploration of bark suitability is 

likely to entail the chemical analysis of bark sugars, and subsequent experimental growth 

profiling of various wild yeast strains to determine their growth capabilities on such 

substrates.  

 

From the in vitro growth temperature profiles of various oak isolated and lab strains of 

Saccharomyces cerevisiae and Saccharomyces paradoxus (Sweeney et al. 2004; Salvadó, 

Guillamón, et al. 2011), it was possible to extrapolate a temperature-based species range 

limit for S. cerevisiae based on the breadth of temperatures tolerated by S. paradoxus and 

the in vitro observed differences in the two species' temperature tolerances (Fig. 20, 

Section 5.2.5). This was necessary given the scarcity of data from this species in Europe. 

However, this requires a number of assumptions to be made that lead to this rudimentary 

climate envelope model being a slight poorer fit to prior isolates than that for S. 

paradoxus. For example, this model cannot account for the impact of human mediated 

dispersal and the continued environmental introduction of commercial and naturally 

crop-associated yeast strains.  
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Maxent obtains more statistical power for coanalyzing multiple potentially interacting 

climate variables by using a Lasso regression algorithm. In the model for S. cerevisiae, 

however (Fig. 24, Section 5.2.2), this led to a false emphasis on minimum temperature 

that has been demonstrated through prior isolations not to be as restrictive to the species 

distribution as MaxEnt forecasts. Summer temperature is therefore underestimated as a 

result, and Maxent predicts moderate concentrations of S. cerevisiae in the U.K. that are 

not supported by this study or by prior U.K. studies (Johnson et al. 2004; Koufopanou et 

al. 2006).  

 

In multiple instances, prior Saccharomyces cerevisiae isolates were visualised outside of 

the predicted Tmax based habitable region of Europe (Fig. 20, Section 5.2.2), where there 

has been extensive artificial human dispersal of the species (Almeida et al. 2015). These 

outlying examples included isolates from orchard soils in Holland (Capriotti 1955) and 

Japan (Tokuaka et al. 1985), and strains from Finland and The Netherlands from 

experimental agricultural fields (Capriotti 1952, 1957, 1963). Analysis and data from 

Almeida et al. (2015) showed that many of these outlying European strains either 

clustered phylogenetically with European wine strains, or had mosaic genotypes, 

suggesting they may have migrated to their present locations under human influence (Fig. 

21, Section 5.2.5).  A survey of oak barks and soils in Finland that aimed to recapture 

some of these anomalous S. cerevisiae strains proved unsuccessful (Naumov et al. 1992), 

although it was possible to recapture European oak type S. cerevisiae isolates from the 

same agricultural field in the Netherlands (Naumov et al. 1992). It is possible that S. 

cerevisiae transiently appears at some sites as a direct result of agricultural activity, yet 

sustains itself in soils permanently only in regions with permissive overwintering climates. 

 

In North America, S. cerevisiae has been reported at two unexpected locations with 

cooler summers, Seattle and Yosemite (Phaff et al. 1956; Cromie et al. 2013). The 

Yosemite sampling location was not described, and Yosemite is known for its extensive 

landscape and geothermal variation. Therefore, the nature of the isolation site of this 

strain is unclear, particularly as it again originates from an insect gut. In Seattle, multiple 

isolates were obtained from cultivated olives, yet the origin of the olive tree population 

was not disclosed (Cromie et al. 2013). 
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It has been speculated that seasonal temperature shifts lead to oscillations in population 

size for the predominant yeast species present on tree bark (Iurkov, 2005; Sampaio & 

Gonçalves 2008; Gonçalves et al. 2011). Some studies have also experimentally 

demonstrated that trees sampled during different seasons can fail to yield the same 

yeasts twice (Iurkov,  2005; Koufopanou et al, 2006). In this study, the single vineyard oak 

from which S. cerevisiae was isolated, DAV1, was visited twice, prior to and after the 2011 

grape harvest at Site 9 (Appendix B). S. cerevisiae could only be recovered from DAV1 

following the grape harvest.  In contrast, it was possible to repeat isolations of S. 

paradoxus from oaks LBW2 , PYR5, PYR7 and PYR8 in  separate sampling years (Data S3, 

Robinson et al. 2016). Vine barks and fig tree barks both produced S. cerevisiae isolates 

(Table 12, Section 5.2.1), and fruit barks may help to over-winter fruit-associated S. 

cerevisiae strains outside of the fruiting season. A variety of fruits have recently been 

demonstrated to be equally if not more likely wild sources of S. cerevisiae than grapes 

(Wang et al. 2012; Maganti et al. 2011; Charron et al. 2014), and similarly in this dataset 

S. cerevisiae was no more common on grapes and vine bark than on figs and fig tree bark 

(Table 12, Section 5.2.1). 

 

Some non Saccharomyces yeast species were found to be unique to northern European 

oaks (e.g. Candida albicans, Wickerhamomyces anomalus.) or unique to southern 

European barks (e.g. Pichia manshurica, Kluyveromyces lactis; Robinson et al. 2016). The 

species isolated from bark also differed considerably between sites in the north of the 

U.K. (Jaccard index = 0.8) and between the sites in the south of the U.K (Jaccard index = 

0.77). The implication of this is that the Saccharomyces may not be the only microbial 

Eukaryotes to have environmentally led limits imposed on their distributions. 

  

Small spatial discrepancies were apparent when analysing multiple bark samples from 

inidividual tree trunks, which may explain why our statistical model, which groups 

samples by tree, can only explain 42% of the total sample by sample observed deviance in 

S. paradoxus isolation rate (Section 5.2.2). Only in two cases was S. paradoxus recovered 

from all of the samples collected from a tree, and just 15 of the 126 trees analyzed here 
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generated S. paradoxus isolates from more than one sample, although a total of 40 trees 

yielded S. paradoxus isolates. There may therefore be uneven spatial yeast distributions 

on tree surfaces that mirror the patchwork distribution of symbiotic bark yeasts in lichen 

relationships, which are influenced by auxins, phenolic plant secondary metabolites, bark 

p.H. and air pollution (Koopman et al. 2005, Davies et al. 2014). Bark texture, canopy 

cover (which influences humidity) and microbial competition, which are important to 

epiphyte positioning (Koopman et al. 2005, Hedenas et al. 2003), may also all conceivably 

influence colony positioning. 

 

Competition between Saccharomyces species and a range of other microbes may account 

for some of the cryptic variation remaining under the simplified GLM. However, 

considering the patchy spatial distribution of the Saccharomyces on oak bark 

(Koufopanou et al. 2006) and their potential low frequency within the oak microbiome 

(Kowallik et al. 2015), it is unlikely that the presence of one Saccharomyces species on a 

tree prevents colonisation by another. Additionally, although the frequencies with which 

other Ascomycota were isolated were recorded as part of this study, it cannot be 

ascertained whether direct competition between the Saccharomyces cerevisiae and these 

species may have been important, given that the isolation rate of S. cerevisiae was 

particularly low.  

 

It could be suggested that competition among yeasts may limit S. cerevisiae recovery in 

Northern Europe. However, it should be noted that the diversity of non Saccharomyces 

yeasts recovered via the selective enrichment used, which may occupy the same 

ecological niche as the Saccharomyces, was highest overall in Southern Europe. 

Lachancea thermotolerans, for example, which is known to compete effectively for 

resources with S. cerevisiae in vitro (Gobbi et al. 2013), was exclusively isolated at the 

French and Greek oak woodland sites. 
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6.2 Predicting temporal change in species distributions 

A high genetic differentiation observed in S. cerevisiae populations from South East Asia 

(Naumov & Nikonenko 1988; Wang et al. 2012; Naumov et al. 2006) and north to central 

Africa (Legras et al. 2007; Cromie et al. 2013; Greppi, Rantsiou, et al. 2013) has been 

interpreted as evidence of an origin for Saccharomyces cerevisiae in these regions. 

However, given that climate envelope modelling predicts dense south east Asian and 

African S. cerevisiae populations based on the species' predicted tolerable summer 

temperature (Tmax) range; the diversity visible here could equally be attributable to stable, 

consistently larger populations in these areas. In fact, the projected habitable S. cerevisiae 

global range presented here implies that similarly high levels of diversity may be observed 

in future studies of southern and central American yeasts and in central Asian strains.  

 

Global distributions of Saccharomyces cerevisiae and Saccharomyces paradoxus could be 

impacted differently by future climate fluctuations, which may affect the balance of yeast 

species present in each region. This can be considered in relevance to the findings of this 

study. An upwards summer temperature increase of 2˚C is the current target of global 

world leaders for the next century, as establised in the 2015 COP21 summit (Fig. 48), 

although temperature increases of 1.5-4.5 ˚C are considered possible for this period 

(Intergovernmental Panel on Climate Change 2014). If these adjustments are made to the 

previously mapped world regions predicted to host S. paradoxus (Fig. 48), then the 

Southern African and Central American S. paradoxus populations can be anticipated to be 

more responsive to any increase in mean summer temperature highs than other world 

populations, as they fall on the edge of the defined tolerable temperature envelope (Fig. 

48). In Canada, however, S. paradoxus could extend its species range. In contrast, for S. 

cerevisiae, it is the northern European and Australian populations that could be the most 

vulnerable to a temperature increase (Fig. 48). Further work may demonstrate if these 

temperature driven responses are common to the Ascomycota, or unique to the 

Saccharomyces genus. 
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Figure 48: Modelled responses of world Saccharomyces paradoxus (left) and Saccharomyces cerevisiae (right) populations to 2˚C and 4 ˚C rise in temperatures from present day 

values, based on a climate envelope model drawn from GLM inferences. Image produced in R v.3.0.1 (R Development Core Team 2009).  
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6.3 aDNA persistence in sub-fossilised oaks 

There may be the potential for yeast aDNA recovery from some natural environmental 

samples. The primary habitat of the Saccharomyces genus is thought to be tree bark 

(Naumov et al. 1998; Sniegowski et al. 2002; Wang et al. 2012), although data recently 

published suggests this can be an unreliable source of isolates even when enriching 

bark samples collected in modern habitats (Charron et al. 2014; Goddard & Greig 2015; 

Kowallik et al. 2015). I sampled wood from nine Neolithic to Atlantic period sub-

fossilised trees as part of this study (Section 5.2). S. paradoxus has typically been 

detected from fewer than 1 in 10 modern U.K. oak bark samples, including those 

studied from this dataset (Section 5.2; Johnson et al. 2004; Koufopanou et al. 2006). 

Therefore, if Saccharomyces aDNA does persist at sites HMF1-3, then there may have 

been a low likelihood of detecting this from nine trees, and an absence of S. paradoxus 

in these samples should not be considered to be conclusive. 

 

No plant cpDNA or Saccharomyces yeast rDNA sequences were recovered from the bog 

oak samples tested (Section 5.3.1), suggesting that either the DNA in the wood had 

degraded or that the DNA extractions had failed. From the bog oak samples, one unique 

sequence returned from 454 sequencing was assigned by MEGAN to a yeast species, 

Exophiala xenobiotica, with relatively high confidence (BLAST score=93). This suggests 

that Extraction method 4 is at least effective in recovering DNA from yeast cells. 

However, given these indications of poor condition which also imply fragmentation, the 

amplification of any yeast sequences with primers targeting a 175 bp region of the ITS 

rDNA was unlikely to prove successful. Primer development in the ITS is extremely 

limited by the GC poor nature of the ITS, which makes identifying closely situated pairs 

of thermally stable primer binding sites difficult, as well as the limited number of 

species-distinguishing sites here. Although the ITS has been better characterised in the 

Saccharomyces to date, it may therefore be advisable for similar future ancient DNA 

fungal studies to attempt to establish new short primer pairs within the Large Subunit 
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(LSU) of the rRNA, another highly conserved yet less well curated fungal barcoding 

region potentially more amenable to short target primer placement (Brown, Rigdon-

Huss & Jumponnen, 2014).  

 

 It was possible to recover diverse marine microbial sequences from this data which are 

likely to date from the 17th Century or earlier, considering that the fen has since 

become a freshwater site. It is likely, therefore, that Saccharomyces yeast cells were not 

present in the samples dating from past warm periods, and that the oak DNA 

anticipated to be present in at least some of the wood sections had degraded beyond 

recovery. 

 

The results presented here are consistent with the results of studies of other untreated 

waterlogged wood, which show a general difficulty in DNA recovery (Dumolin-Lapègue 

et al. 1999; Liepelt et al. 2006, Table 3, Section 2.6). It was therefore not commendable 

to further attempt to optimise DNA extraction method 4 (Box 4, Section 4.2.4), 

although it is possible that it is sub-optimal for use with wood samples, and could be 

improved on in future studies which had a primary focus on obtaining DNA from wood. 

The ultimately limited amount of DNA extracted from bog wood using DNA extraction 

method 4 (Section 5.3) may be attributable to the poor recovery of short length ancient 

DNA fragments recovered by this kit. Re-evalluation of this method following the poor 

results obtained here revealed The Roche High Pure PCR Product Purification kit has a 

recovery rate of ~5% for fragments below 100 bp in size that frequently pass through its 

column (Roche product information). This is likely to restrict its suitability for ancient 

DNA to better preserved examples of material such as whole seeds, with which it has 

previously proven successful (Giles & Brown 2008; Lister et al. 2009; Oliveira et al. 2012; 

Bunning et al. 2012; Fernández et al. 2013) This issue of fragment size could potentially 

be circumvented in future studies by using replacement spin columns with a finer mesh 

if not entirely replacing this silica binding method with a CTAB or similar chemical 
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means of DNA extraction such as those described by Kistler (2012). 

 

A centrifuge fault unrecognised during the control assays prevented a reliable analysis 

of DNA extraction efficiency with modern samples (Section 5.1.1), although low levels 

of both yeast rDNA and oak cpDNA were recovered in method tests.  Since the 

commencement of this project, DNA Extraction Method 4 has been replaced by the 

Brown lab with methods by Oliveira et al. (2012), which appear to perform more 

successfully with ancient plant materials. Whilst it would be possible to further pursue 

ancient yeast DNA recovery from ancient oak samples, the data obtained here from 

modern oaks (Section 5.2) suggests that even if new DNA extraction methods were to 

be optimised for this material, a considerable number of wood samples would be 

required to make yeast aDNA recovery likely.  

 

The dated archaeological finds recovered from the Holme Fen area and past 

radiocarbon dating collectively imply that the layers of forest remains in Great Fen are 

3000-6000 years old (Godwin & Mittre 1975). Additional radiocarbon dating was not 

considered a priority for this study as none of the samples provided aDNA sequences, 

and in light of the prior dating completed. It  was therefore not possible to determine 

whether the trees sampled date from the Neolithic or Atlantic forests, as all of the 

available soil stratigraphies for the site were historically constructed (Godwin & Willis 

1961; Godwin & Mittre 1975) and there has been considerable subsidence at the site 

(Hutchinson 1980; Shennan 1986).  

 

6.4 DNA survival in wine residues and air-dried bread 

Few historical bread remains survive to the present day (Table 10, Section 2.7). Their 

handling and destructive sampling in this study would therefore only have been 
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justified if a strong possibility of yeast aDNA recovery could be demonstrated, and if 

reliable non-destructive sampling methods could be identified. In contrast, there are 

many surviving Classical era amphoras (Tchernia 1983; Potter 2009), for which non-

destructive sampling methods had already been established (Foley et al. 2012). A 

biological survey of amphoras was therefore justified even if the likelihood of 

recovering aDNA was low, as there was the opportunity to offset this through intensive 

sampling.  

 

The results obtained here from modern test breads informed the later direction of this 

project, highlighting the assumption that all raised breads are leavened by yeasts, which 

is not universally true. It cannot therefore be asserted how frequently ancient breads 

were leavened by yeasts, or if in analysing those yeasts, how commonly S. cerevisiae 

DNA sequences might be found. From a test loaf stored in a dry, warm environment for 

24 weeks, rDNA sequences from Wickerhamomyces anomalus and Saccharomyces 

paradoxus could be identified, along with Triticaceae cpDNA from the wheat flour used 

to bake the breads (Sections 5.4.1 & 5.4.2). From the same test breads stored in the 

same environment for nine months, however, there was difficulty in amplifying either 

plant or yeast DNA via the same methods. If little DNA survives in air dried bread over a 

nine month period, then this suggests a very limited chance of recovering aDNA from 

ancient breads in excess of 2000 years old.  

 

In preliminary tests with modern test breads, a microdrill was as successful at 

recovering DNA from air-dried and charred bread fragments as traditional destructive 

sampling using a pestle and mortar; suggesting a promising means of non-destructive 

bread sampling (Section 5.4). Despite this, only 90bp of the anticipated 137 bp rbcL 

cpDNA product could be amplified from the modern sourdough test breads after 24-30 

weeks of air drying. No lower copy number nuclear plant DNA was amplified, despite 

the PCR target being short, at 157 bp. This gave a poor prognosis for DNA recovery from 
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ancient bread, in which the DNA should logically be even more fragmented and present 

in even lower concentrations. This explains why no yeast PCR products were obtained 

in the target length region of 175-655 bp, and implies that even the shorter of the two 

ITS primer target regions was too long to be fit for its purpose.  

 

During the design of this experiment, DNA preservation in the bread was anticipated to 

be favourable over short term storage. In fact, fermenting yeast rDNA sequences were 

recovered from Wickerhamomyces anomalus, the second most frequently isolated 

yeast from modern sourdoughs following S. cerevisiae (Vrancken et al. 2010; Daniel et 

al. 2011), and from Saccharomyces paradoxus, but not from S. cerevisiae, the yeast 

most commonly added to commercial modern breads. (Sections 5.4.3 & 5.4.4). These 

yeasts may have been environmental interlopers to the U.K. maintained bread dough 

starter from the organic wheat flour, which produced a PCR product of the expected 

size when tested with yeast rDNA primers (Fig. 34, Section 5.4.4). Alternatively they 

may represent laboratory contaminants from PCRs conducted in the laboratory during 

the earlier modern environmental sample analysis (Robinson et al. 2016).  

 

The statistical modelling of environmental sample data completed in this study suggests 

large global regions in which S. cerevisiae is unlikely to occur (Fig. 20, Section 5.2.5), 

including Scandinavia and northern Europe. From this it can be inferred that not all 

ancient loaves will be potential sources of S. cerevisiae aDNA. S. paradoxus is unlikely to 

be true to the Egyptian starter culture as S. paradoxus is not predicted by the climate 

models demonstrated in Section 5.1 to occur in North Africa. Similarly, from the 

European environmental isolate data, it can be observed that W. anomalus was only 

selectively cultured from Northern European oak bark samples, where it was the most 

commonly recovered species (Appendix B).  
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The starter culture used to produce the test breads analysed here originated from a 

bakery on the Giza plateau. This had previously been used to produce flatbreads (Wood 

1996), and had not been tested via molecular analysis for yeasts (Ed Wood, personal 

comm.). It was not possible to culture any fermenting yeasts from the freeze-dried 

starter, or from its established culture, when employing either minimal media or rich 

media to select for acidophilic yeasts (Sniegowski et al. 2002). Testing this culture in the 

U.K. away from any potential environmental contamination of the culture by local S. 

cerevisiae, and isolating no fermenting yeasts, suggests that this culture could be 

primarily bacterial. Bread can in some instances be proved in the complete absence of 

yeasts, by bacterial species such as Clostridium perfringens and Bacillus cereus (Juckett 

et al. 2008). These microbes are not further investigated here as they were not the 

main focus of the yeast ecology study. 

 

PCR products no more than 90 bp in length could be amplified from bread with rbcL 

primers after 24 weeks air drying (Section 5.4.1), and the interval assays completed 

here suggest that a negligible amount of cereal DNA remained in desiccated bread after 

30 weeks air-drying. Furthermore, although present in lengths up to 604 bp after 24 

weeks air-drying, the yeast sequences amplified after 24 weeks air-drying were not 

reliably recovered after 30-35 weeks (Section 5.4.2). There was a general downward 

trend in the total numbers of PCR amplicons recovered as the duration of the dry 

storage time was increased. Considering the roughly exponential degradation of DNA 

over time (Allentoft et al. 2012), this is likely to mean that DNA recovery from air-dried 

loaves exceeding 100 years of age is unfeasible.  

 

The DNA concentration of the charred breads appeared to be reduced in comparison 

with the uncharred loaves, and no DNA was visibly extracted from loaves charred for 

more than 10 minutes (Fig. 30, Section 5.4). Charred ancient loaves, such as the Saxon 

(Murphy 1990; McLaren & Evans 2002), Roman, Viking (Hjelmqvist 1984, 1990; Hansson 
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1996) and Swiss Neolithic examples (Währen 2002) could therefore have an even lower 

potential for yeast aDNA recovery than uncharred air-dried bread.  

 

Both yeast DNA and plant cpDNA were potentially amplified from a single wine in 

excess of 50 years old, using DNA Extraction Method 3 (Section 4.2.3). UV-Vis 

spectrophotometry indicated that extracts of 50 year aged wine sediments may have 

contained a DNA concentration comparable to that of the aqueous phase of recent red 

wine (Section 5.4.5), possibly due to yeast cells aggregating in these solids. This extract 

went on to generate putative ITS-2-25S and trnL-trnF PCR products, but these could not 

be identified using direct sequencing due to the presence of multiple other bands 

outside of the expected size ranges. The presence of these multiple bands suggested 

considerable non specific amplification from these primer pairs which may have been 

exacerbated by the complex microbiomes of wines (Castelli 1955; González et al. 2007; 

Andorrà et al. 2010;  14, 5.4.5). Further cloning or Next Generation work was therefore 

evidently required to distinguish these products. This was factored in to the later study 

of ancient samples, but was not pursued for this pilot experiment.  

 

The failure to amplify both yeast ITS and cpDNA products from the majority of the 

wines tested was discouraging. However, despite these negative results, it was not 

possible to rule out DNA survival in ancient wines, because the storage conditions of 

wines influence their pH, their oxidation, and therefore their DNA condition (Hopfer et 

al. 2013). Winemaking practises may have differed between time periods and between 

cultures, and it is unknown how the liquid phase of wine or wine sediments might age 

in terracotta vessels. Furthermore, the recovery of cpDNA sequences from wine vessels 

has previously been reported, from Greek ocean-reclaimed amphoras (Hansson & Foley 

2008; Foley et al. 2012), proving that under certain circumstances, recovery of the DNA 

from ancient wines is possible. 
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The pilot results obtained here were considered, yet on balance they did not support a 

destructive analysis of the scarce examples of ancient breads that may have been 

available for study at the time (Table 10, Section 2.7). Wine amphoras in contrast were 

relatively abundant (Tchernia 1983; Potter 2009), could be sampled non-destructively, 

and had already been demonstrated to retain DNA for long periods in some instances 

despite their long term storage (Section 5.4.5; Hansson & Foley 2008; Foley et al. 2012). 

I therefore proceeded to concentrate the analysis on studying a collection of ancient 

amphoras (Section 5.3), and a range of North African terracottas potentially linked to 

alcohol libation offerings (Section 5.6).  

 

6.5 Ancient DNA from amphora residues.  

Classical era amphoras had been analysed in a small number of publiations prior to this 

study, specifically complete amphoras stored for no more than nine years (Hansson & 

Foley 2008; Foley et al. 2012). A yeast aDNA sequence, which may have been a 

consensus of multiple species, had also been previously presented from a Neolithic 

wine jar, detected 24 years post-excavation (Cavalieri et al. 2003). As this DNA was, 

however,  amplified without important contextual controls such as a separate aDNA 

extraction facility, aseptic sampling technique, environmental controls or PCR product 

cloning, it is unclear if this represents true aDNA preservation (Cooper & Poinar 2000; 

Gilbert et al. 2005; Section 2). I attempted to recover both yeast and associated plant 

sequences that might contextualise alcohols from eight whole and partial amphoras, 

which had been stored in a museum collection for between 30 and 120 years. The 

condition of the amphoras did not appear to correlate with successful aDNA recovery, 

nor did the geographical origin of the vessels (Tables 20-21, Section 5.5.1).  

 

I could not amplify either cpDNA or fungal ITS-2-25S targets from five of the Roman 
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amphora sherds, despite these being of a similar burial age to those assayed 

successfully by Foley et al. (2012). Furthermore, I recovered a 39 bp trn-L sequence 

consistent with that of the trnL gene in Vicia faba (fava bean) from the Canaanite 

amphora MM-745, one of the least recently excavated amphoras (excavated 1889), 

that was arguably in poorer condition than the roughly contemporary Egyptian 

amphoras MM-2136 and M/C 1983.1192 as its mid-body featured a hole (Fig. 37, 

Section 5.5). The recovery of this potential aDNA sequence, an unlikely post-excavation 

contaminant, extends the known limit for aDNA post-excavation survival in pottery to 

over 120 years. DNA degrades within 100 years in excavated bone (Pruvost et al. 2007), 

but can be recovered for up to 2000 years post-excavation from materials such as 

papyrus (Marota et al. 2002) given optimal storage conditions. The potential impact of 

climate control on aDNA degradation during long term museum storage has yet to be 

quantified, but it is possible that the careful environmental management of the stored 

items studied is the primary explanation for the slow rate of DNA degradation in MM-

745.  

 

Contrary to the expectation that cleaning of pottery sherds would reduce the 

probability of DNA recovery, one of the cleanest amphoras, MM-745 and M/C 59921E, 

provided DNA sequences consistent with Vicia faba, whilst the soil coated pottery 

sherds MM1 and MM-2136 did not. The aDNA may be more accessible to swab tips 

covered by less surface soil. It may therefore be advisable in future studies to take 

repetitive consecutive swabs of the same point of a pottery surface, to establish aDNA 

authenticity via the types of signal gradients used to authenticate endogenous lipids 

(Stern et al. 2000).  

 

The Vicia faba like sequence clones from amphora MM-745 were supported as 

endogenous ancient sequences by accompanying degraded Fabaceae-like sequences in 

the DNA extract from the interior of the same vessel which were indicative of DNA 
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damage, demonstrating a high proportion of A to T base substitutions between clones 

(Section 5.5.2). It is possible, due to the presence of these sequences also on the 

exterior surface of the pot, that fava beans or a similar legume comprised the original 

contents of the amphora, and that this DNA was dispersed around the pot during 

handling or cleaning. Alternatively, these sequences could represent legume based 

foods discarded alongside the amphora in a refuse pit. Fava beans and other legumes 

can be transported dried and whole, and fava bean meal (lomentum) is recorded as an 

amphora cargo in Roman titula picti (Peña 2007). Amphoras may also have been used 

within dwellings to store the cooked product Fūl medames, a staple Egyptian food and 

export (McCann 2009; Albala 2007). Fava beans (fūl rūmī) are one of a limited number 

of species represented across multiple sites in the Egyptian archaeobotanical record 

(Murray 2000a). 

 

The recovery of these potential endogenous aDNA sequences via these methods 

suggests that, had any of the amphoras transported wine, then there may have been a 

chance of yeast rDNA or grape cpDNA recovery. It was also apparent, however, that 

cpDNA degradation had occured in some of the items. Romanus et al. (2009) discuss 

the practicalities of reuse of amphoras by content, finding oil amphoras particularly 

unlikely to have been repurposed due to residual oil. Sherds MM-1 and M/C 1972.74 

take the Dressel 20 form, which is currently exclusively associated with olive oil export 

from Baetica (Tyers 1996). These sherds could therefore be expected to have given 

products with primers targeted to Olea europaea had they contained residual DNA. 

Unfortunately no products were amplified using the primers MATK-0-F-MATK-R5 (Foley 

et al. 2012), that had been used to assay for the Olea genus (Section 5.5.1). 

 

Unlabelled amphoras, such as those studied here, have typically been assumed to have 

held similar contents to those of similar forms that do bear labels. The single 

commodity obtained in this analysis of unlabelled amphoras was a previously 
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unrecognised amphora cargo. This suggests that some products may have been more 

likely to be labelled than others. Typically labelled commodities could have been graded 

or higher value goods such as wines and oils. Bulk dietary staples of low value could be 

less likely to have been labelled, and may therefore be more common to the pottery 

record than once imagined. This would account for an apparent over-representation of 

wine and oil amphoras in the pottery record in comparison with the likely dietary 

composition of contemporary populations.  

 

If MM-745 once contained Vicia faba beans, then it was likely to have been refilled in 

Egypt, as its fabric and form indicate it originated from the Levant (Grace 1956; Amiran 

1970). Organic residue analysis suggests Canaanite amphoras typically transported oil, 

wine and resin (Stern et al. 2000, 2003; Serpico et al. 2003), whilst fava beans were a 

lower value domestic product that was unlikely to have been imported due to its 

surplus domestic production (Albala 2007). Amphora reuse has previously been 

documented at military settlements such as Colchester (Sealey 1985), and may have 

been widespread on a domestic level, with jars being repurposed for home storage or 

local crop distribution.  

 

It is possible that further plant species were missed across the amphoras sampled, as 

effective primer design even in universal barcoding regions requires some starting 

knowledge of the species being targeted. One confounding factor is species succession. 

Palm wine, a proposed content of MM-2136, could be produced from a variety of 

different ancient palm species, only a proportion of which remain in Egypt today. For 

example, the seeds of oasis palm Medemia argun have been found in Egyptian tombs, 

yet this species is now endangered (Ibrahim & Baker 2009). It can therefore not be 

guaranteed that primers anneal to the proposed binding regions of all ancient palm 

wine species. Additionally, Roman and Egyptian food imports may have varied between 

populations, as reflected in Roman skeletal stable isotopes (Prowse et al. 2004; 
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Killgrove & Tykot 2013); and the diets of Roman military garrisons and Egyptian royal 

complexes may have been atypical to the documented examples from cosmopolitan 

population hubs.  

 

This research indicates that although amphoras can yield aDNA sequences, they have a 

lower than anticipated likelihood of yielding ancient yeast sequences from randomly 

targeted vessels as a lower proportion of amphoras appear likely to have contained 

wines than anticipated at the outset of this project. This is particularly true of vessels 

lacking inscriptions or titula picti. Further research focusing on wine amphoras should 

therefore optimise for successful DNA recovery through the deliberate selection and 

sampling of labelled examples. 

 

6.6. aDNA from pre-colonial Ghanaian ritual figurine cavities  

A range of pottery items from Koma Land, Northern Ghana were included in this study 

as they had potentially been associated with alcohol libation offerings made by a 6th-

14th century former population of Yikpabongo village (Insoll et al. 2012). Both yeast 

rDNA and plant cpDNA primers were used in an attempt to identify the uses of these 

items (Section 5.6). Whilst the data obtained did not reveal Saccharomyces sequences 

(Section 5.6.3), it helped to validate new methods for analysing pottery via non 

destructive means. The microbial and plant DNA obtained from these items was 

considered with the existing archaeological data to infer artefact and land use. 

 

It was not possible to amplify 175 bp stretches of S. cerevisiae ITS-2, or any other 

fermenting yeast sequences from the figurines, therefore it was not possible to support 

the association of the pottery with alcohols, despite other Sordariomycete sequences 

being identified via pyrosequencing (Section 5.6.3). Sequences from YK08-AB9-L7, the 
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'horse and rider' figure (Fig. 39, Section 5.6.3), which was excavated from a patch of 

apparent scorched earth (Kankpeyeng & Nkumbaan 2009), matched a range of 

Coniochaeta species equally well, mismatching each BLAST match at the 5’ terminus 

only (13 of 81 bp; Fig. 40, Section 5.6.3). It is probable that the 175bp target of these ITS 

PCRs was too ambitious, and that a shorter target region should have been used, 

although the development of shorter yeast primers for the ITS region was challenging, 

as previously discussed (Section 6.3).  

 

The Coniochaeta are early colonisers and characterised indicators of post-fire sites 

(Mahoney & LaFavre 1981; Mighall et al. 2007). The presence of sequences in YK08-

AB9-L7 which have a high degree of similarity to existing Coniochaeata sequences may 

therefore suggest that YK08-AB9-L7 was burnt in situ rather than placed on a hearth. 

Many of the other figurines in the broader Koma Land collection exhibit deliberate 

breaks or missing elements consistent with their deconsecration or deactivation prior to 

burial (Kankpeyeng et al. 2011, 2013; Insoll et al. 2012), and fire may have been used as 

an additional means of deactivating powerful items. If burning was commonplace, then 

this may therefore have contributed to aDNA degradation in any number of the 

samples, although the scorched earth below YK08-AB9-L7 appears to be unique in the 

context of the two mounds excavated (Kankpeyeng & Nkumbaan 2009). 

 

The analysis of nine Koma Land figurines and two cones revealed plant rbcL or trn-L 

cpDNA sequences from cavities in four of the pottery items (Table 24, Section 5.6.3). A 

number of plant species were thereby sequenced, although efforts were not made here 

to identify these beyond the genus level via further PCR due to the focus of this project 

being fungal populations. Using short multicopy target regions, it was possible to 

amplify cpDNA sequences including 38 bp trn-L sequences from the ‘combined human 

and animal head’ YK11H13H141B, and the cone form YK07-2-A4-1C1 with homology to 

https://pdrives.manchester.ac.uk/horde/gollem/manager.php?dir=%2F%2Fss3.ds.man.ac.uk%2FVOL6%2FMEDICINE%2FDivLabRegen%2FSEQDATA%2FApril+2015%2F24_04_15+additional%2FHeather+R+24_04_15
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a trn-L sequence conserved across the Pinus (pine) genus (Fig. 43, Section 5.6.4). Pine 

species were introduced to Ghana for logging, yet are concentrated in plantations in the 

south of Ghana, distal to the Yikpabongo site, which is set in grassland with 

temperatures likely to be prohibitive to pine growth.  Pinus halepensis, Pinus pinaea, 

Pinus brutia and Pinus negra were all, however, established in North Africa prior to the 

production of the figurines (Nicholson & Shaw 2000).  

 

Pines were imported to North Africa from the Greco-Roman period (Davies 1995), and 

are represented in Ancient Egyptian art considerably predating the figurine 

manufacture (Fig. 49). It is possible therefore, given the inference that Yikpabongo was 

situated on a trans-Saharan trade route (Insoll et al. 2013) , that pine cones, resin, nuts 

or bark may have been traded to the local population by outsiders. 
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Figure 49: 1224 B.C. wooden relief of the staff of Osiris featuring pine cone finial. The 

Egyptian Museum, Turin. 

 

Further 42 bp trn-L sequences were amplified from large head YK07-2-BS-1-A2, 

completely or closely matching the Musa (banana and plantain) genus (Fig. 46, Section 

5.6.5). Most of the indigenous genus Ensete (syn. Musella, false banana) was a more 

distant match for these cloned sequences, with the exception of Ensete lasciocarpa 

(Chinese dwarf banana) which is identical to the Musa across this region. Both banana 

and plantain can be brewed to produce beer and spirit alcohol, used typically for 

celebrations (Tezenas de Montcel et al. 1983; Shale et al. 2012). Although the East 

African Highland banana (Musa acuminata) is now commonly used in the production of 

banana beer, a popular beverage in Ghana (Shale et al. 2012) and has been 

demonstrated to be fermented by S. cerevisiae (Glover et al. 2005),  I was unable to 

recover sequences of sorghum from the samples, a primary ingredient of modern 

banana beer. 
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Whilst the use of bark infusions is consistent with modern traditional African ritual 

practise (Myren 2011), banana and/or plantain may have had a ritual significance now 

lost, which stemmed from its exoticism. Both banana and plantain are non-native to 

Ghana, but have become staple foods, originally having evolved in Southern Asia before 

spreading to the Phillipines and East Pacific (Denham & Donohue, 2009). Banana is first 

thought to have been domesticated in the Kuk Valley, New Guinea, circa 8000 B.C. 

(Denham, 2003), although the emergence of plantain has yet to be detailed as clearly.  

 

The overall natural history of the Musa genus is least well established in West Africa 

(Stover & Simmonds 1987; Blench 2009). An analysis of oral and cultural histories has 

suggested a first Bantu-led introduction of banana to West Africa during the late stages 

of the Bantu expansion of 1000-1 B.C, which would predate the Koma Land figurine 

manufacture (Blench 2009). Banana-like phytoliths, however, as identified on the basis 

of morphology, may place domesticated banana cultivars in Cameroon by 3000 B.P. 

(Mbida et al. 2000; Lejju et al. 2006). Plantain is speculated to have had a more ancient 

introduction to West Africa than banana (De Langhe 2007), as African plantain cultivars 

show greater genetiic divergence than African banana cultivars. Plantain is also 

currently more prevalent in West Africa ( de Montcel et al. 1983). It should however be 

considered that a larger plantain population could drive this divergence, and that 

plantain may have been better adapted at the point of its introduction to thrive in West 

African habitats. 

 

Trees and plants associated with magic influence are grown in sacred groves in Ghana, 

and these protected areas often exhibit unique biodiversity, so may shelter species that 

have yet to be recognised taxonomically (Amoaka-Atta 1998). By 1998 only 20% of 

ancient forest remained in Ghana (Amoaka-Atta 1998), which by 2011 had the third 
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highest deforestation rate in Africa (Blaser et al. 2011). It is therefore unlikely that, even 

were herbarium specimens to be collected from the site, that the species sequenced 

here could now be identified, although the collection of local plant knowledge alongside 

future archaeological excavations in Africa should still be encouraged.  

 

I considered that both the banana/plantain and unidentified tree sequences obtained 

here could comprise relatively modern contaminants, particularly as most of the 

figurines were excavated from soil depths of only 10-20 cm (Kankpeyeng & Nkumbaan 

2009; Kankpeyeng et al. 2011, 2013; Insoll et al. 2012). There were, however, multiple 

reasons to suggest that they were authentic. Firstly, the Musa sequences present in 

YK07-2-B5-1A2 were supported by multiple identical clones (3 of 20 sequenced), and 

were also present in YK11-H13H14-11B114, an item excavated in a different excavation 

season from a different mound (Fig. 44, Section 5.6.5). These were accompanied by 

further unique clones (4 of 20) showing unique mismatches to all of the database 

sequences. This suggested the anticipated DNA damage consistent with ancient 

sequences. The pine-like sequences were also recovered from two samples from two 

different excavation years and mounds, this time supported by 12 of the 18 clones 

sequenced (Fig. 43, Section 5.6.4). Finally, no plant sequences were recovered from 

three repurposed pottery horn stoppers which were included in the analysis as 

environmental controls for mound YK07/08, suggesting little modern cpDNA was 

present in the mound soil. 

 

A lone 42 bp Musa-like clone from YK11H13H141B separated from the YK07-2-BS-1-A2 

clones by a single deletion could not be supported by further clones, and may represent 

the only suggestion of endogenous contamination between the 49 samples (Section 

5.6.5). It was not possible to segregate exogenous environmental and endogenous 

aDNA sequences from the exteriors of the figurines, given that any liquid applied to the 

cavities would also have been poured over the items' exteriors. It is also not obvious as 

https://pdrives.manchester.ac.uk/horde/gollem/manager.php?dir=%2F%2Fss3.ds.man.ac.uk%2FVOL6%2FMEDICINE%2FDivLabRegen%2FSEQDATA%2FApril+2015%2F24_04_15+additional%2FHeather+R+24_04_15
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to whether the exteriors of the items would be regularly sterilised by heat and the 

interiors protected by the clay, or whether the interior DNA might be exposed to higher 

temperatures than the exterior.  

 

Surface temperatures in the 'Overseas' region which encompasses Koma Land can 

fluctuate from 19.4˚C to 37.3˚C (Hijmans et al. 2005), though it was not possible to take 

below ground temperature measures without directly visiting the site. aDNA condition 

is predicted to be poor in samples from high temperature sites after the first 500 years 

degradation (Marota et al. 2002; Gilbert et al. 2005; Smith et al. 2003; Khairat et al. 

2013). Undetected plant cpDNA sequences may therefore have been degraded in the 

Koma Land samples prior to sampling to the extent that they could not be recovered. 

The plant sequences amplified here, if endogenous, suggest a diversity of ritual practise 

(Robinson et al., in press). Furthermore, as many of the sequences show mismatches to 

the primers used to amplify them, and the generic primers designed for this project are 

limited in their applications, they may represent only a fraction of the plant species 

which were once used with these items in a ritual context. There was no evidence of 

any link between associated plant species and specific figurine forms, again suggesting 

that past ritual practise at this site was diverse. It is feasible that the plants used in 

these rituals had specific links to different contexts, or varied by their availaility or by 

individual practitioner. 

 

Extrapolating the temperature based models of Saccharomyces distribution outlined in 

Section 4.7.1, S. cerevisiae can be anticipated to thrive in regions where average 

summer temperature highs range from 29-38˚C , including the Sub-Saharan regions of 

Africa (Fig. 30, Section 5.2.5). Saccharomyces cerevisiae is frequently isolated from 

fermented West African foods and beverages (Mugula et al. 2003; Jesperson 2003; 

Shale et al. 2012; Mukisa et al. 2012; Greppi et al. 2013); and the genetic differentiation 

of these modern African strains (Cromie et al. 2013) could suggest a large historical 
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population. 

 

In an organic residue analysis, pottery residues are traditionally loosened from surfaces 

by sonication, through boiling with solvents; or by scraping the pottery surfaces of each 

item with a metal blade (Evershed et al. 1990; Passi et al. 1981; Copley et al. 2001; 

Romanus et al. 2009). However, non-destructive swab sampling can also prove effective 

for aDNA analysis, and is preferable to the water-rinsing methods of removing DNA 

from fragile or valuable pottery surfaces (Foley et al. 2012). This means that more 

samples can easily be taken for aDNA analysis than for lipid residue analysis, and that 

this sampling can be completed with a much lower risk to each item sampled.  Although 

no S. cerevisiae aDNA was recovered from these samples, this study provided an 

opportunity to study terracotta items excavated from a site which endures high surface 

temperatures. The sequences presented here leave open the possibility that subtropical 

African archaeological sites could provide favourable sites for future aDNA research, 

provided that the material studied is fewer than 2000 years old, and that target 

sequences of short length are selected.   

 

6.7. Development of study methods 

 

Four different DNA extraction methods were used as part of this study, including three 

methods applied to ancient DNA or simulated ancient samples (Section 4.2). Well 

regarded ancient DNA extraction methods exist for materials such as bones (Yang et al. 

1998; Höss & Pääbo, 1993; Rohland and Hofreiter, 2007) and teeth (Rohland and 

Hofreiter, 2007). The relative effectiveness of such methods with other materials is, 

however, less well established. The methods applied in this study were largely selected 

due to their prior successes in extracting DNA from challenging sample materials which 

required specialist approaches, such as starchy and viscous foods (Tilley 2004), plant 
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material (Giles & Brown, 2008) and the trace amounts of mixed materials obtained via 

swabs. Some of these methods could, however, be optimised further for future use 

specifically with ancient samples in the event of other potential applications.  

 

Adaptations to DNA extraction protocols which can enhance DNA recovery from ancient 

samples can include the use of detergents such as Proteinase K (Yang et al. 1998), CTAB 

(Kistler, 2012) or N-phenacyl-thiazolium bromide (PTB) (Giles & Brown, 2008; Kistler, 

2012) to supplement extraction buffers. An extended overnight or longer incubation of 

samples in extraction buffers such as EDTA can also be used, potentially also with the 

addition of heat (Rohland & Hofreiter, 2007).  

 

This type of method development may be more challenging when using kits such as the 

Promega Wizard® magnetic DNA extraction kit for food (DNA extraction method 3) or 

the Roche High Pure PCR Product Purification Kit (DNA extraction method 4) , as the 

chemistry of the solutions and/or columns contained within such kits is often 

proprietary. In this instance, method optimisation of the DNA extractions from bread 

and wood samples was not further pursued, as contextual insight gained from the 

modern Saccharomyces ecology survey suggested that pursuing work with these 

samples would prove the least useful to the progression of the study as a whole. It is 

likely, however, as discussed previously, that DNA extraction method 4 (for use with 

wood samples) could be improved for ancient DNA applications through the 

substitution of a column with a smaller size exclusion mesh (Section 6.3.). Within this 

study, The Promega Wizard® magnetic DNA extraction kit for food, used to process the 

pottery swab samples, performed the most effectively. This may be because its bead 

binding method minimised the mechanical disruption of DNA during the DNA extraction 

process, and because no size exclusion stages were necessary.  
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Next generation DNA sequencing methods are another significant variable which could 

be significantly optimised for future work. Since the commencement of this study in 

2012, Roche 454 FLX sequencing has become increasingly overshadowed in the field of 

ancient DNA by the Illumina Hi Seq and Mi Seq platforms, which offer a significantly 

higher return of reads at a lower cost although having a shorter maximum read length 

which is not of consequence when considering the likely fragmentation of aDNA (Rizzi 

et al. 2012; Lou et al. 2012).  

 

Both the 454 and Illumina platforms sequence fragment by fragment, therefore when 

used for shotgun sequencing, each final sequence should be independent of the others, 

resulting from a different initial DNA molecule. It should be remembered, however, that 

when amplicon sequencing, each sequence represents an individual product of a PCR in 

which the sequences have been derived from one another. In an aDNA context with 

amplicon data, therefore, where there may have been few starting DNA molecules, 

more reads do not give any benefits for enhanced quantification or error analysis. 

Despite gaining very few reads from the split 454 run included in this study, it was 

possible to gain useful information about some samples, and the 454 data did provide 

some interesting results, in each case suggesting that low levels of the target DNA in all 

of the samples sequenced was the likely cause of this failure rather than any issues with 

the 454 platform itself.  

 

It is possible to perform a capture array of multiple targets using biotinylated probes to 

increase the chance of amplifying specific DNA fragments (Rizzi et al. 2012). Whilst this 

technology was not the best fit for this study considering that the purpose of this study 

was primarily to identify Saccharomyces yeasts in ancient samples, this would be 

particularly useful in instances where phylogeny needed to be ascertained for species 

such as the Saccharomyces, whose population history can currently be traced only via 

variation occurring in the single copy nuclear DNA (Bensasson, 2011). 
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In this study, PCR is used to target the ITS regions in the Saccharomyces and related 

yeast species, because, unusually, it follows an exploratory approach to target aDNA 

from a specific microbial genus. Shotgun sequencing would arguably provide a more 

effective means of recovering large numbers of yeast sequences from each sample. The 

majority of these sequences would, in this context, however, prove uninformative, as 

the Saccharomyces can largely only be identified to the species level at a limited 

number of regions throughout their rDNA.  Shotgun sequencing can, however, provide 

a wealth of information regarding a site or sample’s ancient microbiome, which could 

be used in future in conjunction with similar PCR-based methods to provide important 

archaeological context, as in the Coniochaeta-like sequences obtained from the horse 

and rider figure, and the marine bacterial sequences obtained from Great Fen. 
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6.8. Authenticating ancient sequences 

A subset of the suggested stringency guidelines for aDNA work (Kolman & Tuross 2000; 

Cooper & Poinar 2000; Hofreiter et al. 2001a; Yang & Watt 2005) lack practical 

applications for some aDNA studies (Pääbo et al. 2004; Gilbert et al. 2005). Gilbert et al. 

(2005) therefore assert that reliability should not simply be a criteria checking exercise, 

and Montiel (2007) summarises the need for harmonised stringency controls with the 

danger of dogmatic substitution of such controls for a rational analytical critique of 

aDNA studies. For the majority of the materials studied here, associated remains and 

environmental samples could not be taken from the relevant excavation sites. The 

cpDNA sequences presented here are instead therefore authenticated largely through 

contextual considerations that can be used to indicate a low likelihood of modern DNA 

contamination, and the assessment of cloned sequences for the presence of anticipated 

DNA damage.  

 

The recovery of the ancient plant sequences described here was not independently 

replicated, although in some other instances this would have been desirable. In the case 

of the Koma Land figurines, it was possible to collect samples only on the final day of 

the items’ exhibition in the United Kingdom, after which they were returned to Ghana, 

preventing independent repeat sampling. Similarly, the amplification of cpDNA from 

Roman pottery presented here has not been independently replicated purely due to 

time constraints. The plant sequences that did not form an expected element of the site 

fauna could be supported as authentic due to knowledge of their excavation sites. 

However, had Saccharomyces yeast sequences been recovered, as a potential common 

soil contaminant, its authentication would have been best pursued via independent 

replication of the data and through a thorough analysis of the condition and nature of 

the cloned or pyrosequenced DNA sequences. 
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7. Conclusions 

 

The global geographical distributions of yeasts can be modelled based on observations 

from localized datasets. In this case, the predicted optimum habitat of S. paradoxus was 

mapped using isolation frequencies from a range of European sites. Both S. cerevisiae 

and S. paradoxus were scarce on European oak barks, yet sufficient data was recovered 

from S. paradoxus isolates to determine that summer temperature and tree age play a 

limiting role in the species' spread. S. paradoxus is most abundant in regions with 

summer temperature highs (Tmax) averaging 22-28˚C, which fall along a relatively 

narrow North American and Eurasian corridor. Differences in the in vitro growth profiles 

of the Saccharomyces suggest S. cerevisiae may, however, be more abundant in regions 

where Tmax=25-31 ˚C, a narrow overlap in these projected species ranges explaining why 

the two species are rarely isolated in sympatry. The results from oak and fruit 

environmental samples indicate S. paradoxus is most commonly present on older, 

larger trees within its habitable range, and that generally higher numbers of S. 

paradoxus are present in southern Europe than in the U.K. 

 

Ancient Saccharomyces DNA sequences could not be identified from any of the samples 

considered in this study, although plant cpDNA sequences were amplified from the 

amphoras and both cpDNA and other yeast rDNA sequences were obtained from the 

Koma Land figurines. The successful replication of this ancient cpDNA sequence 

recovery from pottery swab samples, following the original method studies by Foley et 

al (2008) and Hansson et al. (2012), indicates the viability of aDNA analysis of pottery 

swabs as a viable alternative to lipid residue or organic residue analysis. This currently 

presents the sole option for biologically analysing pottery that cannot be destroyed 

through destructive analysis, and although it has yet to be directly compared with the 

more established organic residue tests, it may ultimately prove to be equally effective. 
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The validation of the non-destructive swab sampling and magnetic DNA extraction 

methods used here also suggests that had Saccharomyces sequences been present in 

significant concentrations, then they could have been detected via the same means. 

Retrospectively, having analysed European Saccharomyces distributions and 

extrapolated global species distributions based on climate defined constrains, it 

appears unlikely that S. paradoxus would have been isolated from as few as twelve 

putative Neolithic oak samples, given its present low frequency on northern European 

oak bark (Kowallik et al. 2015). Similarly, the likelihood of recovering S. cerevisiae from 

classical amphoras was overestimated at the start of the study due to the largely hidden 

trade revealed here in bulk staple foods. This implies fewer unlabelled amphoras 

contained wine than has previously been assumed (Section 5.5). The successful analysis 

of 9th-14th Century pottery figurines from Koma Land, Northern Ghana, for which I 

predicted effective burial temperatures of 25-26˚C, sets optimistic precedents for a role 

of Ancient DNA in assessing material from other Sub-Saharan sites. 
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rye flours sourced from Doves Farm Organics (U.K.). 
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Appendices 

 

Explanation of files 

 

Appendix A comprises a table of details of each sample, host tree and collection site. 

Latitude and longitude are given in WGS84 format, elevation and tree girth are given in 

metres. The estimated Tmax (in °C) for the field site of each strain is shown along with 

the longitude (TmaxLon) and latitude (TmaxLat) coordinates of the closest pixel to our 

estimate of site location at 30 arc-second (approximately 1 km) resolution. An 

electronic version of this data compatible with use in R is available at 

https://github.com/bensassonlab/yeastecology/.  

 

Appendix B is a copy of an article published with open access in Volume 6 of Ecology 

and Evolution (courtesy of Wiley Online Library), pertaining to data presented as 

Section 5.2 of this thesis. The full online article including supplementary data tables and 

supplementary results is available from 

http://onlinelibrary.wiley.com/doi/10.1002/ece3.1919/full. 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

AN1a AN1 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN1b AN1 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN1c AN1 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN1d AN1 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN1e AN1 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN1f AN1 PYR 1 0 0 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN1g AN1 PYR 1 0 1 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN1h AN1 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN1i AN1 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN1j AN1 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 40.2504 23.69257 90 NA NA 31.5 

AN2a AN2 PYR 0 0 0 10/9/2009 NA 30 Vitis vinifera grape 
40.2502

3 
23.69359 85 NA NA 31.5 

AN2b AN2 PYR 0 0 1 10/9/2009 NA 30 Vitis vinifera grape 
40.2502

3 
23.69359 85 NA NA 31.5 

AN2c AN2 PYR 0 0 0 10/9/2009 NA 30 Vitis vinifera grape 
40.2502

3 
23.69359 85 NA NA 31.5 

AN2d AN2 PYR 0 0 1 10/9/2009 NA 30 Vitis vinifera grape 
40.2502

3 
23.69359 85 NA NA 31.5 

AN2e AN2 PYR 0 0 1 10/9/2009 NA 30 Vitis vinifera grape 
40.2502

3 
23.69359 85 NA NA 31.5 

AN2f AN2 PYR 0 0 1 10/9/2009 NA 30 Vitis vinifera grape 
40.2502

3 
23.69359 85 NA NA 31.5 

AN2g AN2 PYR 0 0 1 10/9/2009 NA 30 Vitis vinifera grape 
40.2502

3 
23.69359 85 NA NA 31.5 

AN2i AN2 PYR 0 0 1 10/9/2009 NA 30 Vitis vinifera grape 
40.2502

3 
23.69359 85 NA NA 31.5 

AN2j AN2 PYR 0 0 1 10/9/2009 NA 30 Vitis vinifera grape 
40.2502

3 
23.69359 85 NA NA 31.5 

AN3a AN3 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 
40.2502

3 
23.69359 85 NA NA 31.5 

AN3b AN3 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 
40.2502

3 
23.69359 85 NA NA 31.5 

AN3c AN3 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 
40.2502

3 
23.69359 85 NA NA 31.5 

AN3d AN3 PYR 0 0 1 10/9/2009 NA 30 Ficus carica fig 
40.2502

3 
23.69359 85 NA NA 31.5 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

AN3e AN3 PYR 1 0 1 10/9/2009 NA 30 Ficus carica fig 
40.2502

3 
23.69359 85 NA NA 31.5 

AN4f AN4 PYR 0 0 1 
27/08/201

1 
13.5

2 
30 Ficus carica fig 

40.2502
3 

23.69359 85 NA NA 31.5 

AN4g AN4 PYR 0 0 0 27/8/2011 
12.0

4 
30 Ficus carica fig 

40.2502
3 

23.69359 85 NA NA 31.5 

AN4h AN4 PYR 0 0 1 27/8/2011 7.08 30 Ficus carica fig 
40.2502

3 
23.69359 85 NA NA 31.5 

AN4i AN4 PYR 0 0 0 27/8/2011 10.6 30 Ficus carica fig 
40.2502

3 
23.69359 85 NA NA 31.5 

AN4j AN4 PYR 0 0 1 27/8/2011 
10.3

2 
30 Ficus carica fig 

40.2502
3 

23.69359 85 NA NA 31.5 

AN4k AN4 PYR 0 0 0 27/8/2011 
10.3

4 
30 Ficus carica fig 

40.2502
3 

23.69359 85 NA NA 31.5 

AN4l AN4 PYR 0 0 0 27/8/2011 
11.4

5 
30 Ficus carica fig 

40.2502
3 

23.69359 85 NA NA 31.5 

AN4m AN4 PYR 0 0 0 27/8/2011 5.15 30 Ficus carica fig 
40.2502

3 
23.69359 85 NA NA 31.5 

AN4n AN4 PYR 0 0 0 27/8/2011 
14.2

5 
30 Ficus carica fig 

40.2502
3 

23.69359 85 NA NA 31.5 

AN4o AN4 PYR 0 0 0 27/8/2011 
12.2

9 
30 Ficus carica fig 

40.2502
3 

23.69359 85 NA NA 31.5 

BOBa BOB PAR 0 0 0 2/9/2011 5.65 30 Vitis vinifera grape 
38.1397

4 
23.78445 378 NA NA 31 

BOBb BOB PAR 0 0 0 2/9/2011 7.01 30 Vitis vinifera grape 
38.1397

4 
23.78445 378 NA NA 31 

BOBc BOB PAR 0 0 0 2/9/2011 7.67 30 Vitis vinifera grape 
38.1397

4 
23.78445 378 NA NA 31 

BOBd BOB PAR 0 0 0 2/9/2011 9.56 30 Vitis vinifera grape 
38.1397

4 
23.78445 378 NA NA 31 

BOBe BOB PAR 0 0 0 2/9/2011 8.45 30 Vitis vinifera grape 
38.1397

4 
23.78445 378 NA NA 31 

BOBf BOB PAR 0 0 0 2/9/2011 8.09 30 Vitis vinifera grape 
38.1397

4 
23.78445 378 NA NA 31 

BOBg BOB PAR 0 0 0 2/9/2011 
10.6

6 
30 Vitis vinifera grape 

38.1397
4 

23.78445 378 NA NA 31 

BOBh BOB PAR 0 0 1 2/9/2011 7.64 30 Vitis vinifera grape 
38.1397

4 
23.78445 378 NA NA 31 

BOBi BOB PAR 0 0 0 2/9/2011 10 30 Vitis vinifera grape 38.1397 23.78445 378 NA NA 31 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

4 

BOBj BOB PAR 0 0 0 2/9/2011 9.7 30 Vitis vinifera grape 
38.1397

4 
23.78445 378 NA NA 31 

CHO3b 
CHO

3 
CHO 0 0 1 6/7/2007 3.11 30 Quercus sp. oak 

53.4239
4 

-2.27 34 1.14 NA 21.3 

CR1a CR1 CR 0 0 1 4/8/2011 
10.7

9 
30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1b CR1 CR 0 0 0 4/8/2011 3.85 30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1c CR1 CR 0 0 0 4/8/2011 6.41 30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1d CR1 CR 0 0 0 4/8/2011 
10.3

7 
30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1e CR1 CR 0 0 0 4/8/2011 7.48 30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1f CR1 CR 0 0 1 4/8/2011 
12.1

5 
30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1g CR1 CR 0 0 0 4/8/2011 5.84 30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1h CR1 CR 0 0 0 4/8/2011 9.29 30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1i CR1 CR 0 0 0 4/8/2011 9.83 30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1j CR1 CR 0 0 0 4/8/2011 
10.2

6 
30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CR1k CR1 CR 0 0 1 4/8/2011 9.56 30 Ficus carica fig 35.5527 23.77703 21 NA NA 29.5 

CRO10a 
CRO1

0 
CRO 0 0 0 2/9/2008 0.51 30 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 

CRO10b 
CRO1

0 
CRO 0 0 0 2/9/2008 0.91 30 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 

CRO10c 
CRO1

0 
CRO 0 0 0 22/6/2009 0.56 30 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 

CRO10d 
CRO1

0 
CRO 0 0 0 22/6/2009 0.34 30 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 

CRO10e 
CRO1

0 
CRO 0 0 0 22/6/2009 0.39 30 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 

CRO10f 
CRO1

0 
CRO 0 0 0 22/6/2009 1 30 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 

CRO10g 
CRO1

0 
CRO 0 0 0 11/7/2011 0.54 30 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 

CRO10h 
CRO1

0 
CRO 0 0 0 11/7/2011 0.72 30 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

CRO10i 
CRO1

0 
CRO 0 0 1 11/7/2011 0.51 10 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 

CRO10j 
CRO1

0 
CRO 0 0 0 11/7/2011 0.72 30 

Quercus 
petraea 

oak 53.4948 -1.89454 287 1.68 3 19.6 

CRO11a 
CRO1

1 
CRO 0 0 0 2/9/2008 1.31 30 

Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO11b 
CRO1

1 
CRO 0 0 0 2/9/2008 0.62 30 

Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO11c 
CRO1

1 
CRO 0 0 0 22/6/2009 0.19 30 

Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO11d 
CRO1

1 
CRO 0 0 0 

22/06/200
9 

0.37 30 
Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO11e 
CRO1

1 
CRO 0 0 0 

22/06/200
9 

0.3 30 
Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO11f 
CRO1

1 
CRO 0 0 0 

22/06/200
9 

0.34 30 
Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO11g 
CRO1

1 
CRO 0 0 0 11/7/2011 0.37 30 

Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO11h 
CRO1

1 
CRO 0 0 0 11/7/2011 0.41 30 

Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO11i 
CRO1

1 
CRO 0 0 0 11/7/2011 0.47 10 

Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO11j 
CRO1

1 
CRO 0 0 0 11/7/2011 0.33 30 

Quercus 
petraea 

oak 
53.4946

3 
-1.89445 281 0.85 3 19.6 

CRO12a 
CRO1

2 
CRO 0 0 0 2/9/2008 0.77 30 

Quercus 
petraea 

oak 
53.4944

4 
-1.89422 275 1.3 3 19.6 

CRO12b 
CRO1

2 
CRO 0 1 0 2/9/2008 0.75 30 

Quercus 
petraea 

oak 
53.4944

4 
-1.89422 275 1.3 3 19.6 

CRO12c 
CRO1

2 
CRO 0 0 0 22/6/2009 0.32 30 

Quercus 
petraea 

oak 
53.4944

4 
-1.89422 275 1.3 3 19.6 

CRO12d 
CRO1

2 
CRO 0 0 0 22/6/2009 0.64 30 

Quercus 
petraea 

oak 
53.4944

4 
-1.89422 275 1.3 3 19.6 

CRO12e 
CRO1

2 
CRO 0 0 0 22/6/2009 0.53 30 

Quercus 
petraea 

oak 
53.4944

4 
-1.89422 275 1.3 3 19.6 

CRO12f 
CRO1

2 
CRO 0 0 0 22/6/2009 0.42 30 

Quercus 
petraea 

oak 
53.4944

4 
-1.89422 275 1.3 3 19.6 

CRO12g 
CRO1

2 
CRO 0 0 0 11/7/2011 0.88 30 

Quercus 
petraea 

oak 
53.4944

4 
-1.89422 275 1.3 3 19.6 

CRO12h CRO1 CRO 0 0 0 11/7/2011 0.6 30 Quercus oak 53.4944 -1.89422 275 1.3 3 19.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

2 petraea 4 

CRO12i 
CRO1

2 
CRO 0 0 0 11/7/2011 1.23 10 

Quercus 
petraea 

oak 
53.4944

4 
-1.89422 275 1.3 3 19.6 

CRO12j 
CRO1

2 
CRO 0 0 0 11/7/2011 1.29 30 

Quercus 
petraea 

oak 
53.4944

4 
-1.89422 275 1.3 3 19.6 

CRO13a 
CRO1

3 
CRO 0 0 0 22/6/2009 3.83 30 

Quercus 
petraea 

oak 
53.4948

6 
-1.89437 290 1.37 

3.2
5 

19.6 

CRO13b 
CRO1

3 
CRO 0 0 0 22/6/2009 0.17 30 

Quercus 
petraea 

oak 
53.4948

6 
-1.89437 290 1.37 

3.2
5 

19.6 

CRO13c 
CRO1

3 
CRO 0 0 0 22/6/2009 0.15 30 

Quercus 
petraea 

oak 
53.4948

6 
-1.89437 290 1.37 

3.2
5 

19.6 

CRO13d 
CRO1

3 
CRO 0 0 0 22/6/2009 0.47 30 

Quercus 
petraea 

oak 
53.4948

6 
-1.89437 290 1.37 

3.2
5 

19.6 

CRO13e 
CRO1

3 
CRO 0 0 0 11/7/2011 0.95 30 

Quercus 
petraea 

oak 
53.4948

6 
-1.89437 290 1.37 

3.2
5 

19.6 

CRO13f 
CRO1

3 
CRO 0 0 0 11/7/2011 0.65 30 

Quercus 
petraea 

oak 
53.4948

6 
-1.89437 290 1.37 

3.2
5 

19.6 

CRO13g 
CRO1

3 
CRO 0 0 1 11/7/2011 1.53 10 

Quercus 
petraea 

oak 
53.4948

6 
-1.89437 290 1.37 

3.2
5 

19.6 

CRO13h 
CRO1

3 
CRO 0 0 0 11/7/2011 0.85 30 

Quercus 
petraea 

oak 
53.4948

6 
-1.89437 290 1.37 

3.2
5 

19.6 

CRO14a 
CRO1

4 
CRO 0 0 0 22/6/2009 0.51 30 

Quercus 
petraea 

oak 
53.4951

3 
-1.8944 300 1.22 

3.2
5 

19.6 

CRO14b 
CRO1

4 
CRO 0 0 0 22/6/2009 0.23 30 

Quercus 
petraea 

oak 
53.4951

3 
-1.8944 300 1.22 

3.2
5 

19.6 

CRO14c 
CRO1

4 
CRO 0 0 0 22/6/2009 0.37 30 

Quercus 
petraea 

oak 
53.4951

3 
-1.8944 300 1.22 

3.2
5 

19.6 

CRO14d 
CRO1

4 
CRO 0 0 0 22/6/2009 0.22 30 

Quercus 
petraea 

oak 
53.4951

3 
-1.8944 300 1.22 

3.2
5 

19.6 

CRO14e 
CRO1

4 
CRO 0 0 0 11/7/2011 0.32 30 

Quercus 
petraea 

oak 
53.4951

3 
-1.8944 300 1.22 

3.2
5 

19.6 

CRO14f 
CRO1

4 
CRO 0 0 0 11/7/2011 0.28 30 

Quercus 
petraea 

oak 
53.4951

3 
-1.8944 300 1.22 

3.2
5 

19.6 

CRO14g 
CRO1

4 
CRO 0 0 0 11/7/2011 0.46 10 

Quercus 
petraea 

oak 
53.4951

3 
-1.8944 300 1.22 

3.2
5 

19.6 

CRO14h 
CRO1

4 
CRO 0 0 0 11/7/2011 0.81 30 

Quercus 
petraea 

oak 
53.4951

3 
-1.8944 300 1.22 

3.2
5 

19.6 

CRO15a 
CRO1

5 
CRO 0 0 0 22/6/2009 0.42 30 

Quercus 
petraea 

oak 
53.4941

8 
-1.89385 275 1.28 

3.2
5 

19.6 

Appendix A 



268 
 

 
 

Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

CRO15b 
CRO1

5 
CRO 0 0 0 22/6/2009 0.34 30 

Quercus 
petraea 

oak 
53.4941

8 
-1.89385 275 1.28 

3.2
5 

19.6 

CRO15c 
CRO1

5 
CRO 0 0 0 22/6/2009 0.16 30 

Quercus 
petraea 

oak 
53.4941

8 
-1.89385 275 1.28 

3.2
5 

19.6 

CRO15d 
CRO1

5 
CRO 0 0 0 22/6/2009 0.52 30 

Quercus 
petraea 

oak 
53.4941

8 
-1.89385 275 1.28 

3.2
5 

19.6 

CRO15e 
CRO1

5 
CRO 0 0 0 11/7/2011 0.44 30 

Quercus 
petraea 

oak 
53.4941

8 
-1.89385 275 1.28 

3.2
5 

19.6 

CRO15f 
CRO1

5 
CRO 0 0 0 11/7/2011 0.21 30 

Quercus 
petraea 

oak 
53.4941

8 
-1.89385 275 1.28 

3.2
5 

19.6 

CRO15g 
CRO1

5 
CRO 0 0 0 11/7/2011 0.39 30 

Quercus 
petraea 

oak 
53.4941

8 
-1.89385 275 1.28 

3.2
5 

19.6 

CRO15h 
CRO1

5 
CRO 0 0 0 11/7/2011 0.63 10 

Quercus 
petraea 

oak 
53.4941

8 
-1.89385 275 1.28 

3.2
5 

19.6 

CRO1e CRO1 CRO 0 0 0 11/7/2007 1.02 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1f CRO1 CRO 0 0 0 11/7/2007 0.56 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1g CRO1 CRO 0 0 0 11/7/2007 0.62 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1i CRO1 CRO 0 0 0 22/6/2009 0.8 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1iia CRO1 CRO 0 0 0 2/9/2008 0.97 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1iib CRO1 CRO 0 0 0 2/9/2008 0.58 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1j CRO1 CRO 0 0 0 22/6/2009 0.72 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1k CRO1 CRO 0 0 1 22/6/2009 0.5 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1l CRO1 CRO 0 1 0 22/6/2009 0.22 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1m CRO1 CRO 0 0 0 11/7/2011 0.74 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1n CRO1 CRO 0 0 0 11/7/2011 0.68 30 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1o CRO1 CRO 0 0 0 11/7/2011 1.02 10 
Quercus 
petraea 

oak 
53.4947

5 
-1.8944 257 2 3.5 19.6 

CRO1p CRO1 CRO 0 0 0 11/7/2011 0.63 30 Quercus oak 53.4947 -1.8944 257 2 3.5 19.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

petraea 5 

CRO2d CRO2 CRO 0 1 0 11/7/2007 0.38 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2e CRO2 CRO 0 1 0 11/7/2007 0.33 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2f CRO2 CRO 0 1 0 11/7/2007 0.25 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2h CRO2 CRO 0 0 0 22/6/2009 0.2 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2i CRO2 CRO 0 0 0 22/6/2009 0.61 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2j CRO2 CRO 0 0 0 22/6/2009 0.33 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2k CRO2 CRO 0 0 0 22/6/2009 0.13 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2l CRO2 CRO 0 0 0 11/7/2011 0.22 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2m CRO2 CRO 0 0 0 11/7/2011 0.25 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2n CRO2 CRO 0 0 0 11/7/2011 0.24 10 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO2o CRO2 CRO 0 0 0 11/7/2011 0.19 30 
Quercus 
petraea 

oak 
53.4940

7 
-1.89364 256 2 3.5 19.6 

CRO3d CRO3 CRO 0 1 0 11/7/2007 0.73 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO3e CRO3 CRO 0 1 0 11/7/2007 0.89 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO3f CRO3 CRO 0 0 0 11/7/2007 0.39 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO3i CRO3 CRO 0 0 0 22/6/2009 0.87 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO3j CRO3 CRO 0 0 0 22/6/2009 1.03 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO3k CRO3 CRO 0 0 0 22/6/2009 1.09 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO3l CRO3 CRO 0 0 0 22/6/2009 0.55 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO3m CRO3 CRO 0 0 0 11/7/2011 0.1 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

CRO3n CRO3 CRO 0 0 0 11/7/2011 0.26 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO3o CRO3 CRO 0 0 1 11/7/2011 0.16 10 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO3p CRO3 CRO 0 0 0 11/7/2011 0.26 30 
Quercus 
petraea 

oak 
53.4940

8 
-1.89361 260 1.8 3.5 19.6 

CRO4a CRO4 CRO 0 1 0 2/9/2008 0.42 30 
Quercus 
petraea 

oak 
53.4933

6 
-1.89316 334 1.44 4 19.6 

CRO4b CRO4 CRO 0 0 0 2/9/2008 0.54 30 
Quercus 
petraea 

oak 
53.4933

6 
-1.89316 334 1.44 4 19.6 

CRO4c CRO4 CRO 0 0 0 22/6/2009 0.17 30 
Quercus 
petraea 

oak 
53.4933

6 
-1.89316 334 1.44 4 19.6 

CRO4d CRO4 CRO 0 0 0 22/6/2009 0.22 30 
Quercus 
petraea 

oak 
53.4933

6 
-1.89316 334 1.44 4 19.6 

CRO4e CRO4 CRO 0 0 0 22/6/2009 0.3 30 
Quercus 
petraea 

oak 
53.4933

6 
-1.89316 334 1.44 4 19.6 

CRO4f CRO4 CRO 0 0 0 22/6/2009 0.26 30 
Quercus 
petraea 

oak 
53.4933

6 
-1.89316 334 1.44 4 19.6 

CRO4g CRO4 CRO 0 0 0 11/7/2011 0.16 30 
Quercus 
petraea 

oak 
53.4933

6 
-1.89316 334 1.44 4 19.6 

CRO4h CRO4 CRO 0 0 0 11/7/2011 0.57 30 
Quercus 
petraea 

oak 
53.4933

6 
-1.89316 334 1.44 4 19.6 

CRO4i CRO4 CRO 0 0 0 11/7/2011 0.28 10 
Quercus 
petraea 

oak 
53.4933

6 
-1.89316 334 1.44 4 19.6 

CRO5a CRO5 CRO 0 0 0 2/9/2008 0.78 30 
Quercus 
petraea 

oak 
53.4934

5 
-1.89326 331 1.56 3 19.6 

CRO5b CRO5 CRO 0 0 0 2/9/2008 1.26 30 
Quercus 
petraea 

oak 
53.4934

5 
-1.89326 331 1.56 3 19.6 

CRO5c CRO5 CRO 0 0 0 22/6/2009 0.24 30 
Quercus 
petraea 

oak 
53.4934

5 
-1.89326 331 1.56 3 19.6 

CRO5d CRO5 CRO 0 0 0 22/6/2009 0.11 30 
Quercus 
petraea 

oak 
53.4934

5 
-1.89326 331 1.56 3 19.6 

CRO5e CRO5 CRO 0 0 0 22/6/2009 0.4 30 
Quercus 
petraea 

oak 
53.4934

5 
-1.89326 331 1.56 3 19.6 

CRO5f CRO5 CRO 0 0 0 22/6/2009 0.34 30 
Quercus 
petraea 

oak 
53.4934

5 
-1.89326 331 1.56 3 19.6 

CRO5h CRO5 CRO 0 0 0 11/7/2011 0.09 30 
Quercus 
petraea 

oak 
53.4934

5 
-1.89326 331 1.56 3 19.6 

CRO5i CRO5 CRO 0 0 0 11/7/2011 0.12 30 Quercus oak 53.4934 -1.89326 331 1.56 3 19.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

petraea 5 

CRO5j CRO5 CRO 0 0 0 11/7/2011 0.17 10 
Quercus 
petraea 

oak 
53.4934

5 
-1.89326 331 1.56 3 19.6 

CRO5k CRO5 CRO 0 0 0 11/7/2011 0.28 30 
Quercus 
petraea 

oak 
53.4934

5 
-1.89326 331 1.56 3 19.6 

CRO6a CRO6 CRO 0 0 0 2/9/2008 0.38 30 
Quercus 
petraea 

oak 
53.4938

8 
-1.89358 325 1.63 3 19.6 

CRO6b CRO6 CRO 0 0 1 2/9/2008 0.4 30 
Quercus 
petraea 

oak 
53.4938

8 
-1.89358 325 1.63 3 19.6 

CRO6c CRO6 CRO 0 0 1 22/6/2009 0.54 30 
Quercus 
petraea 

oak 
53.4938

8 
-1.89358 325 1.63 3 19.6 

CRO6d CRO6 CRO 0 0 0 22/6/2009 0.64 30 
Quercus 
petraea 

oak 
53.4938

8 
-1.89358 325 1.63 3 19.6 

CRO6f CRO6 CRO 0 0 0 22/6/2009 0.21 30 
Quercus 
petraea 

oak 
53.4938

8 
-1.89358 325 1.63 3 19.6 

CRO6h CRO6 CRO 0 0 0 11/7/2011 0.15 30 
Quercus 
petraea 

oak 
53.4938

8 
-1.89358 325 1.63 3 19.6 

CRO6k CRO6 CRO 0 0 0 11/7/2011 0.28 30 
Quercus 
petraea 

oak 
53.4938

8 
-1.89358 325 1.63 3 19.6 

CRO7a CRO7 CRO 0 0 0 2/9/2008 0.43 30 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 

CRO7b CRO7 CRO 0 0 0 2/9/2008 0.45 30 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 

CRO7c CRO7 CRO 0 0 0 22/6/2009 0.76 30 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 

CRO7d CRO7 CRO 0 0 0 22/6/2009 0.6 30 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 

CRO7e CRO7 CRO 0 1 0 22/6/2009 1.33 30 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 

CRO7f CRO7 CRO 0 0 0 22/6/2009 0.46 30 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 

CRO7g CRO7 CRO 0 0 0 11/7/2011 0.85 30 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 

CRO7h CRO7 CRO 0 0 0 11/7/2011 0.99 30 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 

CRO7i CRO7 CRO 0 0 1 11/7/2011 1.03 10 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 

CRO7j CRO7 CRO 0 0 0 11/7/2011 0.78 30 
Quercus 
petraea 

oak 
53.4943

7 
-1.89424 305 1.3 3 19.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

CRO8a CRO8 CRO 0 1 0 2/9/2008 0.42 30 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO8b CRO8 CRO 0 0 0 2/9/2008 0.25 30 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO8c CRO8 CRO 0 0 0 22/6/2009 0.34 30 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO8d CRO8 CRO 0 0 0 22/6/2009 0.25 30 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO8e CRO8 CRO 0 0 0 22/6/2009 0.69 30 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO8f CRO8 CRO 0 0 0 22/6/2009 1.04 30 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO8g CRO8 CRO 0 0 0 11/7/2011 0.69 30 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO8h CRO8 CRO 0 0 0 11/7/2011 0.74 30 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO8i CRO8 CRO 0 0 0 11/7/2011 0.77 10 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO8j CRO8 CRO 0 0 0 11/7/2011 1.18 30 
Quercus 
petraea 

oak 
53.4943

3 
-1.89418 288 1.76 NA 19.6 

CRO9a CRO9 CRO 0 0 0 2/9/2008 1.03 30 
Quercus 
petraea 

oak 
53.4945

8 
-1.89439 288 1 3 19.6 

CRO9b CRO9 CRO 0 0 0 2/9/2008 0.28 30 
Quercus 
petraea 

oak 
53.4945

8 
-1.89439 288 1 3 19.6 

CRO9c CRO9 CRO 0 0 0 22/6/2009 0.41 30 
Quercus 
petraea 

oak 
53.4945

8 
-1.89439 288 1 3 19.6 

CRO9d CRO9 CRO 0 0 0 22/6/2009 0.16 30 
Quercus 
petraea 

oak 
53.4945

8 
-1.89439 288 1 3 19.6 

CRO9e CRO9 CRO 0 0 0 22/6/2009 0.25 30 
Quercus 
petraea 

oak 
53.4945

8 
-1.89439 288 1 3 19.6 

CRO9f CRO9 CRO 0 0 0 22/6/2009 0.67 30 
Quercus 
petraea 

oak 
53.4945

8 
-1.89439 288 1 3 19.6 

CRO9g CRO9 CRO 0 0 0 11/7/2011 0.28 30 
Quercus 
petraea 

oak 
53.4945

8 
-1.89439 288 1 3 19.6 

CRO9h CRO9 CRO 0 0 0 11/7/2011 0.21 30 
Quercus 
petraea 

oak 
53.4945

8 
-1.89439 288 1 3 19.6 

CRO9i CRO9 CRO 0 0 0 11/7/2011 0.17 10 
Quercus 
petraea 

oak 
53.4945

8 
-1.89439 288 1 3 19.6 

CRO9j CRO9 CRO 0 0 0 11/7/2011 0.99 30 Quercus oak 53.4945 -1.89439 288 1 3 19.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

petraea 8 

DAV10a 
DAV1

0 
DAV 0 0 0 2/11/2011 

11.5
6 

30 Vitis vinifera grape 
51.0221

7 
0.197367 85.5 NA 5.5 21.4 

DAV10
b 

DAV1
0 

DAV 0 0 1 2/11/2011 
11.4

9 
30 Vitis vinifera grape 

51.0221
7 

0.197367 85.5 NA 5.5 21.4 

DAV10c 
DAV1

0 
DAV 0 0 1 2/11/2011 4.75 30 Vitis vinifera grape 

51.0221
7 

0.197367 85.5 NA 5.5 21.4 

DAV10
d 

DAV1
0 

DAV 0 0 0 2/11/2011 6.07 30 Vitis vinifera grape 
51.0221

7 
0.197367 85.5 NA 5.5 21.4 

DAV11a 
DAV1

1 
DAV 0 0 0 2/11/2011 7.84 30 Vitis vinifera grape 

51.0220
7 

0.197333 85.5 NA 5.5 21.4 

DAV11
b 

DAV1
1 

DAV 0 0 1 2/11/2011 6.44 30 Vitis vinifera grape 
51.0220

7 
0.197333 85.5 NA 5.5 21.4 

DAV11c 
DAV1

1 
DAV 0 0 0 2/11/2011 6.9 30 Vitis vinifera grape 

51.0220
7 

0.197333 85.5 NA 5.5 21.4 

DAV11
d 

DAV1
1 

DAV 0 0 0 2/11/2011 5.41 30 Vitis vinifera grape 
51.0220

7 
0.197333 85.5 NA 5.5 21.4 

DAV11e 
DAV1

1 
DAV 0 0 1 2/11/2011 0.81 30 Vitis vinifera grape 

51.0220
7 

0.197333 85.5 NA 5.5 21.4 

DAV11f 
DAV1

1 
DAV 0 0 0 2/11/2011 1.03 30 Vitis vinifera grape 

51.0220
7 

0.197333 85.5 NA 5.5 21.4 

DAV1a DAV1 DAV 0 1 0 29/8/2011 0.28 30 
Quercus 

robur 
oak 

51.0221
2 

0.197617 85.3 1.9 4 21.4 

DAV1b DAV1 DAV 0 0 1 29/8/2011 0.18 30 
Quercus 

robur 
oak 

51.0221
2 

0.197617 85.3 1.9 4 21.4 

DAV1c DAV1 DAV 0 0 0 29/8/2011 0.18 30 
Quercus 

robur 
oak 

51.0221
2 

0.197617 85.3 1.9 4 21.4 

DAV1d DAV1 DAV 0 0 0 29/8/2011 0.13 30 
Quercus 

robur 
oak 

51.0221
2 

0.197617 85.3 1.9 4 21.4 

DAV1e DAV1 DAV 1 0 0 2/11/2011 0.68 30 
Quercus 

robur 
oak 

51.0221
2 

0.197617 85.3 1.9 4 21.4 

DAV1f DAV1 DAV 0 0 1 2/11/2011 0.55 30 
Quercus 

robur 
oak 

51.0221
2 

0.197617 85.3 1.9 4 21.4 

DAV1g DAV1 DAV 0 0 0 2/11/2011 0.63 30 
Quercus 

robur 
oak 

51.0221
2 

0.197617 85.3 1.9 4 21.4 

DAV1h DAV1 DAV 0 0 0 2/11/2011 0.98 30 
Quercus 

robur 
oak 

51.0221
2 

0.197617 85.3 1.9 4 21.4 

DAV2a DAV2 DAV 0 0 0 29/8/2011 1.04 30 
Quercus 

robur 
oak 

51.0221
7 

0.197767 86.3 3.18 5.5 21.4 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

DAV2b DAV2 DAV 0 0 0 29/8/2011 0.6 30 
Quercus 

robur 
oak 

51.0221
7 

0.197767 86.3 3.18 5.5 21.4 

DAV2c DAV2 DAV 0 0 0 29/8/2011 0.26 30 
Quercus 

robur 
oak 

51.0221
7 

0.197767 86.3 3.18 5.5 21.4 

DAV2d DAV2 DAV 0 0 0 29/8/2011 0.27 30 
Quercus 

robur 
oak 

51.0221
7 

0.197767 86.3 3.18 5.5 21.4 

DAV3a DAV3 DAV 0 0 0 29/8/2011 0.41 30 
Quercus 
petraea 

oak 51.022 0.197417 93.3 0.38 4 21.4 

DAV3b DAV3 DAV 0 0 0 29/8/2011 0.27 30 
Quercus 
petraea 

oak 51.022 0.197417 93.3 0.38 4 21.4 

DAV3c DAV3 DAV 0 0 0 29/8/2011 0.55 30 
Quercus 
petraea 

oak 51.022 0.197417 93.3 0.38 4 21.4 

DAV3d DAV3 DAV 0 0 0 29/8/2011 0.3 30 
Quercus 
petraea 

oak 51.022 0.197417 93.3 0.38 4 21.4 

DAV4a DAV4 DAV 0 0 0 29/8/2011 0.3 30 
Quercus 

robur 
oak 

51.0219
3 

0.197433 94.8 0.74 3.5 21.4 

DAV4b DAV4 DAV 0 0 0 29/8/2011 0.27 30 
Quercus 

robur 
oak 

51.0219
3 

0.197433 94.8 0.74 3.5 21.4 

DAV4c DAV4 DAV 0 0 0 29/8/2011 0.18 30 
Quercus 

robur 
oak 

51.0219
3 

0.197433 94.8 0.74 3.5 21.4 

DAV4d DAV4 DAV 0 0 0 29/8/2011 0.22 30 
Quercus 

robur 
oak 

51.0219
3 

0.197433 94.8 0.74 3.5 21.4 

DAV5a DAV5 DAV 0 0 0 29/8/2011 0.61 30 
Quercus 

robur 
oak 

51.0219
5 

0.1973 88.4 0.44 4.5 21.4 

DAV5b DAV5 DAV 0 0 0 29/8/2011 0.51 30 
Quercus 

robur 
oak 

51.0219
5 

0.1973 88.4 0.44 4.5 21.4 

DAV5c DAV5 DAV 0 0 0 29/8/2011 0.26 30 
Quercus 

robur 
oak 

51.0219
5 

0.1973 88.4 0.44 4.5 21.4 

DAV5d DAV5 DAV 0 0 0 29/8/2011 0.97 30 
Quercus 

robur 
oak 

51.0219
5 

0.1973 88.4 0.44 4.5 21.4 

DAV6a DAV6 DAV 0 0 0 29/8/2011 0.49 30 
Quercus 

robur 
oak 

51.0217
8 

0.19725 78.3 0.54 5.5 21.4 

DAV6b DAV6 DAV 0 0 0 29/8/2011 0.86 30 
Quercus 

robur 
oak 

51.0217
8 

0.19725 78.3 0.54 5.5 21.4 

DAV6c DAV6 DAV 0 0 0 29/8/2011 0.25 30 
Quercus 

robur 
oak 

51.0217
8 

0.19725 78.3 0.54 5.5 21.4 

DAV6d DAV6 DAV 0 0 0 29/8/2011 0.2 30 
Quercus 

robur 
oak 

51.0217
8 

0.19725 78.3 0.54 5.5 21.4 

DAV7a DAV7 DAV 0 0 1 2/11/2011 8.82 30 Vitis vinifera grape 51.0226 0.1979 85.5 NA 5.5 21.4 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

3 

DAV7b DAV7 DAV 0 0 1 2/11/2011 5.8 30 Vitis vinifera grape 
51.0226

3 
0.1979 85.5 NA 5.5 21.4 

DAV7c DAV7 DAV 0 0 1 2/11/2011 4.55 30 Vitis vinifera grape 
51.0226

3 
0.1979 85.5 NA 5.5 21.4 

DAV7d DAV7 DAV 0 0 0 2/11/2011 
10.2

9 
30 Vitis vinifera grape 

51.0226
3 

0.1979 85.5 NA 5.5 21.4 

DAV8a DAV8 DAV 1 0 0 2/11/2011 5.77 30 Vitis vinifera grape 
51.0224

5 
0.197433 85.5 NA 5.5 21.4 

DAV8b DAV8 DAV 0 0 0 2/11/2011 4.4 30 Vitis vinifera grape 
51.0224

5 
0.197433 85.5 NA 5.5 21.4 

DAV8c DAV8 DAV 0 0 0 2/11/2011 7.31 30 Vitis vinifera grape 
51.0224

5 
0.197433 85.5 NA 5.5 21.4 

DAV8d DAV8 DAV 0 0 0 2/11/2011 4.25 30 Vitis vinifera grape 
51.0224

5 
0.197433 85.5 NA 5.5 21.4 

DAV9a DAV9 DAV 0 0 1 2/11/2011 5.92 30 Vitis vinifera grape 
51.0222

8 
0.197417 85.5 NA 5.5 21.4 

DAV9b DAV9 DAV 0 0 1 2/11/2011 2.9 30 Vitis vinifera grape 
51.0222

8 
0.197417 85.5 NA 5.5 21.4 

DAV9c DAV9 DAV 1 0 0 2/11/2011 8.5 30 Vitis vinifera grape 
51.0222

8 
0.197417 85.5 NA 5.5 21.4 

DAV9d DAV9 DAV 1 0 0 2/11/2011 9.7 30 Vitis vinifera grape 
51.0222

8 
0.197417 85.5 NA 5.5 21.4 

DAVAU
Xa 

DAV
AUX 

DAV 1 0 0 2/11/2011 NA 30 Vitis vinifera grape 
51.0222

8 
0.197464 85.5 NA 5.5 21.4 

DAVAU
Xb 

DAV
AUX 

DAV 1 0 0 2/11/2011 NA 30 Vitis vinifera grape 
51.0222

8 
0.197464 85.5 NA 5.5 21.4 

DAVAU
Xg 

DAV
AUX 

DAV 1 0 0 2/11/2011 NA 10 Vitis vinifera grape 
51.0222

8 
0.197464 85.5 NA 5.5 21.4 

DAVPIN
a 

DAVP
IN 

DAV 1 0 1 2/11/2011 NA 30 Vitis vinifera grape 
51.0222

8 
0.197464 85.5 NA 5.5 21.4 

DAVPIN
b 

DAVP
IN 

DAV 0 0 1 2/11/2011 NA 30 Vitis vinifera grape 
51.0222

8 
0.197464 85.5 NA 5.5 21.4 

DAVPIN
g 

DAVP
IN 

DAV 1 0 0 2/11/2011 NA 10 Vitis vinifera grape 
51.0222

8 
0.197464 85.5 NA 5.5 21.4 

FGXa FGX PAR 0 0 0 8/9/2011 
13.7

5 
30 Ficus carica fig 

38.1249
5 

23.85544 351 NA NA 30.8 

FGXb FGX PAR 0 0 0 8/9/2011 9.17 30 Ficus carica fig 
38.1249

5 
23.85544 351 NA NA 30.8 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

FGXc FGX PAR 0 0 0 8/9/2011 
14.6

4 
30 Ficus carica fig 

38.1249
5 

23.85544 351 NA NA 30.8 

FGXd FGX PAR 1 0 0 8/9/2011 8.73 30 Ficus carica fig 
38.1249

5 
23.85544 351 NA NA 30.8 

FGXe FGX PAR 0 0 0 8/9/2011 
16.8

7 
30 Ficus carica fig 

38.1249
5 

23.85544 351 NA NA 30.8 

FGXf FGX PAR 0 0 0 8/9/2011 
21.8

9 
30 Ficus carica fig 

38.1249
5 

23.85544 351 NA NA 30.8 

FGXg FGX PAR 0 0 0 8/9/2011 15.4 30 Ficus carica fig 
38.1249

5 
23.85544 351 NA NA 30.8 

FGXh FGX PAR 0 0 0 8/9/2011 
17.0

7 
30 Ficus carica fig 

38.1249
5 

23.85544 351 NA NA 30.8 

FGXi FGX PAR 0 0 0 8/9/2011 
12.4

6 
30 Ficus carica fig 

38.1249
5 

23.85544 351 NA NA 30.8 

FGXj FGX PAR 0 0 0 8/9/2011 15 30 Ficus carica fig 
38.1249

5 
23.85544 351 NA NA 30.8 

FGXk FGX PAR 0 0 0 8/9/2011 
14.0

6 
30 Ficus carica fig 

38.1249
5 

23.85544 351 NA NA 30.8 

FGXl FGX PAR 0 0 0 8/9/2011 
12.9

9 
30 Ficus carica fig 

38.1249
5 

23.85544 351 NA NA 30.8 

FRI10a FRI10 FRI 0 0 0 26/8/2011 0.57 30 
Quercus 
petraea 

oak 
50.9278

5 
-1.65708 89.9 4.12 6.5 21.3 

FRI10b FRI10 FRI 0 0 1 26/8/2011 0.9 30 
Quercus 
petraea 

oak 
50.9278

5 
-1.65708 89.9 4.12 6.5 21.3 

FRI10c FRI10 FRI 0 0 1 26/8/2011 1.88 30 
Quercus 
petraea 

oak 
50.9278

5 
-1.65708 89.9 4.12 6.5 21.3 

FRI10d FRI10 FRI 0 0 0 26/8/2011 0.99 30 
Quercus 
petraea 

oak 
50.9278

5 
-1.65708 89.9 4.12 6.5 21.3 

FRI11a FRI11 FRI 0 0 1 26/8/2011 0.66 30 
Quercus 
petraea 

oak 
50.9284

8 
-1.65518 104.2 3.88 4 21.4 

FRI11b FRI11 FRI 0 1 0 26/8/2011 0.91 30 
Quercus 
petraea 

oak 
50.9284

8 
-1.65518 104.2 3.88 4 21.4 

FRI11c FRI11 FRI 0 0 0 26/8/2011 1.1 30 
Quercus 
petraea 

oak 
50.9284

8 
-1.65518 104.2 3.88 4 21.4 

FRI11d FRI11 FRI 0 0 1 26/8/2011 1.02 30 
Quercus 
petraea 

oak 
50.9284

8 
-1.65518 104.2 3.88 4 21.4 

FRI12a FRI12 FRI 0 0 0 26/8/2011 1.1 30 
Quercus 

robur 
oak 

50.9287
5 

-1.65567 109.1 1.83 5.5 21.4 

FRI12b FRI12 FRI 0 0 1 26/8/2011 1.24 30 Quercus oak 50.9287 -1.65567 109.1 1.83 5.5 21.4 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

robur 5 

FRI12c FRI12 FRI 0 0 1 26/8/2011 0.43 30 
Quercus 

robur 
oak 

50.9287
5 

-1.65567 109.1 1.83 5.5 21.4 

FRI12d FRI12 FRI 0 0 0 26/8/2011 0.39 30 
Quercus 

robur 
oak 

50.9287
5 

-1.65567 109.1 1.83 5.5 21.4 

FRI13a FRI13 FRI 0 0 0 26/8/2011 0.55 30 
Quercus 

robur 
oak 

50.9288
8 

-1.65597 127.4 3.76 4.5 21.3 

FRI13b FRI13 FRI 0 0 0 26/8/2011 0.67 30 
Quercus 

robur 
oak 

50.9288
8 

-1.65597 127.4 3.76 4.5 21.3 

FRI13c FRI13 FRI 0 0 0 26/8/2011 0.9 30 
Quercus 

robur 
oak 

50.9288
8 

-1.65597 127.4 3.76 4.5 21.3 

FRI13d FRI13 FRI 0 0 0 26/8/2011 0.59 30 
Quercus 

robur 
oak 

50.9288
8 

-1.65597 127.4 3.76 4.5 21.3 

FRI14a FRI14 FRI 0 0 0 26/8/2011 0.37 30 
Quercus 

robur 
oak 

50.9293
3 

-1.65538 132.9 2.88 3.5 21.3 

FRI14b FRI14 FRI 0 0 0 26/8/2011 0.93 30 
Quercus 

robur 
oak 

50.9293
3 

-1.65538 132.9 2.88 3.5 21.3 

FRI14c FRI14 FRI 0 0 0 26/8/2011 0.31 30 
Quercus 

robur 
oak 

50.9293
3 

-1.65538 132.9 2.88 3.5 21.3 

FRI14d FRI14 FRI 0 1 0 26/8/2011 0.55 30 
Quercus 

robur 
oak 

50.9293
3 

-1.65538 132.9 2.88 3.5 21.3 

FRI15a FRI15 FRI 0 0 0 26/8/2011 0.83 30 
Quercus 
petraea 

oak 
50.9299

7 
-1.65555 133.2 2.34 4.5 21.3 

FRI15b FRI15 FRI 0 0 0 26/8/2011 0.74 30 
Quercus 
petraea 

oak 
50.9299

7 
-1.65555 133.2 2.34 4.5 21.3 

FRI15c FRI15 FRI 0 0 0 26/8/2011 0.48 30 
Quercus 
petraea 

oak 
50.9299

7 
-1.65555 133.2 2.34 4.5 21.3 

FRI15d FRI15 FRI 0 0 0 26/8/2011 0.31 30 
Quercus 
petraea 

oak 
50.9299

7 
-1.65555 133.2 2.34 4.5 21.3 

FRI1a FRI1 FRI 0 0 0 26/8/2011 0.59 30 
Quercus 
petraea 

oak 
50.9281

2 
-1.65602 187.5 3.52 4.5 21.3 

FRI1b FRI1 FRI 0 0 0 26/8/2011 1.2 30 
Quercus 
petraea 

oak 
50.9281

2 
-1.65602 187.5 3.52 4.5 21.3 

FRI1c FRI1 FRI 0 1 0 26/8/2011 0.95 30 
Quercus 
petraea 

oak 
50.9281

2 
-1.65602 187.5 3.52 4.5 21.3 

FRI1d FRI1 FRI 0 0 0 26/8/2011 0.75 30 
Quercus 
petraea 

oak 
50.9281

2 
-1.65602 187.5 3.52 4.5 21.3 

FRI2a FRI2 FRI 0 0 0 26/8/2011 1.16 30 
Quercus 

robur 
oak 

50.9280
3 

-1.65587 177.4 3.73 3.5 21.3 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

FRI2b FRI2 FRI 0 0 0 26/8/2011 1.08 30 
Quercus 

robur 
oak 

50.9280
3 

-1.65587 177.4 3.73 3.5 21.3 

FRI2c FRI2 FRI 0 0 0 26/8/2011 0.37 30 
Quercus 

robur 
oak 

50.9280
3 

-1.65587 177.4 3.73 3.5 21.3 

FRI2d FRI2 FRI 0 1 0 26/8/2011 0.74 30 
Quercus 

robur 
oak 

50.9280
3 

-1.65587 177.4 3.73 3.5 21.3 

FRI3a FRI3 FRI 0 1 0 26/8/2011 0.81 30 
Quercus 

robur 
oak 

50.9282
3 

-1.6559 103.9 NA 3.5 21.3 

FRI3b FRI3 FRI 0 0 0 26/8/2011 0.44 30 
Quercus 

robur 
oak 

50.9282
3 

-1.6559 103.9 NA 3.5 21.3 

FRI3c FRI3 FRI 0 0 0 26/8/2011 0.63 30 
Quercus 

robur 
oak 

50.9282
3 

-1.6559 103.9 NA 3.5 21.3 

FRI3d FRI3 FRI 0 0 0 26/8/2011 0.63 30 
Quercus 

robur 
oak 

50.9282
3 

-1.6559 103.9 NA 3.5 21.3 

FRI4a FRI4 FRI 0 0 0 26/8/2011 1.47 30 
Quercus 

robur 
oak 

50.9282
7 

-1.65563 75 3.79 3.5 21.4 

FRI4b FRI4 FRI 0 0 0 26/8/2011 1.47 30 
Quercus 

robur 
oak 

50.9282
7 

-1.65563 75 3.79 3.5 21.4 

FRI4c FRI4 FRI 0 0 0 26/8/2011 0.56 30 
Quercus 

robur 
oak 

50.9282
7 

-1.65563 75 3.79 3.5 21.4 

FRI4d FRI4 FRI 0 1 0 26/8/2011 0.3 30 
Quercus 

robur 
oak 

50.9282
7 

-1.65563 75 3.79 3.5 21.4 

FRI5a FRI5 FRI 0 0 0 26/8/2011 2.08 30 
Quercus 

robur 
oak 

50.9280
7 

-1.656 113.4 2.83 4.5 21.3 

FRI5b FRI5 FRI 0 0 0 26/8/2011 2.03 30 
Quercus 

robur 
oak 

50.9280
7 

-1.656 113.4 2.83 4.5 21.3 

FRI5c FRI5 FRI 0 0 0 26/8/2011 1.38 30 
Quercus 

robur 
oak 

50.9280
7 

-1.656 113.4 2.83 4.5 21.3 

FRI5d FRI5 FRI 0 0 1 26/8/2011 1.06 30 
Quercus 

robur 
oak 

50.9280
7 

-1.656 113.4 2.83 4.5 21.3 

FRI6a FRI6 FRI 0 1 0 26/8/2011 1.37 30 
Quercus 

robur 
oak 

50.9287
8 

-1.6559 88.1 3.4 4 21.3 

FRI6b FRI6 FRI 0 0 0 26/8/2011 1.64 30 
Quercus 

robur 
oak 

50.9287
8 

-1.6559 88.1 3.4 4 21.3 

FRI6c FRI6 FRI 0 0 0 26/8/2011 0.95 30 
Quercus 

robur 
oak 

50.9287
8 

-1.6559 88.1 3.4 4 21.3 

FRI6d FRI6 FRI 0 0 0 26/8/2011 1.03 30 
Quercus 

robur 
oak 

50.9287
8 

-1.6559 88.1 3.4 4 21.3 

FRI7a FRI7 FRI 0 0 0 26/8/2011 0.65 30 Quercus oak 50.9278 -1.65565 87.2 3.21 3.5 21.4 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

robur 3 

FRI7b FRI7 FRI 0 0 0 26/8/2011 0.52 30 
Quercus 

robur 
oak 

50.9278
3 

-1.65565 87.2 3.21 3.5 21.4 

FRI7c FRI7 FRI 0 0 0 26/8/2011 0.9 30 
Quercus 

robur 
oak 

50.9278
3 

-1.65565 87.2 3.21 3.5 21.4 

FRI7d FRI7 FRI 0 0 0 26/8/2011 0.36 30 
Quercus 

robur 
oak 

50.9278
3 

-1.65565 87.2 3.21 3.5 21.4 

FRI8a FRI8 FRI 0 0 0 26/8/2011 0.85 30 
Quercus 

robur 
oak 

50.9284
7 

-1.65512 87.5 NA 4.5 21.4 

FRI8b FRI8 FRI 0 0 0 26/8/2011 0.45 30 
Quercus 

robur 
oak 

50.9284
7 

-1.65512 87.5 NA 4.5 21.4 

FRI8c FRI8 FRI 0 0 0 26/8/2011 1.33 30 
Quercus 

robur 
oak 

50.9284
7 

-1.65512 87.5 NA 4.5 21.4 

FRI8d FRI8 FRI 0 0 0 26/8/2011 0.49 30 
Quercus 

robur 
oak 

50.9284
7 

-1.65512 87.5 NA 4.5 21.4 

FRI9a FRI9 FRI 0 0 0 26/8/2011 1.23 30 
Quercus 

robur 
oak 

50.9284
7 

-1.65512 90.5 3.43 4.5 21.4 

FRI9b FRI9 FRI 0 0 1 26/8/2011 1.78 30 
Quercus 

robur 
oak 

50.9284
7 

-1.65512 90.5 3.43 4.5 21.4 

FRI9c FRI9 FRI 0 0 0 26/8/2011 0.61 30 
Quercus 

robur 
oak 

50.9284
7 

-1.65512 90.5 3.43 4.5 21.4 

FRI9d FRI9 FRI 0 0 2 26/8/2011 0.58 30 
Quercus 

robur 
oak 

50.9284
7 

-1.65512 90.5 3.43 4.5 21.4 

IGC1a IGC1 IGC 0 0 0 4/8/2011 5.45 30 Ficus carica fig 
38.6922

5 
-9.3165 NA NA NA 25.9 

IGC1b IGC1 IGC 0 0 1 4/8/2011 
24.8

4 
30 Ficus carica fig 

38.6922
5 

-9.3165 NA NA NA 25.9 

IGC1c IGC1 IGC 0 0 0 4/8/2011 
32.5

5 
30 Ficus carica fig 

38.6922
5 

-9.3165 NA NA NA 25.9 

IGC1d IGC1 IGC 0 0 0 4/8/2011 
31.4

7 
30 Ficus carica fig 

38.6922
5 

-9.3165 NA NA NA 25.9 

IGC1e IGC1 IGC 0 0 0 4/8/2011 
21.2

2 
30 Ficus carica fig 

38.6922
5 

-9.3165 NA NA NA 25.9 

IGC1f IGC1 IGC 0 0 1 4/8/2011 
15.7

3 
30 Ficus carica fig 

38.6922
5 

-9.3165 NA NA NA 25.9 

IGC1g IGC1 IGC 0 0 0 4/8/2011 
26.2

4 
30 Ficus carica fig 

38.6922
5 

-9.3165 NA NA NA 25.9 

IGC1h IGC1 IGC 0 0 0 4/8/2011 
13.1

4 
30 Ficus carica fig 

38.6922
5 

-9.3165 NA NA NA 25.9 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

IGC1i IGC1 IGC 0 0 0 4/8/2011 9.09 30 Ficus carica fig 
38.6922

5 
-9.3165 NA NA NA 25.9 

IGC1j IGC1 IGC 0 0 0 4/8/2011 NA 30 Ficus carica fig 
38.6922

5 
-9.3165 NA NA NA 25.9 

IGC1k IGC1 IGC 0 0 0 4/8/2011 4.31 30 Ficus carica fig 
38.6922

5 
-9.3165 NA NA NA 25.9 

IXIA IXI PAR 0 0 0 4/9/2011 9.78 30 Vitis vinifera grape 
38.1251

2 
23.85559 373 NA NA 30.8 

IXIB IXI PAR 0 0 0 4/9/2011 6.19 30 Vitis vinifera grape 
38.1251

2 
23.85559 373 NA NA 30.8 

IXIC IXI PAR 0 0 0 4/9/2011 6.35 30 Vitis vinifera grape 
38.1251

2 
23.85559 373 NA NA 30.8 

IXID IXI PAR 0 0 0 4/9/2011 
12.1

7 
30 Vitis vinifera grape 

38.1251
2 

23.85559 373 NA NA 30.8 

IXIE IXI PAR 0 0 0 4/9/2011 9.34 30 Vitis vinifera grape 
38.1251

2 
23.85559 373 NA NA 30.8 

IXIF IXI PAR 0 0 0 4/9/2011 4.58 30 Vitis vinifera grape 
38.1251

2 
23.85559 373 NA NA 30.8 

IXIG IXI PAR 0 0 0 4/9/2011 5.26 30 Vitis vinifera grape 
38.1251

2 
23.85559 373 NA NA 30.8 

IXIH IXI PAR 0 0 0 4/9/2011 5.91 30 Vitis vinifera grape 
38.1251

2 
23.85559 373 NA NA 30.8 

IXII IXI PAR 0 0 0 4/9/2011 4.84 30 Vitis vinifera grape 
38.1251

2 
23.85559 373 NA NA 30.8 

IXIJ IXI PAR 0 0 0 4/9/2011 
11.3

3 
30 Vitis vinifera grape 

38.1251
2 

23.85559 373 NA NA 30.8 

LBW1a 
LBW

1 
LBW 0 0 0 28/9/2006 0.56 25 

Quercus 
petraea 

oak 
53.3771

9 
-1.69289 244 1.75 5 19.6 

LBW1d 
LBW

1 
LBW 0 0 0 28/9/2006 0.96 25 

Quercus 
petraea 

oak 
53.3771

9 
-1.69289 244 1.75 5 19.6 

LBW1e 
LBW

1 
LBW 0 0 0 28/9/2006 1.01 25 

Quercus 
petraea 

oak 
53.3771

9 
-1.69289 244 1.75 5 19.6 

LBW1f 
LBW

1 
LBW 0 1 0 28/9/2006 1.31 25 

Quercus 
petraea 

oak 
53.3771

9 
-1.69289 244 1.75 5 19.6 

LBW1g 
LBW

1 
LBW 0 0 0 

10/11/200
6 

2.21 30 
Quercus 
petraea 

oak 
53.3771

9 
-1.69289 244 1.75 5 19.6 

LBW1h 
LBW

1 
LBW 0 0 0 

10/11/200
6 

0.9 30 
Quercus 
petraea 

oak 
53.3771

9 
-1.69289 244 1.75 5 19.6 

LBW1i LBW LBW 0 0 0 10/11/200 1.91 30 Quercus oak 53.3771 -1.69289 244 1.75 5 19.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

1 6 petraea 9 

LBW1m 
LBW

1 
LBW 0 0 0 14/7/2007 0.65 30 

Quercus 
petraea 

oak 
53.3771

9 
-1.69289 244 1.75 5 19.6 

LBW1n 
LBW

1 
LBW 0 0 0 14/7/2007 0.29 30 

Quercus 
petraea 

oak 
53.3771

9 
-1.69289 244 1.75 5 19.6 

LBW2a 
LBW

2 
LBW 0 1 0 28/9/2006 

1.01
428

6 
25 

Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2b 
LBW

2 
LBW 0 0 0 28/9/2006 0.89 25 

Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2c 
LBW

2 
LBW 0 0 1 28/9/2006 1.19 25 

Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2d 
LBW

2 
LBW 0 0 1 28/9/2006 1.76 25 

Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2h
a 

LBW
2 

LBW 0 1 0 
10/11/200

6 
0.86 30 

Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2h
b 

LBW
2 

LBW 0 0 1 
10/11/200

6 
0.96 25 

Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2h
c 

LBW
2 

LBW 0 0 0 
10/11/200

6 
NA 30 

Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2ja 
LBW

2 
LBW 0 0 1 

10/11/200
6 

0.64 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2jb 
LBW

2 
LBW 0 1 0 

10/11/200
6 

0.77 25 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2jc 
LBW

2 
LBW 0 0 1 

10/11/200
6 

NA 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2ka 
LBW

2 
LBW 0 0 0 

10/11/200
6 

0.69 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2k
b 

LBW
2 

LBW 0 0 1 
10/11/200

6 
0.72 25 

Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2kc 
LBW

2 
LBW 0 0 1 

10/11/200
6 

NA 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2n 
LBW

2 
LBW 0 0 1 

10/11/200
6 

NA 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2o
a 

LBW
2 

LBW 0 1 0 14/7/2007 0.46 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2o
b 

LBW
2 

LBW 0 0 0 14/7/2007 0.43 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2o LBW LBW 0 0 1 14/7/2007 0.66 30 Quercus oak 53.3785 -1.68807 301 2.43 5 19.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

c 2 petraea 8 

LBW2p
a 

LBW
2 

LBW 0 0 0 14/7/2007 0.54 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2p
b 

LBW
2 

LBW 0 0 0 14/7/2007 0.37 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2p
c 

LBW
2 

LBW 0 1 0 14/7/2007 0.54 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2q
a 

LBW
2 

LBW 0 1 0 14/7/2007 0.56 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2q
b 

LBW
2 

LBW 0 1 0 14/7/2007 0.23 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW2q
c 

LBW
2 

LBW 0 0 0 14/7/2007 0.77 30 
Quercus 
petraea 

oak 
53.3785

8 
-1.68807 301 2.43 5 19.6 

LBW4a 
LBW

4 
LBW 0 0 0 

10/11/200
6 

0.83 30 
Quercus 
petraea 

oak 
53.3779

6 
-1.69376 310 NA 3.5 19.6 

LBW4b
a 

LBW
4 

LBW 0 0 0 
10/11/200

6 
0.86 30 

Quercus 
petraea 

oak 
53.3779

6 
-1.69376 310 NA 3.5 19.6 

LBW4b
b 

LBW
4 

LBW 0 0 0 
10/11/200

6 
1.03 30 

Quercus 
petraea 

oak 
53.3779

6 
-1.69376 310 NA 3.5 19.6 

LBW4c 
LBW

4 
LBW 0 0 0 

10/11/200
6 

0.41
428

6 
30 

Quercus 
petraea 

oak 
53.3779

6 
-1.69376 310 NA 3.5 19.6 

LBW5d 
LBW

5 
LBW 0 0 0 14/7/2007 1.01 30 

Quercus 
petraea 

oak 
53.3791

5 
-1.68718 286 2.73 3.5 19.5 

LBW5f 
LBW

5 
LBW 0 0 0 14/7/2007 0.82 30 

Quercus 
petraea 

oak 
53.3791

5 
-1.68718 286 2.73 3.5 19.5 

LBW5g 
LBW

5 
LBW 0 0 0 14/7/2007 0.51 30 

Quercus 
petraea 

oak 
53.3791

5 
-1.68718 286 2.73 3.5 19.5 

MB10a 
MB1

0 
MB 0 0 0 28/8/2011 0.16 30 

Quercus 
pubescens 

oak 
43.6471

6 
3.20309 285 0.51 NA 28 

MB10b 
MB1

0 
MB 0 0 0 28/8/2011 0.14 30 

Quercus 
pubescens 

oak 
43.6471

6 
3.20309 285 0.51 NA 28 

MB10c 
MB1

0 
MB 0 0 0 28/8/2011 0.3 30 

Quercus 
pubescens 

oak 
43.6471

6 
3.20309 285 0.51 NA 28 

MB10d 
MB1

0 
MB 0 0 1 28/8/2011 0.16 30 

Quercus 
pubescens 

oak 
43.6471

6 
3.20309 285 0.51 NA 28 

MB11a 
MB1

1 
MB 0 0 0 28/8/2011 0.21 30 

Quercus 
pubescens 

oak 
43.6471

9 
3.20307 284 NA NA 28 

MB11b MB1 MB 0 0 0 28/8/2011 0.13 30 Quercus oak 43.6471 3.20307 284 NA NA 28 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

1 pubescens 9 

MB11c 
MB1

1 
MB 0 0 0 28/8/2011 0.44 30 

Quercus 
pubescens 

oak 
43.6471

9 
3.20307 284 NA NA 28 

MB11d 
MB1

1 
MB 0 1 0 28/8/2011 0.48 30 

Quercus 
pubescens 

oak 
43.6471

9 
3.20307 284 NA NA 28 

MB12a 
MB1

2 
MB 0 0 0 28/8/2011 1.11 30 Quercus ilex oak 

43.6471
3 

3.20315 283 0.72 NA 28 

MB12b 
MB1

2 
MB 0 0 0 28/8/2011 0.92 30 Quercus ilex oak 

43.6471
3 

3.20315 283 0.72 NA 28 

MB12c 
MB1

2 
MB 0 0 0 28/8/2011 0.67 30 Quercus ilex oak 

43.6471
3 

3.20315 283 0.72 NA 28 

MB12d 
MB1

2 
MB 0 0 0 28/8/2011 0.24 30 Quercus ilex oak 

43.6471
3 

3.20315 283 0.72 NA 28 

MB13a 
MB1

3 
MB 0 1 0 28/8/2011 1.56 30 Quercus ilex oak 

43.6470
4 

3.20321 307 0.71 NA 28 

MB13b 
MB1

3 
MB 0 0 0 28/8/2011 0.29 30 Quercus ilex oak 

43.6470
4 

3.20321 307 0.71 NA 28 

MB13c 
MB1

3 
MB 0 0 0 28/8/2011 0.5 30 Quercus ilex oak 

43.6470
4 

3.20321 307 0.71 NA 28 

MB13d 
MB1

3 
MB 0 0 0 28/8/2011 0.61 30 Quercus ilex oak 

43.6470
4 

3.20321 307 0.71 NA 28 

MB14a 
MB1

4 
MB 0 0 0 28/8/2011 0.49 30 Quercus ilex oak 

43.6470
3 

3.20326 302 0.86 NA 28 

MB14b 
MB1

4 
MB 0 0 0 28/8/2011 0.32 30 Quercus ilex oak 

43.6470
3 

3.20326 302 0.86 NA 28 

MB14c 
MB1

4 
MB 0 0 0 28/8/2011 0.9 30 Quercus ilex oak 

43.6470
3 

3.20326 302 0.86 NA 28 

MB14d 
MB1

4 
MB 0 0 0 28/8/2011 0.75 30 Quercus ilex oak 

43.6470
3 

3.20326 302 0.86 NA 28 

MB15b 
MB1

5 
MB 0 1 0 28/8/2011 0.84 30 Quercus ilex oak 

43.6470
5 

3.2033 303 0.6 NA 28 

MB15c 
MB1

5 
MB 0 0 0 28/8/2011 0.71 30 Quercus ilex oak 

43.6470
5 

3.2033 303 0.6 NA 28 

MB15d 
MB1

5 
MB 0 0 1 28/8/2011 0.77 30 Quercus ilex oak 

43.6470
5 

3.2033 303 0.6 NA 28 

MB1a MB1 MB 0 0 0 28/8/2011 0.56 30 
Quercus 

pubescens 
oak 

43.6468
7 

3.20254 280 1.13 NA 28 

MB1b MB1 MB 0 0 0 28/8/2011 0.19 30 
Quercus 

pubescens 
oak 

43.6468
7 

3.20254 280 1.13 NA 28 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

MB1c MB1 MB 0 0 0 28/8/2011 0.53 30 
Quercus 

pubescens 
oak 

43.6468
7 

3.20254 280 1.13 NA 28 

MB1d MB1 MB 0 0 0 28/8/2011 0.64 30 
Quercus 

pubescens 
oak 

43.6468
7 

3.20254 280 1.13 NA 28 

MB2a MB2 MB 0 0 0 28/8/2011 0.69 30 
Quercus 

pubescens 
oak 

43.6468
7 

3.20259 280 0.84 NA 28 

MB2b MB2 MB 0 0 0 28/8/2011 0.4 30 
Quercus 

pubescens 
oak 

43.6468
7 

3.20259 280 0.84 NA 28 

MB2c MB2 MB 0 0 0 28/8/2011 0.4 30 
Quercus 

pubescens 
oak 

43.6468
7 

3.20259 280 0.84 NA 28 

MB2d MB2 MB 0 0 0 28/8/2011 0.2 30 
Quercus 

pubescens 
oak 

43.6468
7 

3.20259 280 0.84 NA 28 

MB3a MB3 MB 0 0 0 28/8/2011 0.72 30 
Quercus 

pubescens 
oak 

43.6468
1 

3.20262 280 0.85 NA 28 

MB3b MB3 MB 0 0 0 28/8/2011 0.3 30 
Quercus 

pubescens 
oak 

43.6468
1 

3.20262 280 0.85 NA 28 

MB3c MB3 MB 0 0 0 28/8/2011 0.3 30 
Quercus 

pubescens 
oak 

43.6468
1 

3.20262 280 0.85 NA 28 

MB3d MB3 MB 0 0 0 28/8/2011 0.25 30 
Quercus 

pubescens 
oak 

43.6468
1 

3.20262 280 0.85 NA 28 

MB4a MB4 MB 0 1 0 28/8/2011 0.6 30 
Quercus 

pubescens 
oak 

43.6467
6 

3.20263 283 1.37 NA 28 

MB4b MB4 MB 0 1 0 28/8/2011 0.81 30 
Quercus 

pubescens 
oak 

43.6467
6 

3.20263 283 1.37 NA 28 

MB4c MB4 MB 0 1 0 28/8/2011 0.59 30 
Quercus 

pubescens 
oak 

43.6467
6 

3.20263 283 1.37 NA 28 

MB4d MB4 MB 0 1 0 28/8/2011 0 30 
Quercus 

pubescens 
oak 

43.6467
6 

3.20263 283 1.37 NA 28 

MB5a MB5 MB 0 1 0 28/8/2011 0.37 30 
Quercus 

pubescens 
oak 43.647 3.20312 292 NA NA 28 

MB5b MB5 MB 0 1 0 28/8/2011 0.45 30 
Quercus 

pubescens 
oak 43.647 3.20312 292 NA NA 28 

MB5c MB5 MB 0 0 0 28/8/2011 0.27 30 
Quercus 

pubescens 
oak 43.647 3.20312 292 NA NA 28 

MB5d MB5 MB 0 0 0 28/8/2011 0.56 30 
Quercus 

pubescens 
oak 43.647 3.20312 292 NA NA 28 

MB6a MB6 MB 0 0 0 28/8/2011 0.64 30 Quercus ilex oak 
43.6470

2 
3.20308 294 NA NA 28 

MB6b MB6 MB 0 0 0 28/8/2011 0.57 30 Quercus ilex oak 43.6470 3.20308 294 NA NA 28 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

2 

MB6c MB6 MB 0 0 0 28/8/2011 1.04 30 Quercus ilex oak 
43.6470

2 
3.20308 294 NA NA 28 

MB6d MB6 MB 0 0 0 28/8/2011 0.64 30 Quercus ilex oak 
43.6470

2 
3.20308 294 NA NA 28 

MB7a MB7 MB 0 0 0 28/8/2011 0.16 30 
Quercus 

pubescens 
oak 

43.6470
1 

3.20304 295 NA NA 28 

MB7b MB7 MB 0 0 0 28/8/2011 0.39 30 
Quercus 

pubescens 
oak 

43.6470
1 

3.20304 295 NA NA 28 

MB7c MB7 MB 1 0 0 28/8/2011 1.1 30 
Quercus 

pubescens 
oak 

43.6470
1 

3.20304 295 NA NA 28 

MB7d MB7 MB 0 0 0 28/8/2011 0.31 30 
Quercus 

pubescens 
oak 

43.6470
1 

3.20304 295 NA NA 28 

MB8a MB8 MB 0 0 0 28/8/2011 0.56 30 
Quercus 

pubescens 
oak 

43.6470
4 

3.20298 293 NA NA 28 

MB8b MB8 MB 0 0 0 28/8/2011 0.42 30 
Quercus 

pubescens 
oak 

43.6470
4 

3.20298 293 NA NA 28 

MB8c MB8 MB 0 0 0 28/8/2011 0.45 30 
Quercus 

pubescens 
oak 

43.6470
4 

3.20298 293 NA NA 28 

MB8d MB8 MB 0 0 0 28/8/2011 0.42 30 
Quercus 

pubescens 
oak 

43.6470
4 

3.20298 293 NA NA 28 

MB9a MB9 MB 0 0 0 28/8/2011 0.79 30 
Quercus 

pubescens 
oak 

43.6470
7 

3.20292 286 0.42 NA 28 

MB9b MB9 MB 0 0 0 28/8/2011 1.27 30 
Quercus 

pubescens 
oak 

43.6470
7 

3.20292 286 0.42 NA 28 

MB9c MB9 MB 0 0 0 28/8/2011 1.1 30 
Quercus 

pubescens 
oak 

43.6470
7 

3.20292 286 0.42 NA 28 

MB9d MB9 MB 0 0 0 28/8/2011 0.93 30 
Quercus 

pubescens 
oak 

43.6470
7 

3.20292 286 0.42 NA 28 

OCK10a 
OCK1

0 
OCK 0 0 0 25/8/2011 1.59 30 

Quercus 
robur 

oak 
50.9072

2 
-1.64903 110.9 1.77 5 21.3 

OCK10b 
OCK1

0 
OCK 0 0 0 25/8/2011 0.88 30 

Quercus 
robur 

oak 
50.9072

2 
-1.64903 110.9 1.77 5 21.3 

OCK10c 
OCK1

0 
OCK 0 0 0 25/8/2011 0.99 30 

Quercus 
robur 

oak 
50.9072

2 
-1.64903 110.9 1.77 5 21.3 

OCK10d 
OCK1

0 
OCK 0 0 0 25/8/2011 1.18 30 

Quercus 
robur 

oak 
50.9072

2 
-1.64903 110.9 1.77 5 21.3 

OCK11a 
OCK1

1 
OCK 0 0 1 25/8/2011 0.44 30 

Quercus 
petraea 

oak 
50.9053

5 
-1.64663 114.9 2.45 3.5 21.5 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

OCK11b 
OCK1

1 
OCK 0 0 0 25/8/2011 0.83 30 

Quercus 
petraea 

oak 
50.9053

5 
-1.64663 114.9 2.45 3.5 21.5 

OCK11c 
OCK1

1 
OCK 0 1 0 25/8/2011 1.07 30 

Quercus 
petraea 

oak 
50.9053

5 
-1.64663 114.9 2.45 3.5 21.5 

OCK11d 
OCK1

1 
OCK 0 1 0 25/8/2011 0.67 30 

Quercus 
petraea 

oak 
50.9053

5 
-1.64663 114.9 2.45 3.5 21.5 

OCK12a 
OCK1

2 
OCK 0 0 0 25/8/2011 0.38 30 

Quercus 
petraea 

oak 
50.9044

2 
-1.64707 112.5 2.45 3 21.5 

OCK12b 
OCK1

2 
OCK 0 0 0 25/8/2011 0.37 30 

Quercus 
petraea 

oak 
50.9044

2 
-1.64707 112.5 2.45 3 21.5 

OCK12c 
OCK1

2 
OCK 0 0 0 25/8/2011 0.78 30 

Quercus 
petraea 

oak 
50.9044

2 
-1.64707 112.5 2.45 3 21.5 

OCK12d 
OCK1

2 
OCK 0 0 0 25/8/2011 0.4 30 

Quercus 
petraea 

oak 
50.9044

2 
-1.64707 112.5 2.45 3 21.5 

OCK13b 
OCK1

3 
OCK 0 0 0 25/8/2011 0.92 30 

Quercus 
petraea 

oak 
50.9045

3 
-1.64712 96.6 1.49 3 21.5 

OCK13c 
OCK1

3 
OCK 0 0 0 25/8/2011 0.35 30 

Quercus 
petraea 

oak 
50.9045

3 
-1.64712 96.6 1.49 3 21.5 

OCK13d 
OCK1

3 
OCK 0 0 0 25/8/2011 0.25 30 

Quercus 
petraea 

oak 
50.9045

3 
-1.64712 96.6 1.49 3 21.5 

OCK14a 
OCK1

4 
OCK 0 0 0 25/8/2011 0.86 30 

Quercus 
robur 

oak 
50.9043

7 
-1.64728 96 3 4.5 21.5 

OCK14b 
OCK1

4 
OCK 0 0 0 25/8/2011 0.91 30 

Quercus 
robur 

oak 
50.9043

7 
-1.64728 96 3 4.5 21.5 

OCK14c 
OCK1

4 
OCK 0 0 0 25/8/2011 0.29 30 

Quercus 
robur 

oak 
50.9043

7 
-1.64728 96 3 4.5 21.5 

OCK14d 
OCK1

4 
OCK 0 0 0 25/8/2011 0.56 30 

Quercus 
robur 

oak 
50.9043

7 
-1.64728 96 3 4.5 21.5 

OCK15a 
OCK1

5 
OCK 0 0 0 25/8/2011 0.83 30 

Quercus 
robur 

oak 
50.9044

7 
-1.64553 116.1 1.95 4 21.5 

OCK15b 
OCK1

5 
OCK 0 0 1 25/8/2011 0.72 30 

Quercus 
robur 

oak 
50.9044

7 
-1.64553 116.1 1.95 4 21.5 

OCK15c 
OCK1

5 
OCK 0 0 0 25/8/2011 0.65 30 

Quercus 
robur 

oak 
50.9044

7 
-1.64553 116.1 1.95 4 21.5 

OCK15d 
OCK1

5 
OCK 0 0 0 25/8/2011 0.78 30 

Quercus 
robur 

oak 
50.9044

7 
-1.64553 116.1 1.95 4 21.5 

OCK1a OCK1 OCK 0 0 0 25/8/2011 1.67 30 
Quercus 
petraea 

oak 
50.9069

2 
-1.64652 137.5 0.88 5 21.5 

OCK1b OCK1 OCK 0 0 0 25/8/2011 1.35 30 Quercus oak 50.9069 -1.64652 137.5 0.88 5 21.5 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

petraea 2 

OCK1c OCK1 OCK 0 1 0 25/8/2011 0.66 30 
Quercus 
petraea 

oak 
50.9069

2 
-1.64652 137.5 0.88 5 21.5 

OCK1d OCK1 OCK 0 0 0 25/8/2011 0.51 30 
Quercus 
petraea 

oak 
50.9069

2 
-1.64652 137.5 0.88 5 21.5 

OCK2a OCK2 OCK 0 0 0 25/8/2011 0.16 30 
Quercus 

robur 
oak 

50.9070
2 

-1.64645 138.5 0.7 4 21.5 

OCK2b OCK2 OCK 0 0 0 25/8/2011 0.15 30 
Quercus 

robur 
oak 

50.9070
2 

-1.64645 138.5 0.7 4 21.5 

OCK2c OCK2 OCK 0 0 0 25/8/2011 0.35 30 
Quercus 

robur 
oak 

50.9070
2 

-1.64645 138.5 0.7 4 21.5 

OCK2d OCK2 OCK 0 0 0 25/8/2011 0.44 30 
Quercus 

robur 
oak 

50.9070
2 

-1.64645 138.5 0.7 4 21.5 

OCK3a OCK3 OCK 0 0 0 25/8/2011 0.53 30 
Quercus 
petraea 

oak 
50.9083

3 
-1.64822 97.2 0.655 4.5 21.3 

OCK3b OCK3 OCK 0 0 0 25/8/2011 0.23 30 
Quercus 
petraea 

oak 
50.9083

3 
-1.64822 97.2 0.655 4.5 21.3 

OCK3c OCK3 OCK 0 0 0 25/8/2011 0.18 30 
Quercus 
petraea 

oak 
50.9083

3 
-1.64822 97.2 0.655 4.5 21.3 

OCK3d OCK3 OCK 0 0 0 25/8/2011 0.48 30 
Quercus 
petraea 

oak 
50.9083

3 
-1.64822 97.2 0.655 4.5 21.3 

OCK4a OCK4 OCK 0 0 0 25/8/2011 0.42 30 
Quercus 
petraea 

oak 
50.9086

8 
-1.64853 84.4 0.89 4 21.3 

OCK4b OCK4 OCK 0 0 0 25/8/2011 0.35 30 
Quercus 
petraea 

oak 
50.9086

8 
-1.64853 84.4 0.89 4 21.3 

OCK4c OCK4 OCK 0 0 0 25/8/2011 0.44 30 
Quercus 
petraea 

oak 
50.9086

8 
-1.64853 84.4 0.89 4 21.3 

OCK4d OCK4 OCK 0 0 0 25/8/2011 0.25 30 
Quercus 
petraea 

oak 
50.9086

8 
-1.64853 84.4 0.89 4 21.3 

OCK5a OCK5 OCK 0 0 0 25/8/2011 0.69 30 
Quercus 

robur 
oak 

50.9085
2 

-1.64918 108.8 1.21 4.5 21.3 

OCK5b OCK5 OCK 0 0 0 25/8/2011 0.28 30 
Quercus 

robur 
oak 

50.9085
2 

-1.64918 108.8 1.21 4.5 21.3 

OCK5c OCK5 OCK 0 0 1 25/8/2011 0.34 30 
Quercus 

robur 
oak 

50.9085
2 

-1.64918 108.8 1.21 4.5 21.3 

OCK5d OCK5 OCK 0 0 1 25/8/2011 0.59 30 
Quercus 

robur 
oak 

50.9085
2 

-1.64918 108.8 1.21 4.5 21.3 

OCK6a OCK6 OCK 0 0 0 25/8/2011 0.36 30 
Quercus 
petraea 

oak 
50.9087

3 
-1.64843 110.3 1.22 4 21.3 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

OCK6b OCK6 OCK 0 0 0 25/8/2011 0.79 30 
Quercus 
petraea 

oak 
50.9087

3 
-1.64843 110.3 1.22 4 21.3 

OCK6c OCK6 OCK 0 0 1 25/8/2011 0.62 30 
Quercus 
petraea 

oak 
50.9087

3 
-1.64843 110.3 1.22 4 21.3 

OCK6d OCK6 OCK 0 0 0 25/8/2011 0.4 30 
Quercus 
petraea 

oak 
50.9087

3 
-1.64843 110.3 1.22 4 21.3 

OCK7a OCK7 OCK 0 1 0 25/8/2011 0.96 30 
Quercus 
petraea 

oak 
50.9085

2 
-1.64883 103.9 0.86 4 21.3 

OCK7b OCK7 OCK 0 0 1 25/8/2011 1.21 30 
Quercus 
petraea 

oak 
50.9085

2 
-1.64883 103.9 0.86 4 21.3 

OCK7c OCK7 OCK 0 0 0 25/8/2011 0.8 30 
Quercus 
petraea 

oak 
50.9085

2 
-1.64883 103.9 0.86 4 21.3 

OCK7d OCK7 OCK 0 0 0 25/8/2011 0.56 30 
Quercus 
petraea 

oak 
50.9085

2 
-1.64883 103.9 0.86 4 21.3 

OCK8a OCK8 OCK 0 0 0 25/8/2011 0.68 30 
Quercus 

robur 
oak 

50.9084
3 

-1.64875 103 0.89 5 21.3 

OCK8b OCK8 OCK 0 0 0 25/8/2011 0.42 30 
Quercus 

robur 
oak 

50.9084
3 

-1.64875 103 0.89 5 21.3 

OCK8c OCK8 OCK 0 0 0 25/8/2011 0.21 30 
Quercus 

robur 
oak 

50.9084
3 

-1.64875 103 0.89 5 21.3 

OCK8d OCK8 OCK 0 0 0 25/8/2011 0.27 30 
Quercus 

robur 
oak 

50.9084
3 

-1.64875 103 0.89 5 21.3 

OCK9a OCK9 OCK 0 0 0 25/8/2011 1.76 30 
Quercus 
petraea 

oak 50.9085 -1.6506 101.5 1.8 3.5 21.3 

OCK9b OCK9 OCK 0 0 0 25/8/2011 1.84 30 
Quercus 
petraea 

oak 50.9085 -1.6506 101.5 1.8 3.5 21.3 

OCK9c OCK9 OCK 0 0 0 25/8/2011 0.47 30 
Quercus 
petraea 

oak 50.9085 -1.6506 101.5 1.8 3.5 21.3 

OCK9d OCK9 OCK 0 0 0 25/8/2011 0.78 30 
Quercus 
petraea 

oak 50.9085 -1.6506 101.5 1.8 3.5 21.3 

PAR10A 
PAR1

0 
PAR 0 0 0 2/9/2011 0.68 30 

Quercus 
pubescens 

oak 
38.1838

3 
23.78985 641 1.41 NA 29.8 

PAR10B 
PAR1

0 
PAR 0 0 0 2/9/2011 0.46 30 

Quercus 
pubescens 

oak 
38.1838

3 
23.78985 641 1.41 NA 29.8 

PAR10C 
PAR1

0 
PAR 0 1 0 2/9/2011 1.32 30 

Quercus 
pubescens 

oak 
38.1838

3 
23.78985 641 1.41 NA 29.8 

PAR10D 
PAR1

0 
PAR 0 0 0 2/9/2011 1.07 30 

Quercus 
pubescens 

oak 
38.1838

3 
23.78985 641 1.41 NA 29.8 

PAR11A PAR1 PAR 0 0 0 2/9/2011 1.15 30 Quercus oak 38.1839 23.79594 650 1.17 NA 29.9 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

1 pubescens 6 

PAR11B 
PAR1

1 
PAR 0 0 0 2/9/2011 0.89 30 

Quercus 
pubescens 

oak 
38.1839

6 
23.79594 650 1.17 NA 29.9 

PAR11C 
PAR1

1 
PAR 0 0 0 2/9/2011 0.89 30 

Quercus 
pubescens 

oak 
38.1839

6 
23.79594 650 1.17 NA 29.9 

PAR11D 
PAR1

1 
PAR 0 0 0 2/9/2011 0.75 30 

Quercus 
pubescens 

oak 
38.1839

6 
23.79594 650 1.17 NA 29.9 

PAR12A 
PAR1

2 
PAR 0 0 0 2/9/2011 0.91 30 

Quercus 
pubescens 

oak 
38.1841

7 
23.79596 644 1.81 NA 29.9 

PAR12B 
PAR1

2 
PAR 0 0 0 2/9/2011 0.71 30 

Quercus 
pubescens 

oak 
38.1841

7 
23.79596 644 1.81 NA 29.9 

PAR12C 
PAR1

2 
PAR 0 0 0 2/9/2011 0.56 30 

Quercus 
pubescens 

oak 
38.1841

7 
23.79596 644 1.81 NA 29.9 

PAR12D 
PAR1

2 
PAR 0 0 0 2/9/2011 0.68 30 

Quercus 
pubescens 

oak 
38.1841

7 
23.79596 644 1.81 NA 29.9 

PAR13A 
PAR1

3 
PAR 0 0 1 2/9/2011 1.08 30 

Quercus 
pubescens 

oak 38.1842 23.79594 644 1.465 NA 29.9 

PAR13B 
PAR1

3 
PAR 0 0 0 2/9/2011 0.9 30 

Quercus 
pubescens 

oak 38.1842 23.79594 644 1.465 NA 29.9 

PAR13C 
PAR1

3 
PAR 0 0 0 2/9/2011 0.83 30 

Quercus 
pubescens 

oak 38.1842 23.79594 644 1.465 NA 29.9 

PAR13D 
PAR1

3 
PAR 0 0 0 2/9/2011 1.13 30 

Quercus 
pubescens 

oak 38.1842 23.79594 644 1.465 NA 29.9 

PAR14A 
PAR1

4 
PAR 0 0 0 2/9/2011 0.86 30 

Quercus 
pubescens 

oak 
38.1841

9 
23.796 644 1.44 NA 29.9 

PAR14B 
PAR1

4 
PAR 0 0 0 2/9/2011 0.89 30 

Quercus 
pubescens 

oak 
38.1841

9 
23.796 644 1.44 NA 29.9 

PAR14C 
PAR1

4 
PAR 0 0 0 2/9/2011 0.81 30 

Quercus 
pubescens 

oak 
38.1841

9 
23.796 644 1.44 NA 29.9 

PAR14D 
PAR1

4 
PAR 0 0 0 2/9/2011 1.01 30 

Quercus 
pubescens 

oak 
38.1841

9 
23.796 644 1.44 NA 29.9 

PAR15A 
PAR1

5 
PAR 0 0 0 2/9/2011 1.15 30 

Quercus 
pubescens 

oak 
38.1846

1 
23.79733 643 1.16 NA 29.9 

PAR15B 
PAR1

5 
PAR 0 0 0 2/9/2011 0.91 30 

Quercus 
pubescens 

oak 
38.1846

1 
23.79733 643 1.16 NA 29.9 

PAR15C 
PAR1

5 
PAR 0 0 0 2/9/2011 1.5 30 

Quercus 
pubescens 

oak 
38.1846

1 
23.79733 643 1.16 NA 29.9 

PAR15D 
PAR1

5 
PAR 0 0 0 2/9/2011 0.88 30 

Quercus 
pubescens 

oak 
38.1846

1 
23.79733 643 1.16 NA 29.9 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

PAR1A PAR1 PAR 0 0 0 2/9/2011 1.25 30 
Quercus 

pubescens 
oak 

38.1725
8 

23.78977 586 NA NA 29.3 

PAR1B PAR1 PAR 0 0 0 2/9/2011 1.14 30 
Quercus 

pubescens 
oak 

38.1725
8 

23.78977 586 NA NA 29.3 

PAR1C PAR1 PAR 0 0 0 2/9/2011 1.27 30 
Quercus 

pubescens 
oak 

38.1725
8 

23.78977 586 NA NA 29.3 

PAR1D PAR1 PAR 0 0 0 2/9/2011 0.83 30 
Quercus 

pubescens 
oak 

38.1725
8 

23.78977 586 NA NA 29.3 

PAR2A PAR2 PAR 0 0 0 2/9/2011 0.76 30 
Quercus 

pubescens 
oak 

38.1726
2 

23.78981 586 1.16 NA 29.3 

PAR2B PAR2 PAR 0 0 0 2/9/2011 1.07 30 
Quercus 

pubescens 
oak 

38.1726
2 

23.78981 586 1.16 NA 29.3 

PAR2C PAR2 PAR 0 0 0 2/9/2011 0.7 30 
Quercus 

pubescens 
oak 

38.1726
2 

23.78981 586 1.16 NA 29.3 

PAR2D PAR2 PAR 0 0 0 2/9/2011 0.62 30 
Quercus 

pubescens 
oak 

38.1726
2 

23.78981 586 1.16 NA 29.3 

PAR3A PAR3 PAR 0 0 0 2/9/2011 0.51 30 
Quercus 

pubescens 
oak 

38.1725
8 

23.78981 586 1.12 NA 29.3 

PAR3B PAR3 PAR 0 0 0 2/9/2011 1.38 30 
Quercus 

pubescens 
oak 

38.1725
8 

23.78981 586 1.12 NA 29.3 

PAR3C PAR3 PAR 0 0 0 2/9/2011 0.82 30 
Quercus 

pubescens 
oak 

38.1725
8 

23.78981 586 1.12 NA 29.3 

PAR3D PAR3 PAR 0 0 0 2/9/2011 0.71 30 
Quercus 

pubescens 
oak 

38.1725
8 

23.78981 586 1.12 NA 29.3 

PAR4A PAR4 PAR 0 0 0 2/9/2011 0.88 30 
Quercus 

pubescens 
oak 

38.1726
2 

23.78782 588 1.36 NA 29.3 

PAR4B PAR4 PAR 0 0 0 2/9/2011 0.66 30 
Quercus 

pubescens 
oak 

38.1726
2 

23.78782 588 1.36 NA 29.3 

PAR4C PAR4 PAR 0 0 0 2/9/2011 0.81 30 
Quercus 

pubescens 
oak 

38.1726
2 

23.78782 588 1.36 NA 29.3 

PAR4D PAR4 PAR 0 0 0 2/9/2011 1.26 30 
Quercus 

pubescens 
oak 

38.1726
2 

23.78782 588 1.36 NA 29.3 

PAR5A PAR5 PAR 0 0 0 2/9/2011 1.21 30 
Quercus 

pubescens 
oak 38.1727 23.78996 591 0.73 NA 29.3 

PAR5B PAR5 PAR 0 0 0 2/9/2011 1.38 30 
Quercus 

pubescens 
oak 38.1727 23.78996 591 0.73 NA 29.3 

PAR5C PAR5 PAR 0 0 0 2/9/2011 1.23 30 
Quercus 

pubescens 
oak 38.1727 23.78996 591 0.73 NA 29.3 

PAR5D PAR5 PAR 0 0 0 2/9/2011 0.72 30 Quercus oak 38.1727 23.78996 591 0.73 NA 29.3 
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Plant 
ID 
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code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 
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(WGS8
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(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

pubescens 

PAR6A PAR6 PAR 0 0 0 2/9/2011 0.64 30 
Quercus 

pubescens 
oak 

38.1725
6 

23.78952 595 0.23 NA 29.3 

PAR6B PAR6 PAR 0 0 0 2/9/2011 0.67 30 
Quercus 

pubescens 
oak 

38.1725
6 

23.78952 595 0.23 NA 29.3 

PAR6C PAR6 PAR 0 0 0 2/9/2011 0.59 30 
Quercus 

pubescens 
oak 

38.1725
6 

23.78952 595 0.23 NA 29.3 

PAR6D PAR6 PAR 0 0 0 2/9/2011 0 30 
Quercus 

pubescens 
oak 

38.1725
6 

23.78952 595 0.23 NA 29.3 

PAR7A PAR7 PAR 0 0 0 2/9/2011 1.63 30 Quercus ilex oak 
38.1834

9 
23.79356 639 0.52 NA 29.8 

PAR7B PAR7 PAR 0 0 0 2/9/2011 1.12 30 Quercus ilex oak 
38.1834

9 
23.79356 639 0.52 NA 29.8 

PAR7C PAR7 PAR 0 0 0 2/9/2011 1.19 30 Quercus ilex oak 
38.1834

9 
23.79356 639 0.52 NA 29.8 

PAR7D PAR7 PAR 0 0 0 2/9/2011 1.15 30 Quercus ilex oak 
38.1834

9 
23.79356 639 0.52 NA 29.8 

PAR8A PAR8 PAR 0 0 0 2/9/2011 0.79 30 
Quercus 

pubescens 
oak 

38.1838
6 

23.7942 644 0.83 NA 29.9 

PAR8B PAR8 PAR 0 0 0 2/9/2011 0.58 30 
Quercus 

pubescens 
oak 

38.1838
6 

23.7942 644 0.83 NA 29.9 

PAR8C PAR8 PAR 0 0 0 2/9/2011 0.73 30 
Quercus 

pubescens 
oak 

38.1838
6 

23.7942 644 0.83 NA 29.9 

PAR8D PAR8 PAR 0 0 0 2/9/2011 0.64 30 
Quercus 

pubescens 
oak 

38.1838
6 

23.7942 644 0.83 NA 29.9 

PAR9A PAR9 PAR 0 0 0 2/9/2011 0.71 30 
Quercus 

pubescens 
oak 

38.1840
7 

23.79444 640 0.75 NA 29.9 

PAR9B PAR9 PAR 0 0 0 2/9/2011 0.36 30 
Quercus 

pubescens 
oak 

38.1840
7 

23.79444 640 0.75 NA 29.9 

PAR9C PAR9 PAR 0 0 0 2/9/2011 0.54 30 
Quercus 

pubescens 
oak 

38.1840
7 

23.79444 640 0.75 NA 29.9 

PAR9D PAR9 PAR 0 0 0 2/9/2011 0.85 30 
Quercus 

pubescens 
oak 

38.1840
7 

23.79444 640 0.75 NA 29.9 

PLU10a 
PLU1

0 
PLU 0 0 0 30/8/2011 0.23 30 

Quercus 
petraea 

oak 
50.9064

8 
-0.0696 62.5 0.53 5.5 21.6 

PLU10b 
PLU1

0 
PLU 0 0 0 30/8/2011 0.29 30 

Quercus 
petraea 

oak 
50.9064

8 
-0.0696 62.5 0.53 5.5 21.6 

PLU10c 
PLU1

0 
PLU 0 0 0 30/8/2011 0.35 30 

Quercus 
petraea 

oak 
50.9064

8 
-0.0696 62.5 0.53 5.5 21.6 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 
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(m) 

Trunk 
girth 
(m) 

pH Tmax 

PLU10d 
PLU1

0 
PLU 0 0 0 30/8/2011 0.17 30 

Quercus 
petraea 

oak 
50.9064

8 
-0.0696 62.5 0.53 5.5 21.6 

PLU11a 
PLU1

1 
PLU 1 0 0 3/11/2011 0.82 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU11b 
PLU1

1 
PLU 0 0 0 3/11/2011 0.28 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU12a 
PLU1

2 
PLU 1 0 0 3/11/2011 0.4 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU12b 
PLU1

2 
PLU 0 0 0 3/11/2011 0.4 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU13a 
PLU1

3 
PLU 1 0 0 3/11/2011 0.84 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU13b 
PLU1

3 
PLU 0 0 0 3/11/2011 0.37 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU14a 
PLU1

4 
PLU 0 0 0 3/11/2011 0.56 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU14b 
PLU1

4 
PLU 0 0 0 3/11/2011 0.16 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU15a 
PLU1

5 
PLU 0 1 0 3/11/2011 0.75 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU15b 
PLU1

5 
PLU 1 0 0 3/11/2011 0.24 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU16a 
PLU1

6 
PLU 0 0 0 3/11/2011 0.15 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU16b 
PLU1

6 
PLU 0 0 0 3/11/2011 0.29 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU17a 
PLU1

7 
PLU 1 0 0 3/11/2011 0.5 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU17b 
PLU1

7 
PLU 0 0 0 3/11/2011 1.28 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU18a 
PLU1

8 
PLU 0 0 0 3/11/2011 0.51 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU18b 
PLU1

8 
PLU 0 0 0 3/11/2011 0.24 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU19a 
PLU1

9 
PLU 0 0 0 3/11/2011 0.33 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU19b 
PLU1

9 
PLU 1 0 0 3/11/2011 0.21 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU20a PLU2 PLU 0 0 1 3/11/2011 0.48 30 Vitis vinifera grape 50.9053 -0.07258 50 NA 5 21.7 

Appendix A 



293 
 

 
 

Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 
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(°C) 
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type 

Lat. 
(WGS8

4) 
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(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

0 2 

PLU21a 
PLU2

1 
PLU 0 1 0 3/11/2011 5.91 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU21b 
PLU2

1 
PLU 0 0 1 3/11/2011 6.72 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU22a 
PLU2

2 
PLU 1 0 0 3/11/2011 8.24 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU22b 
PLU2

2 
PLU 1 0 0 3/11/2011 5.56 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA 5 21.7 

PLU27A 
PLU2

7 
PLU 1 0 0 3/11/2011 

11.0
1 

30 Vitis vinifera grape 
50.9053

2 
-0.07258 50 NA NA 21.7 

PLU27B 
PLU2

7 
PLU 0 0 0 3/11/2011 5.93 30 Vitis vinifera grape 

50.9053
2 

-0.07258 50 NA NA 21.7 

PLU28A 
PLU2

8 
PLU 1 0 0 3/11/2011 

15.9
4 

30 Vitis vinifera grape 
50.9053

2 
-0.07258 50 NA NA 21.7 

PLU28B 
PLU2

8 
PLU 0 0 1 3/11/2011 

19.2
5 

30 Vitis vinifera grape 
50.9053

2 
-0.07258 50 NA NA 21.7 

PLU29A 
PLU2

9 
PLU 1 0 0 3/11/2011 

11.1
3 

30 Vitis vinifera grape 
50.9053

2 
-0.07258 50 NA NA 21.7 

PLU29B 
PLU2

9 
PLU 0 0 0 3/11/2011 

11.2
5 

30 Vitis vinifera grape 
50.9053

2 
-0.07258 50 NA NA 21.7 

PLU5a PLU5 PLU 0 1 0 30/8/2011 0.41 30 
Quercus 

robur 
oak 50.9107 -0.06963 47.3 2.73 4 21.6 

PLU5b PLU5 PLU 0 0 1 30/8/2011 0.41 30 
Quercus 

robur 
oak 50.9107 -0.06963 47.3 2.73 4 21.6 

PLU5c PLU5 PLU 0 1 0 30/8/2011 0.34 30 
Quercus 

robur 
oak 50.9107 -0.06963 47.3 2.73 4 21.6 

PLU5d PLU5 PLU 0 1 0 30/8/2011 0.43 30 
Quercus 

robur 
oak 50.9107 -0.06963 47.3 2.73 4 21.6 

PLU6a PLU6 PLU 0 0 0 30/8/2011 0.42 30 
Quercus 

robur 
oak 

50.9098
8 

-0.07018 43.3 2.6 4 21.6 

PLU6b PLU6 PLU 0 0 0 30/8/2011 0.19 30 
Quercus 

robur 
oak 

50.9098
8 

-0.07018 43.3 2.6 4 21.6 

PLU6c PLU6 PLU 0 0 0 30/8/2011 0.52 30 
Quercus 

robur 
oak 

50.9098
8 

-0.07018 43.3 2.6 4 21.6 

PLU6d PLU6 PLU 0 0 0 30/8/2011 0.24 30 
Quercus 

robur 
oak 

50.9098
8 

-0.07018 43.3 2.6 4 21.6 

PLU7a PLU7 PLU 0 0 0 30/8/2011 0.47 30 
Quercus 

robur 
oak 50.9071 -0.0697 51.5 0.79 5.5 21.6 
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Plant 
ID 
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code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
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(m) 

Trunk 
girth 
(m) 

pH Tmax 

PLU7b PLU7 PLU 0 0 0 30/8/2011 0.43 30 
Quercus 

robur 
oak 50.9071 -0.0697 51.5 0.79 5.5 21.6 

PLU7c PLU7 PLU 0 0 0 30/8/2011 0.2 30 
Quercus 

robur 
oak 50.9071 -0.0697 51.5 0.79 5.5 21.6 

PLU7d PLU7 PLU 0 0 0 30/8/2011 0.39 30 
Quercus 

robur 
oak 50.9071 -0.0697 51.5 0.79 5.5 21.6 

PLU8a PLU8 PLU 0 0 0 30/8/2011 0.33 30 
Quercus 

robur 
oak 

50.9070
5 

-0.06967 51.2 0.5 5 21.6 

PLU8b PLU8 PLU 0 0 0 30/8/2011 0.27 30 
Quercus 

robur 
oak 

50.9070
5 

-0.06967 51.2 0.5 5 21.6 

PLU8c PLU8 PLU 0 0 0 30/8/2011 0.13 30 
Quercus 

robur 
oak 

50.9070
5 

-0.06967 51.2 0.5 5 21.6 

PLU8d PLU8 PLU 0 0 0 30/8/2011 0.45 30 
Quercus 

robur 
oak 

50.9070
5 

-0.06967 51.2 0.5 5 21.6 

PLU9a PLU9 PLU 0 0 0 30/8/2011 0.27 30 
Quercus 

robur 
oak 

50.9064
3 

-0.06975 47.5 0.56 5.5 21.6 

PLU9b PLU9 PLU 0 0 0 30/8/2011 0.19 30 
Quercus 

robur 
oak 

50.9064
3 

-0.06975 47.5 0.56 5.5 21.6 

PLU9c PLU9 PLU 0 0 0 30/8/2011 0.28 30 
Quercus 

robur 
oak 

50.9064
3 

-0.06975 47.5 0.56 5.5 21.6 

PLU9d PLU9 PLU 0 0 1 30/8/2011 0.39 30 
Quercus 

robur 
oak 

50.9064
3 

-0.06975 47.5 0.56 5.5 21.6 

PYR10a 
PYR1

0 
PYR 0 0 1 7/9/2009 NA 30 

Quercus 
virgiliana 

oak 
40.3751

5 
23.69257 145 1.645 NA 30.9 

PYR10b 
PYR1

0 
PYR 0 0 1 7/9/2009 NA 30 

Quercus 
virgiliana 

oak 
40.3751

5 
23.69257 145 1.645 NA 30.9 

PYR10c 
PYR1

0 
PYR 0 0 0 26/8/2011 1.49 30 

Quercus 
virgiliana 

oak 
40.3751

5 
23.69257 145 1.645 NA 30.9 

PYR10d 
PYR1

0 
PYR 0 0 0 26/8/2011 1.23 30 

Quercus 
virgiliana 

oak 
40.3751

5 
23.69257 145 1.645 NA 30.9 

PYR10e 
PYR1

0 
PYR 0 0 1 26/8/2011 1.64 30 

Quercus 
virgiliana 

oak 
40.3751

5 
23.69257 145 1.645 NA 30.9 

PYR10f 
PYR1

0 
PYR 0 0 0 26/8/2011 1.79 30 

Quercus 
virgiliana 

oak 
40.3751

5 
23.69257 145 1.645 NA 30.9 

PYR11a 
PYR1

1 
PYR 0 0 1 7/9/2009 NA 30 

Quercus 
virgiliana 

oak 
40.3749

8 
23.69158 144 1.81 NA 30.9 

PYR11b 
PYR1

1 
PYR 0 0 1 7/9/2009 NA 30 

Quercus 
virgiliana 

oak 
40.3749

8 
23.69158 144 1.81 NA 30.9 

PYR11c PYR1 PYR 0 0 0 26/8/2011 1.35 30 Quercus oak 40.3749 23.69158 144 1.81 NA 30.9 
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ID 
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S. 
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S. 
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(m) 
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girth 
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1 virgiliana 8 

PYR11d 
PYR1

1 
PYR 0 0 0 26/8/2011 1.23 30 

Quercus 
virgiliana 

oak 
40.3749

8 
23.69158 144 1.81 NA 30.9 

PYR11e 
PYR1

1 
PYR 0 0 0 26/8/2011 1.24 30 

Quercus 
virgiliana 

oak 
40.3749

8 
23.69158 144 1.81 NA 30.9 

PYR11f 
PYR1

1 
PYR 0 0 1 26/8/2011 1.04 30 

Quercus 
virgiliana 

oak 
40.3749

8 
23.69158 144 1.81 NA 30.9 

PYR12a 
PYR1

2 
PYR 0 0 0 7/9/2009 NA 30 

Quercus 
pubescens 

oak 
40.3763

4 
23.69194 150 NA NA 30.9 

PYR12b 
PYR1

2 
PYR 0 0 0 7/9/2009 NA 30 

Quercus 
pubescens 

oak 
40.3763

4 
23.69194 150 NA NA 30.9 

PYR12c 
PYR1

2 
PYR 0 0 0 26/8/2011 1.17 30 

Quercus 
pubescens 

oak 
40.3763

4 
23.69194 150 NA NA 30.9 

PYR12d 
PYR1

2 
PYR 0 0 0 26/8/2011 0.87 30 

Quercus 
pubescens 

oak 
40.3763

4 
23.69194 150 NA NA 30.9 

PYR12e 
PYR1

2 
PYR 0 0 0 26/8/2011 0.83 30 

Quercus 
pubescens 

oak 
40.3763

4 
23.69194 150 NA NA 30.9 

PYR12f 
PYR1

2 
PYR 0 0 0 26/8/2011 1.06 30 

Quercus 
pubescens 

oak 
40.3763

4 
23.69194 150 NA NA 30.9 

PYR13a 
PYR1

3 
PYR 0 0 0 26/8/2011 1.27 30 

Quercus 
pubescens 

oak 
40.3769

4 
23.69286 161 NA NA 30.9 

PYR13b 
PYR1

3 
PYR 0 0 0 26/8/2011 1.28 30 

Quercus 
pubescens 

oak 
40.3769

4 
23.69286 161 NA NA 30.9 

PYR13c 
PYR1

3 
PYR 0 0 0 26/8/2011 1.5 30 

Quercus 
pubescens 

oak 
40.3769

4 
23.69286 161 NA NA 30.9 

PYR13d 
PYR1

3 
PYR 0 0 0 26/8/2011 1.39 30 

Quercus 
pubescens 

oak 
40.3769

4 
23.69286 161 NA NA 30.9 

PYR14a 
PYR1

4 
PYR 0 0 0 26/8/2011 0.99 30 

Quercus 
pubescens 

oak 
40.3758

4 
23.69395 147 0.415 NA 30.9 

PYR14b 
PYR1

4 
PYR 0 0 1 26/8/2011 1.12 30 

Quercus 
pubescens 

oak 
40.3758

4 
23.69395 147 0.415 NA 30.9 

PYR14c 
PYR1

4 
PYR 0 0 0 26/8/2011 0.83 30 

Quercus 
pubescens 

oak 
40.3758

4 
23.69395 147 0.415 NA 30.9 

PYR14d 
PYR1

4 
PYR 0 0 0 26/8/2011 0.47 30 

Quercus 
pubescens 

oak 
40.3758

4 
23.69395 147 0.415 NA 30.9 

PYR15a 
PYR1

5 
PYR 0 0 0 26/8/2011 1.45 30 

Quercus 
pubescens 

oak 
40.3753

1 
23.69528 154 1.45 NA 30.9 

PYR15b 
PYR1

5 
PYR 0 0 0 26/8/2011 1.43 30 

Quercus 
pubescens 

oak 
40.3753

1 
23.69528 154 1.45 NA 30.9 
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S. 
cerevisiae 

S. 
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PYR15c 
PYR1

5 
PYR 0 0 0 26/8/2011 0.06 30 

Quercus 
pubescens 

oak 
40.3753

1 
23.69528 154 1.45 NA 30.9 

PYR15d 
PYR1

5 
PYR 0 0 0 26/8/2011 0.83 30 

Quercus 
pubescens 

oak 
40.3753

1 
23.69528 154 1.45 NA 30.9 

PYR1a PYR1 PYR 0 0 0 7/9/2009 NA 30 
Quercus 

pubescens 
oak 

40.3725
8 

23.69282 142 NA NA 30.9 

PYR1c PYR1 PYR 0 0 1 26/8/2011 1.35 30 
Quercus 

pubescens 
oak 

40.3725
8 

23.69282 142 NA NA 30.9 

PYR1d PYR1 PYR 0 0 0 26/8/2011 1.42 30 
Quercus 

pubescens 
oak 

40.3725
8 

23.69282 142 NA NA 30.9 

PYR1e PYR1 PYR 0 0 1 26/8/2011 1.47 30 
Quercus 

pubescens 
oak 

40.3725
8 

23.69282 142 NA NA 30.9 

PYR1f PYR1 PYR 0 0 0 26/8/2011 1.01 30 
Quercus 

pubescens 
oak 

40.3725
8 

23.69282 142 NA NA 30.9 

PYR2a PYR2 PYR 0 0 1 7/9/2009 NA 30 
Quercus 

pubescens 
oak 

40.3732
5 

23.69317 144 1.33 NA 30.9 

PYR2b PYR2 PYR 0 0 1 7/9/2009 NA 30 
Quercus 

pubescens 
oak 

40.3732
5 

23.69317 144 1.33 NA 30.9 

PYR2c PYR2 PYR 0 0 0 26/8/2011 1.48 30 
Quercus 

pubescens 
oak 

40.3732
5 

23.69317 144 1.33 NA 30.9 

PYR2d PYR2 PYR 0 0 1 26/8/2011 0.59 30 
Quercus 

pubescens 
oak 

40.3732
5 

23.69317 144 1.33 NA 30.9 

PYR2e PYR2 PYR 0 0 0 26/8/2011 1.04 30 
Quercus 

pubescens 
oak 

40.3732
5 

23.69317 144 1.33 NA 30.9 

PYR2f PYR2 PYR 0 0 0 26/8/2011 2.12 30 
Quercus 

pubescens 
oak 

40.3732
5 

23.69317 144 1.33 NA 30.9 

PYR3a PYR3 PYR 0 0 1 7/9/2009 NA 30 
Quercus 

pubescens 
oak 

40.3735
1 

23.69323 144 1.23 NA 30.9 

PYR3c PYR3 PYR 0 0 0 26/8/2011 1.53 30 
Quercus 

pubescens 
oak 

40.3735
1 

23.69323 144 1.23 NA 30.9 

PYR3d PYR3 PYR 0 0 0 26/8/2011 1.12 30 
Quercus 

pubescens 
oak 

40.3735
1 

23.69323 144 1.23 NA 30.9 

PYR3e PYR3 PYR 0 0 0 26/8/2011 1.08 30 
Quercus 

pubescens 
oak 

40.3735
1 

23.69323 144 1.23 NA 30.9 

PYR3f PYR3 PYR 0 0 0 26/8/2011 0.92 30 
Quercus 

pubescens 
oak 

40.3735
1 

23.69323 144 1.23 NA 30.9 

PYR4a PYR4 PYR 0 0 1 7/9/2009 NA 30 
Quercus 

pubescens 
oak 

40.3759
6 

23.6925 150 NA NA 30.9 

PYR4b PYR4 PYR 1 0 0 7/9/2009 NA 30 Quercus oak 40.3759 23.6925 150 NA NA 30.9 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

pubescens 6 

PYR4c PYR4 PYR 0 0 1 26/8/2011 1.03 30 
Quercus 

pubescens 
oak 

40.3759
6 

23.6925 150 NA NA 30.9 

PYR4d PYR4 PYR 0 0 0 26/8/2011 1.56 30 
Quercus 

pubescens 
oak 

40.3759
6 

23.6925 150 NA NA 30.9 

PYR4e PYR4 PYR 1 0 0 26/8/2011 1.18 30 
Quercus 

pubescens 
oak 

40.3759
6 

23.6925 150 NA NA 30.9 

PYR4f PYR4 PYR 0 0 0 26/8/2011 1.17 30 
Quercus 

pubescens 
oak 

40.3759
6 

23.6925 150 NA NA 30.9 

PYR5a PYR5 PYR 0 1 0 7/9/2009 NA 30 
Quercus 

pubescens 
oak 40.3758 23.6924 151 NA NA 30.9 

PYR5b PYR5 PYR 0 1 0 7/9/2009 NA 30 
Quercus 

pubescens 
oak 40.3758 23.6924 151 NA NA 30.9 

PYR5c PYR5 PYR 0 1 0 26/8/2011 0.92 30 
Quercus 

pubescens 
oak 40.3758 23.6924 151 NA NA 30.9 

PYR5d PYR5 PYR 0 0 1 26/8/2011 1 30 
Quercus 

pubescens 
oak 40.3758 23.6924 151 NA NA 30.9 

PYR5e PYR5 PYR 0 1 0 26/8/2011 0.73 30 
Quercus 

pubescens 
oak 40.3758 23.6924 151 NA NA 30.9 

PYR5f PYR5 PYR 0 1 0 26/8/2011 0.8 30 
Quercus 

pubescens 
oak 40.3758 23.6924 151 NA NA 30.9 

PYR6a PYR6 PYR 0 0 0 7/9/2009 NA 30 
Quercus 

pubescens 
oak 40.3758 23.69243 148 NA NA 30.9 

PYR6b PYR6 PYR 0 0 0 7/9/2009 NA 30 
Quercus 

pubescens 
oak 40.3758 23.69243 148 NA NA 30.9 

PYR6c PYR6 PYR 0 0 1 26/8/2011 1.61 30 
Quercus 

pubescens 
oak 40.3758 23.69243 148 NA NA 30.9 

PYR6d PYR6 PYR 0 0 1 26/8/2011 1.53 30 
Quercus 

pubescens 
oak 40.3758 23.69243 148 NA NA 30.9 

PYR6e PYR6 PYR 0 0 1 26/8/2011 0.82 30 
Quercus 

pubescens 
oak 40.3758 23.69243 148 NA NA 30.9 

PYR6f PYR6 PYR 0 0 1 26/8/2011 1.05 30 
Quercus 

pubescens 
oak 40.3758 23.69243 148 NA NA 30.9 

PYR7a PYR7 PYR 0 1 0 7/9/2009 NA 30 
Quercus 

pubescens 
oak 

40.3755
4 

23.69234 149 NA NA 30.9 

PYR7b PYR7 PYR 0 1 0 7/9/2009 NA 30 
Quercus 

pubescens 
oak 

40.3755
4 

23.69234 149 NA NA 30.9 

PYR7c PYR7 PYR 0 1 0 26/8/2011 1.11 30 
Quercus 

pubescens 
oak 

40.3755
4 

23.69234 149 NA NA 30.9 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

PYR7d PYR7 PYR 0 0 0 26/8/2011 1.27 30 
Quercus 

pubescens 
oak 

40.3755
4 

23.69234 149 NA NA 30.9 

PYR7e PYR7 PYR 0 1 0 26/8/2011 0.75 30 
Quercus 

pubescens 
oak 

40.3755
4 

23.69234 149 NA NA 30.9 

PYR7f PYR7 PYR 0 0 1 26/8/2011 1.64 30 
Quercus 

pubescens 
oak 

40.3755
4 

23.69234 149 NA NA 30.9 

PYR8a PYR8 PYR 0 0 0 7/9/2009 NA 30 
Quercus 
virgiliana 

oak 
40.3753

5 
23.69223 147 NA NA 30.9 

PYR8b PYR8 PYR 0 1 0 7/9/2009 NA 30 
Quercus 
virgiliana 

oak 
40.3753

5 
23.69223 147 NA NA 30.9 

PYR8c PYR8 PYR 0 0 0 26/8/2011 2.1 30 
Quercus 
virgiliana 

oak 
40.3753

5 
23.69223 147 NA NA 30.9 

PYR8d PYR8 PYR 0 1 0 26/8/2011 1.19 30 
Quercus 
virgiliana 

oak 
40.3753

5 
23.69223 147 NA NA 30.9 

PYR8e PYR8 PYR 0 1 0 26/8/2011 1.04 30 
Quercus 
virgiliana 

oak 
40.3753

5 
23.69223 147 NA NA 30.9 

PYR8f PYR8 PYR 0 1 0 26/8/2011 1.38 30 
Quercus 
virgiliana 

oak 
40.3753

5 
23.69223 147 NA NA 30.9 

PYR9a PYR9 PYR 0 0 1 7/9/2009 NA 30 
Quercus 

pubescens 
oak 

40.3754
8 

23.6922 147 NA NA 30.9 

PYR9b PYR9 PYR 0 0 1 7/9/2009 NA 30 
Quercus 

pubescens 
oak 

40.3754
8 

23.6922 147 NA NA 30.9 

PYR9c PYR9 PYR 0 1 0 26/8/2011 1.07 30 
Quercus 

pubescens 
oak 

40.3754
8 

23.6922 147 NA NA 30.9 

PYR9d PYR9 PYR 0 0 0 26/8/2011 1.83 30 
Quercus 

pubescens 
oak 

40.3754
8 

23.6922 147 NA NA 30.9 

PYR9e PYR9 PYR 0 0 0 26/8/2011 0.81 30 
Quercus 

pubescens 
oak 

40.3754
8 

23.6922 147 NA NA 30.9 

PYR9f PYR9 PYR 0 0 0 26/8/2011 0.95 30 
Quercus 

pubescens 
oak 

40.3754
8 

23.6922 147 NA NA 30.9 

SON1a SON1 SON 0 0 0 10/8/2011 4.17 30 Ficus carica fig 
41.7110

1 
-7.22874 567 0.56 6.5 28.5 

SON1b SON1 SON 0 0 0 10/8/2011 4.84 30 Ficus carica fig 
41.7110

1 
-7.22874 567 0.56 6.5 28.5 

SON1c SON1 SON 0 0 0 10/8/2011 0.56 30 Ficus carica fig 
41.7110

1 
-7.22874 567 0.56 6.5 28.5 

SON2a SON2 SON 0 0 0 10/8/2011 3.17 30 Ficus carica fig 
41.7108

8 
-7.22868 567 0.33 6.5 28.5 

SON2b SON2 SON 0 0 0 10/8/2011 4.32 30 Ficus carica fig 41.7108 -7.22868 567 0.33 6.5 28.5 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

8 

SON2c SON2 SON 0 0 0 10/8/2011 0.27 30 Ficus carica fig 
41.7108

8 
-7.22868 567 0.33 6.5 28.5 

SON3a SON3 SON 0 0 0 10/8/2011 4.85 30 Ficus carica fig 
41.7108

8 
-7.22875 567 1.41 7.5 28.5 

SON3b SON3 SON 0 0 0 10/8/2011 2.16 30 Ficus carica fig 
41.7108

8 
-7.22875 567 1.41 7.5 28.5 

SON3c SON3 SON 0 0 0 10/8/2011 0.74 30 Ficus carica fig 
41.7108

8 
-7.22875 567 1.41 7.5 28.5 

SON4a SON4 SON 0 0 0 10/8/2011 2.54 30 Ficus carica fig 
41.7108

4 
-7.22885 567 0.445 6 28.5 

SON4b SON4 SON 0 0 0 10/8/2011 3.35 30 Ficus carica fig 
41.7108

4 
-7.22885 567 0.445 6 28.5 

SON4c SON4 SON 1 0 0 10/8/2011 0.19 30 Ficus carica fig 
41.7108

4 
-7.22885 567 0.445 6 28.5 

SON5a SON5 SON 0 0 0 10/8/2011 2.69 30 Ficus carica fig 
41.7111

6 
-7.22961 567 0.645 5 28.5 

SON5b SON5 SON 0 0 0 10/8/2011 4.5 30 Ficus carica fig 
41.7111

6 
-7.22961 567 0.645 5 28.5 

SON5c SON5 SON 0 0 0 10/8/2011 0.3 30 Ficus carica fig 
41.7111

6 
-7.22961 567 0.645 5 28.5 

SON6a SON6 SON 0 0 0 10/8/2011 3.74 30 Ficus carica fig 
41.7111

5 
-7.22959 567 0.92 7 28.5 

SON6b SON6 SON 0 0 0 10/8/2011 3.18 30 Ficus carica fig 
41.7111

5 
-7.22959 567 0.92 7 28.5 

SON6c SON6 SON 0 0 0 10/8/2011 0.31 30 Ficus carica fig 
41.7111

5 
-7.22959 567 0.92 7 28.5 

SON7a SON7 SON 0 0 1 10/8/2011 3.3 30 Ficus carica fig 
41.7111

6 
-7.22968 567 0.278 6 28.5 

SON7b SON7 SON 0 0 0 10/8/2011 2.02 30 Ficus carica fig 
41.7111

6 
-7.22968 567 0.278 6 28.5 

SON7c SON7 SON 0 0 0 10/8/2011 1.02 30 Ficus carica fig 
41.7111

6 
-7.22968 567 0.278 6 28.5 

SON8a SON8 SON 0 0 0 10/8/2011 3.02 30 Ficus carica fig 
41.7111

1 
-7.22952 567 0.358 6 28.5 

SON8b SON8 SON 0 0 0 10/8/2011 1.27 30 Ficus carica fig 
41.7111

1 
-7.22952 567 0.358 6 28.5 

SON8c SON8 SON 0 0 0 10/8/2011 0.23 30 Ficus carica fig 
41.7111

1 
-7.22952 567 0.358 6 28.5 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

TAX10a 
TAX1

0 
TAX 0 0 1 28/8/2011 0.64 30 

Quercus 
frainetto 

oak 
40.4333

5 
23.49898 813 0.46 NA 27.2 

TAX10b 
TAX1

0 
TAX 0 0 1 28/8/2011 0.7 30 

Quercus 
frainetto 

oak 
40.4333

5 
23.49898 813 0.46 NA 27.2 

TAX10c 
TAX1

0 
TAX 0 0 0 28/8/2011 0.66 30 

Quercus 
frainetto 

oak 
40.4333

5 
23.49898 813 0.46 NA 27.2 

TAX10d 
TAX1

0 
TAX 0 0 0 28/8/2011 0.62 30 

Quercus 
frainetto 

oak 
40.4333

5 
23.49898 813 0.46 NA 27.2 

TAX11a 
TAX1

1 
TAX 0 0 1 28/8/2011 0.4 30 

Quercus 
frainetto 

oak 
40.4340

6 
23.49914 821 NA NA 27.2 

TAX11b 
TAX1

1 
TAX 0 0 1 28/8/2011 0.57 30 

Quercus 
frainetto 

oak 
40.4340

6 
23.49914 821 NA NA 27.2 

TAX11c 
TAX1

1 
TAX 0 0 1 28/8/2011 0.43 30 

Quercus 
frainetto 

oak 
40.4340

6 
23.49914 821 NA NA 27.2 

TAX11d 
TAX1

1 
TAX 0 0 1 28/8/2011 0.57 30 

Quercus 
frainetto 

oak 
40.4340

6 
23.49914 821 NA NA 27.2 

TAX12a 
TAX1

2 
TAX 0 0 1 28/8/2011 0.7 30 

Quercus 
frainetto 

oak 
40.4339

7 
23.49888 818 0.72 NA 27.2 

TAX12b 
TAX1

2 
TAX 0 0 1 28/8/2011 0.7 30 

Quercus 
frainetto 

oak 
40.4339

7 
23.49888 818 0.72 NA 27.2 

TAX12c 
TAX1

2 
TAX 0 0 1 28/8/2011 0.94 30 

Quercus 
frainetto 

oak 
40.4339

7 
23.49888 818 0.72 NA 27.2 

TAX12d 
TAX1

2 
TAX 0 0 1 28/8/2011 0.68 30 

Quercus 
frainetto 

oak 
40.4339

7 
23.49888 818 0.72 NA 27.2 

TAX13a 
TAX1

3 
TAX 0 1 0 28/8/2011 1.01 30 

Quercus 
frainetto 

oak 
40.4338

8 
23.49902 816 NA NA 27.2 

TAX13b 
TAX1

3 
TAX 0 0 1 28/8/2011 0.63 30 

Quercus 
frainetto 

oak 
40.4338

8 
23.49902 816 NA NA 27.2 

TAX13c 
TAX1

3 
TAX 0 0 1 28/8/2011 0.63 30 

Quercus 
frainetto 

oak 
40.4338

8 
23.49902 816 NA NA 27.2 

TAX13d 
TAX1

3 
TAX 0 0 1 28/8/2011 0.73 30 

Quercus 
frainetto 

oak 
40.4338

8 
23.49902 816 NA NA 27.2 

TAX14a 
TAX1

4 
TAX 0 1 0 28/8/2011 0.89 30 

Quercus 
frainetto 

oak 40.4332 23.49548 796 1.31 NA 27.7 

TAX14b 
TAX1

4 
TAX 0 1 0 28/8/2011 0.99 30 

Quercus 
frainetto 

oak 40.4332 23.49548 796 1.31 NA 27.7 

TAX14c 
TAX1

4 
TAX 0 1 0 28/8/2011 0.65 30 

Quercus 
frainetto 

oak 40.4332 23.49548 796 1.31 NA 27.7 

TAX14d TAX1 TAX 0 0 1 28/8/2011 0.59 30 Quercus oak 40.4332 23.49548 796 1.31 NA 27.7 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

4 frainetto 

TAX15a 
TAX1

5 
TAX 0 1 0 28/8/2011 1.02 30 

Quercus 
frainetto 

oak 
40.4332

8 
23.49516 797 1.545 NA 27.7 

TAX15b 
TAX1

5 
TAX 0 1 0 28/8/2011 0.82 30 

Quercus 
frainetto 

oak 
40.4332

8 
23.49516 797 1.545 NA 27.7 

TAX15c 
TAX1

5 
TAX 0 1 0 28/8/2011 1.17 30 

Quercus 
frainetto 

oak 
40.4332

8 
23.49516 797 1.545 NA 27.7 

TAX15d 
TAX1

5 
TAX 0 1 0 28/8/2011 0.78 30 

Quercus 
frainetto 

oak 
40.4332

8 
23.49516 797 1.545 NA 27.7 

TAX1a TAX1 TAX 0 1 0 28/8/2011 0.68 30 
Quercus 
frainetto 

oak 
40.4323

7 
23.50122 829 0.525 NA 27.2 

TAX1b TAX1 TAX 0 0 0 28/8/2011 0.58 30 
Quercus 
frainetto 

oak 
40.4323

7 
23.50122 829 0.525 NA 27.2 

TAX1c TAX1 TAX 0 0 1 28/8/2011 0.58 30 
Quercus 
frainetto 

oak 
40.4323

7 
23.50122 829 0.525 NA 27.2 

TAX1d TAX1 TAX 0 1 0 28/8/2011 0.58 30 
Quercus 
frainetto 

oak 
40.4323

7 
23.50122 829 0.525 NA 27.2 

TAX2a TAX2 TAX 0 1 0 28/8/2011 0.96 30 
Quercus 
frainetto 

oak 
40.4321

2 
23.5026 849 0.795 NA 27.2 

TAX2b TAX2 TAX 0 0 1 28/8/2011 0.54 30 
Quercus 
frainetto 

oak 
40.4321

2 
23.5026 849 0.795 NA 27.2 

TAX2c TAX2 TAX 0 0 1 28/8/2011 0.45 30 
Quercus 
frainetto 

oak 
40.4321

2 
23.5026 849 0.795 NA 27.2 

TAX2d TAX2 TAX 0 1 0 28/8/2011 0.73 30 
Quercus 
frainetto 

oak 
40.4321

2 
23.5026 849 0.795 NA 27.2 

TAX3a TAX3 TAX 0 0 1 28/8/2011 0.83 30 
Quercus 
frainetto 

oak 
40.4323

5 
23.50295 856 0.76 NA 27.2 

TAX3b TAX3 TAX 0 0 0 28/8/2011 0.63 30 
Quercus 
frainetto 

oak 
40.4323

5 
23.50295 856 0.76 NA 27.2 

TAX3c TAX3 TAX 0 0 1 28/8/2011 0.63 30 
Quercus 
frainetto 

oak 
40.4323

5 
23.50295 856 0.76 NA 27.2 

TAX3d TAX3 TAX 0 1 0 28/8/2011 0.66 30 
Quercus 
frainetto 

oak 
40.4323

5 
23.50295 856 0.76 NA 27.2 

TAX4a TAX4 TAX 0 1 0 28/8/2011 0.76 30 
Quercus 
frainetto 

oak 
40.4327

3 
23.50222 853 0.92 NA 27.2 

TAX4b TAX4 TAX 0 1 1 28/8/2011 0.33 30 
Quercus 
frainetto 

oak 
40.4327

3 
23.50222 853 0.92 NA 27.2 

TAX4c TAX4 TAX 0 1 1 28/8/2011 0.45 30 
Quercus 
frainetto 

oak 
40.4327

3 
23.50222 853 0.92 NA 27.2 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

TAX4d TAX4 TAX 0 1 0 28/8/2011 0.59 30 
Quercus 
frainetto 

oak 
40.4327

3 
23.50222 853 0.92 NA 27.2 

TAX5a TAX5 TAX 0 0 0 28/8/2011 0.68 30 
Quercus 
frainetto 

oak 
40.4329

9 
23.50173 850 0.555 NA 27.2 

TAX5b TAX5 TAX 0 0 0 28/8/2011 0.41 30 
Quercus 
frainetto 

oak 
40.4329

9 
23.50173 850 0.555 NA 27.2 

TAX5c TAX5 TAX 0 1 0 28/8/2011 0.74 30 
Quercus 
frainetto 

oak 
40.4329

9 
23.50173 850 0.555 NA 27.2 

TAX5d TAX5 TAX 0 1 0 28/8/2011 0.98 30 
Quercus 
frainetto 

oak 
40.4329

9 
23.50173 850 0.555 NA 27.2 

TAX6a TAX6 TAX 0 0 1 28/8/2011 0.68 30 
Quercus 
frainetto 

oak 
40.4332

7 
23.50157 852 0.8 NA 27.2 

TAX6b TAX6 TAX 0 0 1 28/8/2011 0.76 30 
Quercus 
frainetto 

oak 
40.4332

7 
23.50157 852 0.8 NA 27.2 

TAX6c TAX6 TAX 0 0 1 28/8/2011 0.44 30 
Quercus 
frainetto 

oak 
40.4332

7 
23.50157 852 0.8 NA 27.2 

TAX6d TAX6 TAX 0 0 0 28/8/2011 0.46 30 
Quercus 
frainetto 

oak 
40.4332

7 
23.50157 852 0.8 NA 27.2 

TAX7a TAX7 TAX 0 0 0 28/8/2011 0.61 30 
Quercus 
frainetto 

oak 
40.4338

6 
23.5008 848 0.725 NA 27.2 

TAX7b TAX7 TAX 0 0 1 28/8/2011 0.64 30 
Quercus 
frainetto 

oak 
40.4338

6 
23.5008 848 0.725 NA 27.2 

TAX7c TAX7 TAX 0 0 0 28/8/2011 0.27 30 
Quercus 
frainetto 

oak 
40.4338

6 
23.5008 848 0.725 NA 27.2 

TAX7d TAX7 TAX 0 0 0 28/8/2011 0.33 30 
Quercus 
frainetto 

oak 
40.4338

6 
23.5008 848 0.725 NA 27.2 

TAX8a TAX8 TAX 0 1 0 28/8/2011 0.33 30 
Quercus 
frainetto 

oak 
40.4339

8 
23.50069 847 0.75 NA 27.2 

TAX8b TAX8 TAX 0 0 1 28/8/2011 0.32 30 
Quercus 
frainetto 

oak 
40.4339

8 
23.50069 847 0.75 NA 27.2 

TAX8c TAX8 TAX 0 0 0 28/8/2011 0.6 30 
Quercus 
frainetto 

oak 
40.4339

8 
23.50069 847 0.75 NA 27.2 

TAX8d TAX8 TAX 0 0 1 28/8/2011 0.5 30 
Quercus 
frainetto 

oak 
40.4339

8 
23.50069 847 0.75 NA 27.2 

TAX9a TAX9 TAX 0 0 1 28/8/2011 0.93 30 
Quercus 
frainetto 

oak 
40.4334

9 
23.49853 807 NA NA 27.2 

TAX9b TAX9 TAX 0 0 1 28/8/2011 0.66 30 
Quercus 
frainetto 

oak 
40.4334

9 
23.49853 807 NA NA 27.2 

TAX9c TAX9 TAX 0 0 1 28/8/2011 0.5 30 Quercus oak 40.4334 23.49853 807 NA NA 27.2 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

frainetto 9 

TAX9d TAX9 TAX 0 0 1 28/8/2011 0.53 30 
Quercus 
frainetto 

oak 
40.4334

9 
23.49853 807 NA NA 27.2 

TTP1a TTP1 TTP 0 0 1 
11/10/200

6 
0.63 30 

Quercus 
robur 

oak 
53.3356

5 
-2.38773 25 3.9 7 20.1 

TTP1b TTP1 TTP 0 0 0 
11/10/200

6 
1.76 30 

Quercus 
robur 

oak 
53.3356

5 
-2.38773 25 3.9 7 20.1 

TTP1d TTP1 TTP 0 0 1 
11/10/200

6 
1.61 30 

Quercus 
robur 

oak 
53.3356

5 
-2.38773 25 3.9 7 20.1 

TTP1e TTP1 TTP 0 0 1 
11/10/200

6 
0.74 30 

Quercus 
robur 

oak 
53.3356

5 
-2.38773 25 3.9 7 20.1 

TTP1f TTP1 TTP 0 0 1 
11/10/200

6 
1.34 30 

Quercus 
robur 

oak 
53.3356

5 
-2.38773 25 3.9 7 20.1 

TTP2a TTP2 TTP 0 1 1 
11/10/200

6 
1.45 30 

Quercus 
robur 

oak 
53.3354

5 
-2.38569 64 4.02 4 20.1 

TTP2b TTP2 TTP 0 1 1 
11/10/200

6 
3.58 30 

Quercus 
robur 

oak 
53.3354

5 
-2.38569 64 4.02 4 20.1 

TTP2c TTP2 TTP 0 1 1 
11/10/200

6 
0.86 30 

Quercus 
robur 

oak 
53.3354

5 
-2.38569 64 4.02 4 20.1 

TTP2e TTP2 TTP 0 0 0 
11/10/200

6 
1.41 30 

Quercus 
robur 

oak 
53.3354

5 
-2.38569 64 4.02 4 20.1 

UEA1a UEA1 UEA 0 0 0 5/9/2006 6.66 25 
Quercus 

robur 
oak 

52.6187
9 

1.235303 12 NA 5 20.9 

UEA1b UEA1 UEA 0 0 0 5/9/2006 
0.85

5 
25 

Quercus 
robur 

oak 
52.6187

9 
1.235303 12 NA 5 20.9 

UEA1c UEA1 UEA 0 1 0 5/9/2006 
8.47

5 
25 

Quercus 
robur 

oak 
52.6187

9 
1.235303 12 NA 5 20.9 

UEA1e UEA1 UEA 0 0 0 5/9/2006 1.51 25 
Quercus 

robur 
oak 

52.6187
9 

1.235303 12 NA 5 20.9 

UEA2a UEA2 UEA 0 0 0 5/9/2006 2.15 25 
Quercus 

robur 
oak 

52.6233
2 

1.23925 26 6.82 5 20.9 

UEA2b UEA2 UEA 0 1 0 5/9/2006 
1.84

5 
25 

Quercus 
robur 

oak 
52.6233

2 
1.23925 26 6.82 5 20.9 

UEA2c UEA2 UEA 0 1 0 5/9/2006 
4.27

5 
25 

Quercus 
robur 

oak 
52.6233

2 
1.23925 26 6.82 5 20.9 

VelA VEL PAR 0 0 1 2/9/2011 
12.7

2 
30 Ficus carica fig 

38.1339
8 

23.78009 334 NA NA 31.3 

VelB VEL PAR 0 0 1 2/9/2011 
12.3

3 
30 Ficus carica fig 

38.1339
8 

23.78009 334 NA NA 31.3 
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Sample 

Plant 
ID 

Site 
code 

S. 
cerevisiae 

S. 
paradoxus 

Other 
ITS IDs 

Field 
date 

Weight 
(g) 

Growth 
temp 
(°C) 

Host species 
Sample 

type 

Lat. 
(WGS8

4) 

Long. 
(WGS84) 

Elevation 
(m) 

Trunk 
girth 
(m) 

pH Tmax 

VelC VEL PAR 0 0 0 2/9/2011 
12.3

8 
30 Ficus carica fig 

38.1339
8 

23.78009 334 NA NA 31.3 

VelD VEL PAR 0 0 0 2/9/2011 11.2 30 Ficus carica fig 
38.1339

8 
23.78009 334 NA NA 31.3 

VelE VEL PAR 0 0 1 2/9/2011 9.54 30 Ficus carica fig 
38.1339

8 
23.78009 334 NA NA 31.3 

VelF VEL PAR 1 0 0 2/9/2011 
10.0

4 
30 Ficus carica fig 

38.1339
8 

23.78009 334 NA NA 31.3 

VelG VEL PAR 0 0 0 2/9/2011 
10.0

6 
30 Ficus carica fig 

38.1339
8 

23.78009 334 NA NA 31.3 

VelH VEL PAR 0 0 1 2/9/2011 9.71 30 Ficus carica fig 
38.1339

8 
23.78009 334 NA NA 31.3 

VelI VEL PAR 0 0 0 2/9/2011 
15.4

7 
30 Ficus carica fig 

38.1339
8 

23.78009 334 NA NA 31.3 

VelJ VEL PAR 0 0 0 2/9/2011 
15.2

9 
30 Ficus carica fig 

38.1339
8 

23.78009 334 NA NA 31.3 
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