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Abstract
Microorganisms are ubiquitous and essential to global ecological processes,
but their distributions and diversities are still poorly understood. The relatively recent development of molecular genetics and DNA sequencing allows
us to accurately quantify taxonomic diversity and infer evolutionary history
within microbial groups, in a way that was not possible with traditional phenotypic characterization. Studying the patterns and processes of microbial
distributions stands to expand our knowledge of the evolutionary process and
provide insights into the ecological ramifications of microbial movements.
The Saccharomyces genus of yeasts consists of seven species and has emerged as
the premier model genus for the study of evolutionary genetics and genomics
in a microbial system. This is partially due to its eukaryotic nature and relatively small genome, and partially due to its immense industrial importance
for alcoholic fermentation and baking.
This thesis focusses on the origin, diversity and ancestry of Saccharomyces
yeasts in New Zealand. The short anthropogenic history of New Zealand
lends itself to teasing apart the extent and ecological ramifications of humanassociated microbial dispersal. Past research has shown New Zealand harbors
a population of S. cerevisiae distinct from a diverse set of international strains,
but also provided evidence for human-mediated dispersal in association with
wine barrels. The presence of a distinct population implies long-term restriction to gene flow and passive dispersal, which should be readily detectable in
genomic data.
To investigate this hypothesized New Zealand population, a set of 52
strains representing the known diversity in New Zealand were subjected to
whole genome sequencing. Phylogenomics analyses of these genomes compared with a further 60 from a diversity of international geographic locations
and niches conclusively placed the New Zealand population as part of a global
clade containing winemaking strains with an origin in Europe. A minimum
of 10 incursion events were inferred and broadly dated to correspond to the
arrival of humans and winemaking to New Zealand.
While these data show S. cerevisiae is the product of human-mediated
range expansion, other species within the Saccharomyces genus have been identified from natural environments and display biogeographic patterns characteristic of extensive divergence. A concurrent sampling effort of the native
forests of New Zealand for the presence of Saccharomyces species identified a
widespread population of S. arboricola, a species previously not found outside
Far East Asia, as well as S. eubayanus, also not previously identified in New
Zealand. Whole genome sequencing of nine isolates of the former, and one
of the latter, with subsequent comparison against international sequences, indicates that the widespread S. arboricola population is highly divergent from
the Far East Asian population, but the S. eubayanus isolate is likely a recent
migrant to New Zealand in association with humans. To aid in the population comparisons of the S. cerevisiae data, and to provide a useful resource to
other population geneticists, a software tool called ObStruct was created to
objectively analyze the outputs of Bayesian population genetics tools.
Combined, these results represent a significant addition to our knowledge
of the worldwide distribution of Saccharomyces and, more importantly, this
is one of the first detailed studies on the evolutionary history and dispersal
patterns within a microbial genus.
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Introduction

1.1

1

Overview

This thesis aims to broaden our understanding of the patterns and processes of
microbial distributions, particularly in relation to long-distance dispersal events by
natural and anthropogenic means. It uses the Saccharomyces yeast genus in New
Zealand as a model population that is simultaneously dispersed by humans and genetically structured by geography to address this aim. To further study intraspecies
population structure, a new method for population genetics was developed that allows the objective quantification of differences between populations and, crucially,
tests the statistical significance of this structure.
The structure of this introduction is designed to provide a broad overview of
the fields of study relating to the topic and the history of how they came to be.
The first section describes species concepts and includes the different parameters
that have been hypothesized to delimit species during speciation. This acts to
highlight the complexity of species subdivision and the fact that species boundaries
are fluid and measurable using the tools within the fields of phylogenetics and
population genetics. Species distributions are the subject of the next section and
broadly describe the fundamental biological theories that have developed due to
1

1. Introduction

observations and quantifications of species in different areas – known as the field
of biogeography. The contemporary field of phylogeography is also introduced.
Phylogeography takes species distribution observations one step forward and uses
genetic data to understand the processes that give rise to these distributions. These
first two major sections define and describe fundamental biological and ecological
processes that are crucial to understanding the rest of the introduction.

Moving closer to the subject of the thesis, the next section is a detailed description of microorganisms, beginning with their initial discovery and characterization
as part of fundamental ecological and industrial processes. Their immense global
distributions and diversity are then explored and DNA sequencing is introduced as
a method of determining diversity and relatedness. Microbial biogeography and
hypotheses within this field are described along with contemporary studies that
use sequencing as a method of objectively analyzing diversity in disparate locations. Finally within this section, the mechanisms of dispersal and differentiation
in microbial populations are described. The next section outlines the phylogenetic
and population genetic methods used to draw the conclusions of the previous sections and goes into the history of the development of these methods. This sets the
stage for the improvement of current methods in population genetics described in
the first chapter of this thesis.

The next two sections focus on Saccharomyces in general and Saccharomyces cerevisiae in particular, as these are the subjects of the second and third chapters. The
concepts introduced in the prior sections are applied to these yeasts to describe
their diversity, ecology, potential origins and inferred evolutionary histories. This
provides a broad overview that the latter two chapters explore in depth with the
addition of data generated from New Zealand and analyzed using the methods
described earlier. Finally, a short section on the geological and anthropogenic
histories of New Zealand is included to place the work of this thesis in a global
context and indicate why New Zealand is an interesting environment to conduct
this research.
2
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1.2

Species Concepts

The fundamental unit of ecology is the species. When describing broad patterns,
processes and distributions of organisms in the natural environment, ecologists
largely refer to species as a singular entity that moves and interacts with other such
entities. Species are usually made up of populations – groups of individuals that are
geographically or behaviorally separated, typically with nonzero gene flow between
them. Common knowledge now dictates that sufficiently restricted gene flow between populations for whatever reason will eventually lead to speciation. While at
first glance it appears trivial to delimit species by phenotype, closer inspection has
shown a myriad of complexity in organismal interactions that challenge the phenotypic definition (Mayr, 1992). The main problem is illustrated in Figure 1.1 where
one species is shown to speciate into two with progressive differentiation delimited
by a number of quantifiable differences called species criteria (SC). SC1 and SC9
represent the species prior to speciation and afterwards, respectively, at times when
these classifications are indisputable using any metric. However, criteria 2 to 8 represent times at which the divergent lineages acquire different properties that could
be used to separate them into two species. These properties could initially include
small genotypic differences for SC2-4, ranging to progressively divergent phenotypic differences for the latter criteria. The act of defining the species boundary
then comes down to a preference for the criterion used, which has been a heavily
debated topic within biology due to the complexity of defining just what a species
actually is.
Over 20 hypotheses have been suggested through the mid to late twentieth
century to attempt to describe a single property that can be used to delimit species
from one another (Hey, 2006). The oldest four, and perhaps the best known, are:
the biological (reproductive) species concept; the evolutionary species concept; the
phylogenetic species concept; and the ecological species concept. The biological
species concept suggests that reproductive isolation between groups of actually or
potentially interbreeding natural populations constitutes species boundaries (Mayr,
1992). The evolutionary species concept aims to incorporate a temporal aspect by
introducing lineages as ancestral-descendent sequences of populations that evolve
3
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Figure 1.1: Graphical representation of a speciation event with increasing divergence through time. The speciation event is divided into nine species criteria (SC)
ranging from no divergence to complete divergence. Reproduced from De Queiroz
(2007).

separately from others and have their own roles and tendencies (Wiley, 1978). The
phylogenetic species concept takes a data-centric approach by classing species as
the “smallest aggregation of populations (sexual) or lineages (asexual) diagnosable
by a unique combination of character states in comparable individuals” (Nixon and
Wheeler, 1990). This concept is divided into several camps differing on the precise phylogenetic attributes used to delineate species (De Queiroz, 2007). Finally,
the ecological species concept acknowledges selection as the driving force of speciation by classifying species as lineages occupying minimally different adaptive
zones (niches) (Andersson, 1990).
Unfortunately, each of the species concepts described has exceptions that invalidate its universal application to all organisms (De Queiroz, 2007). A contemporary distillation of the singular common element between them has suggested that
a species is a “separately evolving metapopulation lineage” (De Queiroz, 2007).
4
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This is known as the unified species concept and is the broadest concept to date.
A metapopulation is defined as an “inclusive population made up of connected
subpopulations”, or, more simply, a population of populations with some amount
of gene flow between them (De Queiroz, 2007). Where metapopulation refers
to a temporal snapshot, a lineage is an ancestor-descendent sequence of population with the key component being the temporal aspect (Saikia et al., 2008). A
metapopulation lineage can then be thought of as an amalgamation of the two
ideas that have delimited past species concepts: current distribution or behavioural
differences; and differences arising through past events such as genetic drift or selection. A metapopulation lineage (or part thereof ) must be separately evolving to
be speciating, and the concept states that no single factor is the determining cause
of speciation – rather, it is the fact that lineages are separately evolving that matters.
Throughout the course of the speciation, different properties such as reproductive
isolation, ecological isolation and reciprocal monophyly will occur, but this unifying concept treats these as properties rather than the sole identifying factors of
speciation (De Queiroz, 2007).

In a more practical sense, biologists do unanimously agree that species are the
products of evolution and arise when individuals within one species share an evolutionary history different to that of organisms in other species (Hey, 2006). Thus,
each field within biology ultimately uses the theoretical unified species concept
and applies the relevant properties given the taxa being studied. For example, bacteria have been notorious for causing exceptions to species concepts due to their
asexual reproduction, the difficulty in obtaining pure cultures and their frequent
horizontal gene transfer between distantly related individuals (Staley, 2006). This
has prompted bacteriologists to adopt a species concept that relies heavily on the
genetic/genomic aspects of bacteria that they can readily measure (Staley, 2006).
Each field thus does the best that it can, given the organisms of study and the
current technology available for generating data on properties that differ between
putative species.
5
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1.3 Species Distributions
1.3.1 Biogeography
Biogeography is the study of the distribution patterns of organisms in space and
time and the long-term processes that lead to broad differences in these distributions. It focuses on describing the patterns of species distributions in different
locations in an attempt to understand the diversity of life on Earth and how it has
changed through time. The field was not formally described until the twentieth
century when the labels of ‘biogeography’ and ‘ecology’ were first applied to the
observations and ideas of naturalists in the eighteenth and nineteenth centuries
(Browne, 2001). These observations and ideas came about at a time when little
was known about the world in general, let alone about its biodiversity.
As European naturalists gained the ability to travel and explore the world, they
brought back samples of native flora and fauna which religious scholars attempted
to classify and find room for on the biblical Ark (Briggs, 1995). Eventually it
became obvious that the biodiversity that was being discovered could not feasibly have fit onto a single ship and scholars abandoned the idea. Despite this, the
idea of a global flood was so ingrained in society at the time that Carl Linnaeus,
the father of modern taxonomy, while classifying many specimens, believed that
they had been created on an ecologically stratified mountain which allowed them
to survive the great flood and then spread throughout the world (Briggs, 1995).
Eventually these ideas too were discarded and replaced with the idea of many centres of creation whereby species were created in the areas where they then lived
(Briggs, 1995). Until the time of Darwin, these ideas developed to include adaptation to environments, competition between species and change over time as a
function of environmental changes; in these concepts we can first see the beginnings of present-day biogeography and ecology (Browne, 2001).
In the mid-nineteenth century, the ideas of Charles Darwin and Alfred Wallace changed the landscape of ecology, biogeography and, indeed, biology forever.
They finally provided a mechanism to explain all of the observations and ideas
that previous scholars had been developing. The idea of natural selection came
6
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about after both men made extensive observations of the patterns of distributions
of organisms around the world (biogeography) in light of the developing ideas
in ecology at the time. Wallace went on to develop biogeography with his ‘The
Geographical Distribution of Animals’ that made a number of important conclusions regarding the reasons for species distributions. These conclusions included
the concepts that: biotic factors play an important role in the distributions, extinctions and dispersal are present in both plants and animals; patchiness of habitats is
important to the distribution of a species; and differences between higher levels of
taxonomic classification are greater than those at the species level (Briggs, 1995).
The twentieth century saw the development of phylogenetics as a method of
objectively analysing species relatedness and relationships in a way that was not
previously possible. Statistical methods arose along with the field of population
genetics thanks to such pioneering statisticians as R. A. Fisher, S. Wright and J.
B. S. Haldane (Watterson, 1975). Combined, these techniques changed biogeography from a descriptive field with many hypotheses to a field where the ability to
empirically test these hypotheses was now possible.
Since its inception, biogeographers have contributed to the discovery and characterization of many important ecological patterns and processes. Perhaps the
most fundamental of these is the taxa-area relationship, which states that the number of species increases as the observed area increases and follows a power-law
relationship (Horner-Devine et al., 2004). This relationship was first quantified
in the 1920’s for plant and animal communities and much more recently for bacterial communities, and appears to be a universal law for all life in all ecotypes
(Horner-Devine et al., 2004). Another immensely important process studied by
biogeographers is speciation and its causes. Following the widespread acceptance
of continental drift in the late 1950’s, the idea of vicariance (geographic barriers delimiting formerly contiguous populations) as the major determinant of contemporary species and their distributions became widespread through the 1970’s
(Briggs, 1995). By the 1980’s, dispersal was accepted as another allopatric process
leading to speciation, and later still speciation by parapatry (immediately adjacent
populations) and sympatry (co-existing populations) (Briggs, 1995). This gradual
7
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understanding of the speciation process was in part due to the direct observations
of species distributions and more recently due to phylogenetic characterization in
the field of phylogeography.

1.3.2 Phylogeography
Whereas biogeography largely concerns itself with patterns of biological distributions, phylogeography uses a marriage of phylogenetics with population genetics
to understand the processes that give rise to these distributions, within and between closely related species (Avise et al., 1987). Phylogenetics operates at a coarse
resolution between species or divergent populations and produces a single best estimate of evolutionary history. Population genetics operates at a finer resolution
that delves into heredity and admixture between individuals to determine the extent to which they are differentiated from one another and produces estimates of
their ancestry (Avise et al., 1987).
Phylogeography is a young field and utilizes genetic data of a known geographic origin to test hypotheses on the ways in which geographic phenomena,
species distributions and the mechanisms driving speciation interact to influence
species evolutionary trajectories (Hickerson et al., 2010). The field has grown significantly in part due to the development of coalescent theory by mathematicians
and population geneticists during the early 1980’s (Kingman, 2000). Traditional
population genetics uses a forward-time approach where the frequencies of alleles
are calculated from some starting point into the future. Coalescent theory approaches the process the other way around by starting with a sample of alleles and
tracing the gene genealogies back in time to the point of their coalescence (Hickerson et al., 2010). The theory was highly relevant to phylogeography since it also
allowed the modelling of complex demographic histories to estimate important
phylogeographic parameters such as historical population sizes, divergence times
and migration rates (Hickerson et al., 2010).
Modern phylogeography allows us to further disentangle the species divergence
process. It is generally accepted that geographic isolation for extended periods of
time leads to speciation, but speciation in the presence of gene flow has been a
8
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hotly debated topic for decades (Hickerson et al., 2010). By using multiple loci
in multiple individuals from two or more locations, phylogeography has the power
to more accurately study species divergences than by using a single locus for identification (Knowles, 2009). The inclusion of behavioural and morphological data
into this pool of genetic data can further test how reproductive isolation builds up
over time despite gene flow. The use of multilocus data has allowed the identification of genes that play a major role in the speciation process and therefore track
a species divergence (Knowles, 2009; Seehausen et al., 2014). Questions regarding the timing of divergences between populations or species are also answered by
phylogeography and have important consequences for inferring species movements
through time (Drummond et al., 2006). With the recent advent of low-cost whole
genome sequencing, the need to make sense of the data has led to a new field called
phylogenomics (Delsuc et al., 2005). This field largely addresses similar questions
as phylogenetics and phylogeography but does so on genomic data that contains
more information on the evolutionary history of organisms.

1.4

Microorganisms

1.4.1 Discovery and Characterization
Microorganisms, commonly referred to as microbes, are defined as microscopic
organisms, i.e. those that require a microscope to be seen. They are generally
single celled, but can flocculate to grow in clusters or as multicellular organisms
with specialized cells. Microbes exist in virtually every major part of the tree of
life, with the domains of Bacteria and Archaea almost entirely composed of them.
Within the domain of Eukaryota, microbes are present and common within the
four kingdoms: Protista, Fungi, Animalia and Plantae.
The discovery of microbes was closely tied with the development of microscopy.
Indeed, Antonie van Leeuwenhoek was the first to observe and describe microbial
cells (protozoa and bacteria) in the 1670’s due to his proprietary improvement of
microscope technology (Porter, 1976). In 1680, he was also the first to characterize yeast cells in fermenting beer wort and observed that they gave off significant
9
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amounts of gas (Porter, 1976). He did not, however, realize that these yeasts were
living organisms carrying out the fermentation (Barnett, 1998). It was not until
the 1830’s that the first claims were made that they are in fact living organisms due
to observations of their apparent increase in density within a fermentation, of budding, and of proliferation in controlled experiments involving sterilization of media
(Barnett, 1998). While some had already accepted that fermentation and spoilage
is caused by living organisms, in the 1860’s Louis Pasteur definitively proved this
and popularized germ theory over the previous idea of spontaneous generation
(Schwartz, 2001). Pasteur can be considered the father of microbiology due to his
extensive observational and experimental work characterizing microbes as being
the causative agents of a number of processes including disease, spoilage and fermentation of wine, beer, dairy products and vinegar (Schwartz, 2001). Crucially,
he applied his discoveries to the betterment of industry and medicine alike by developing processes which are still in use today (such as pasteurization and pure
cultures) and laid the ground work for the identification of causative microbes
of widespread diseases and a number of other epidemiological fields (Schwartz,
2001).

1.4.2 Ecological Roles
Pasteur understood the “immense role of infinitely small bodies in the general economy of nature” (Pasteur (1862) in Schwartz (2001)), referring to the ecological
roles of microbes in disease and decomposition. In the late nineteenth century, the
scale of microbial effects on vital ecosystem functions first began to be characterized. An example of this was the involvement of microbes in nitrogen fixation and
denitrification which led to a broader understanding of the nitrogen cycle (Royal
Botanic Gardens, Kew, 1898). By the mid-twentieth century, microbes were accepted as absolutely essential to life on earth (“without them the carbon cycle, and
hence life, would cease to function” (Dagley, 1976)) through their versatility in degrading biochemically inert compounds accumulated by plants (Dagley, 1975). A
deeper understanding of their vital roles in the nitrogen cycle (Likens et al., 1969)
and sulfur cycle (Pfennig, 1975) was also achieved. They were increasingly named
10
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and the ecological niches of the major taxonomic groups were characterized.

Around this time, it became apparent that microbes are not independent units
that exist in isolation of one another. Instead, they live as populations where each
species and cell interacts with the others around it and influences other members
of the population (Gall, 1970). Processes that had been observed and described
in traditional macro-organismal ecology were also found to exist in the microbial
world: commensalism, inhibition, food competition, predation, parasitism, and
synergism (Bungay and Bungay, 1968). This led to the realization that understanding microbial ecological processes requires knowledge of the physiological
requirements of each member of the community, and only after this knowledge
can inferences about interactions begin to be made (Gall, 1970).

Biofilms offered an opportunity to observe and characterize these requirements
and interactions. First described in 1936 and shown to be ubiquitous in 1978,
biofilms are defined as “matrix-enclosed bacterial populations adherent to each
other and/or to surfaces or interfaces” (Costerton et al., 1995). They occur as slimy
coatings on inert surfaces such as rocks in a stream and teeth (as plaque) or on plant/animal cells such as intestines and lungs (Costerton et al., 1978). Similarly to a
freshly-cleared patch of forest, biofilms form by a successive colonization of different bacterial species from the primary colonizers that produce the polysaccharide
matrix to the secondary and tertiary colonizers that respond to chemotactic cues
and form a complex community (Costerton et al., 1995). The communities that result are complex with primary producers at the surface and heterotrophs deeper in
the biofilm (Costerton et al., 1995). The main benefit of the formation of biofilms
is protection from the environment: they help bacteria withstand phages, amoeboid predators, protozoa, antibiotics and other harsh environmental conditions
(Costerton et al., 1995). Biofilms can therefore be seen as a highly successful ecologically adaptive strategy for growth and give us a concentrated insight into the
complexity and lives of microbial species.
11
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1.4.3 Distribution and Diversity
Given the roles of microbes in the major nutrient cycles, their propensity to create
their own environments and their complex ecological interactions, it is not surprising that they are incredibly widespread and abundant. Early work beginning in
the late nineteenth century and developing through the early twentieth century
identified a wide variety of microbes capable of growing in extreme conditions:
thermophiles/psychrophiles (high and low temperatures, respectively), barophiles
(high pressures), halophiles (high salt concentrations), osmophiles (high sugar concentrations), acidophiles/alkaliphiles (high and low pH, respectively), facultative
anaerobes (no oxygen) and even combinations thereof (Skinner, 1968). Of course,
these findings were in addition to existing knowledge of the immense diversity and
abundance of microbes in environments such as soils, estuaries, oceans, deserts and
many more. In the oceans alone, the total number of prokaryotic cells alone has
been estimated at 1029 , but the species delineations of these cells have been and
continue to be a problematic issue (Pedrós-Alió, 2006).
Traditional microbiology relied on phenotypic characteristics such as cell shapes,
sizes, nutrient utilization profiles and stain responses to identify and characterize
microbial species (Rajendhran and Gunasekaran, 2011). In the late 1970’s, the first
DNA sequencing techniques using dideoxynucleotide chain termination sequencing were developed and involved the addition of radioactively-labelled nucleotides
to the complementary strand of interest and random termination of elongation.
The resulting sequence could then be read on an electrophoretic gel (Olsen et al.,
1986). Several years later, the polymerase chain reaction (PCR) was developed
and suddenly allowed the rapid amplification of DNA fragments from very small
DNA concentrations in a sample to very large concentrations for DNA sequencing. Sequencing was still a very slow and cumbersome process, but nonetheless
revolutionized microbial ecology, and indeed our entire understanding of the history of life on earth. This was aided by the use of 16S ribosomal RNA – a highly
conserved genetic locus present in prokaryotic ribosomes (Olsen et al., 1986). The
slow evolution of this locus meant that organisms vastly divergent from one another could be measured against one another using a standard ruler.
12
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Early sequencing studies by Carl Woese using this locus and its related eukaryotic form found that: life was broadly divided into 3 domains (not 2 as had
been previously thought); eukaryotic mitochondria and chloroplasts are related to
prokaryotes; and eukaryotes are equally as ancient as prokaryotes (Olsen et al.,
1986). For the first time, both known and unknown microbes could be identified
using the sequences of their ribosomal RNA and degrees of relatedness could be
inferred using the sequence similarities obtained. Where originally the number of
sequences generated were limited to several hundred at most, modern 16S studies
are able to extract and sequence millions of 16S fragments from environmental
samples and bioinformatically infer the diversity and relative abundances of organisms present (Rajendhran and Gunasekaran, 2011).
Unfortunately, it was quickly found that many microbes are non-culturable due
to unknown nutrient and environmental requirements for growth. Nevertheless,
their genetic identity and abundance could be studied using these ribosomal sequences (Pedrós-Alió, 2006). This paved the way for modern metagenomics where
microbial DNA in an environmental sample can be fragmented and sequenced,
yielding assemblies of coding sequences/signatures and their proportions in the
sample (Tringe et al., 2005). Broad metabolic pathways within the sample can
then be inferred giving a more complete picture of not only the diversities and
abundances of species in the sample, but also providing estimates of their functional and ecological roles in the system (Wooley et al., 2010). The rapid development of sequencing technology to increase both read length and the amount of
overall data generated means that metagenomic studies are now able to assemble
entire microbial genomes from environmental samples, including species that we
cannot culture in the laboratory, and then computationally infer their metabolism
entirely from these genome sequences (Wooley et al., 2010).

1.4.4 Biogeography
In the 1860’s, Pasteur showed that microbes move through the air in a series of
experiments involving sterilized media and different levels of access to open air
(Schwartz, 2001). By the early twentieth century, after the widespread acceptance
13

1. Introduction

of microbes as being extremely common in the environment, the famous Baas
Becking hypothesis was born – “everything is everywhere, but, the environment
selects” (de Wit and Bouvier, 2006). This hypothesis became the central dogma in
microbial biogeography for decades to come and consists of two observations: the
first is that microbes are small and therefore easily capable of long distance passive
dispersal via wind, water or vectors; and secondly, being small, microbes can grow
to very large population sizes which means there is more of them to disperse than
of larger organisms (Barberán et al., 2014). One could therefore expect to see
similar communities of microbes in similar habitats in geographically separated
locations and microbial endemism should be nonexistent (Fontaneto, 2011). The
interpretation of this hypothesis with regard to the occurrence of biogeographical
patterns in microbes has itself been debated (de Wit and Bouvier, 2006). Some
have taken it to imply that microbes do not show these patterns (Fontaneto, 2011),
while others have taken it to mean that geographic distance between habitats has
less relevance on community assembly than the habitat itself, but biogeographic
patterns can still exist (Barberán et al., 2014).
Regardless of the interpretation, the question of ubiquity versus biogeography
in microbial species is what microbial ecologists have striven to determine. Early
studies were understandably limited to phenotypic characterization of species and
thus it appeared that similar niches in different parts of the world housed the same
species of microbes (Fontaneto, 2011). With the advent of PCR and DNA sequencing, for the first time the relatedness of geographically separated microbial
species could be quantified. Studies using ribosomal sequences were the first to
address these questions and broadly found that microbial communities do display
patterns of biogeography in that they are not randomly distributed through space,
that the environment does select for the microbial species present and that the
claim that everything is everywhere cannot be broadly applied to all species or
communities (Martiny et al., 2006). Perhaps the best evidence for the presence
of microbial biogeography is species endemism in specific geographic locations
(Hanson et al., 2012).
As the cost of sequencing dropped further, studies of microbial biogeography
14
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could sample more widely within and between regions as well as sequencing multiple loci rather than just ribosomal DNA. This meant that population genetic
approaches could be applied to microbial species, populations and communities
where before only diversities and relative abundances could be examined. Broadly,
these studies have found evidence that different locations harbor genetically distinct microbes and that as the sampling area is expanded, genetic similarity decreases – known as a distance-decay relationship (Hanson et al., 2012). This type
of relationship has long been identified for macroorganisms and is a strong indicator for the presence of biogeographical patterns (Hanson et al., 2012). Of course,
just like macroorganisms, some microbial species do display cosmopolitan distributions, potentially at greater frequencies due to their size (Finlay, 2002). Thus, it
appears that microbial species do generally display community structure, biogeographic patterns and even population structure.

1.4.5 Dispersal and Differentiation
For biogeographic patterns to emerge, dispersal from a source population followed
by successful establishment is necessary. Microbes make excellent colonizers due
to their general ability to reproduce asexually, meaning that a single cell can found
a new population. Many species also have the ability to form hardy dormant spores
which germinate in favourable conditions (Barberán et al., 2014). These abilities
act to reduce dispersal limitation, the restriction in movement and establishment
at a given location, leading to increased rates of dispersal and gene flow (Hanson
et al., 2012). However, the presence of distance-decay relationships in microbial
communities indicates that past dispersal events have left a mark on contemporary
distributions, providing evidence that dispersal limitation is not entirely absent
(Hanson et al., 2012).
After successful dispersal, followed by active growth and reproduction, microbial colonists will be subject to the three processes that increase genetic diversity:
mutation, selection and genetic drift (Martiny et al., 2006). Mutation is a nondirected process that stochastically creates changes in the genome. Selection then
acts on these changes by gradually selecting for characteristics more favorable in
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the new environment, such as the utilization of a different resource or the ability to withstand different environmental stresses and selecting against deleterious mutations that reduce adaptation. Genetic drift is also a stochastic process
but operates on the whole organism level through changes in genotype frequencies due to chance demographic events such as births and deaths (Hanson et al.,
2012). For biogeographic patterns to emerge, these three processes must outweigh
the counterbalancing forces of dispersal (gene flow) and homogenizing selection
(Fontaneto, 2011; Martiny et al., 2006). Laboratory studies seem to indicate that
microbes may diversify and speciate more rapidly than macroorganisms due to their
larger population densities and shorter generation times (Martiny et al., 2006).
This presents an interesting phenomenon where a reduction in dispersal limitation, leading to more gene flow that suppresses speciation, may be balanced by
increased rates of genetic diversification, which promote speciation.
How then do microbes physically move in the natural environment? Dispersal
can be categorized as either passive or active. Passive dispersal implies that the
environment determines the distance and duration of dispersal, for example, a bacterium in the forest may be blown a great distance during a storm. Active dispersal
involves expending energy to physically move oneself; an example of this in the
microbial world is bacterial flagella that allow movement on the micrometer scale,
generally within a solution. Passive dispersal is more common in microbes due to
physical limits on distances that can be covered using active propulsion (Martiny
et al., 2006). However, passive dispersal has proven to be very effective for moving microbes great distances. Due to their small sizes, microbes are easily swept
up by the wind and have been extensively isolated in air masses from ground level
up to high altitudes (Pearce et al., 2009). They are capable of reproducing within
this environment and may have an important role as cloud condensation nuclei,
further dispersing them to a myriad of locations (Pearce et al., 2009). Likewise,
ocean currents are an important source of passive dispersal and house an immense
genetic diversity of microbes (Pedrós-Alió, 2006). Passive dispersal can also rely
on vectors that can move microbes great distances. Microbes are present on both
plants and animals and when these move or migrate, the microbes come with them.
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Migratory birds are a potential source of very long distance dispersal (Fontaneto,
2011), and humans have been shown to disperse microbes both intentionally and
unintentionally (Liti et al., 2009). At the intermediate scale, insects and birds have
also been shown to disperse microbes (Stefanini et al., 2012; Goddard et al., 2010;
Francesca et al., 2011).
All of the patterns, processes and hypotheses presented here serve to demonstrate the complexity of microbial biogeography and ecology. It is a field in its
infancy due, until very recently, to our inability to accurately determine diversity
and abundances of microbes in the environment. The decreasing cost of sequencing has meant more data is being generated from an increased number of samples.
Utilization of this data allows advanced inferences to be drawn about rates of migration, diversity and evolution within microbial species, and helps to answer fundamental questions that have been elusive for so long. To do so, computational
and statistical methods have been developed to cope with the expanse of data and
to make sense of the information.

1.5

Methods in Phylogenetics and Population Genetics

1.5.1 Phylogenetics
Phylogenetics aims to reconstruct the evolutionary history of organisms within and
between species. A key requirement for phylogenetic reconstruction is the selection of homologous characters (those descended from a common ancestor), as these
enable direct comparisons between distantly related organisms. Initially, characters were derived from morphological or macromolecular comparisons of sampled
individuals. Morphological differences could be physically measured and quantified while molecular similarity was determined using such techniques as DNADNA hybridization and antibody cross-reactivity (Olsen et al., 1986). These methods were largely limited to pairwise comparisons between individuals, which acted
to reduce the total number of individuals analyzed and the ability to easily compare against future inclusions of new individuals (Olsen et al., 1986). The advent
of molecular sequencing gave rise to the use of molecular sequences as charac17
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ters. Not only was the quality of data vastly improved, but the sequences produced
could be more readily accumulated and stored in databases for analysis against past
and future sequences of the same loci (Olsen et al., 1986). Phylogenetic inference
is carried out on comparisons of characters, typically after building a character
matrix of species/individuals (rows) and character states (columns) (Delsuc et al.,
2005). Through the late twentieth century and into the twenty-first, phylogenetic
methods have developed and matured into three main categories that are prevalent
today: distance methods, maximum parsimony methods and likelihood methods
(Delsuc et al., 2005).
Distance methods are based on calculating the relative distances between all
pairs of species/individuals, in effect converting a character matrix to a distance
matrix (Delsuc et al., 2005). The phylogenetic tree is then constructed from the
distance matrix using a method such as the neighbor-joining method which starts
with a star-shaped tree and goes through a series of stages that each minimize
the total branch lengths in the tree (Saitou and Nei, 1987). Maximum parsimony
methods have the goal of creating a tree that minimizes the number of character
changes between all pairs of species/individuals (Delsuc et al., 2005). Finally, likelihood methods use a model to calculate the probability (likelihood) that a given
tree produced the character matrix (Delsuc et al., 2005). Two major likelihood
methods are: Maximum Likelihood (ML), which maximizes the probability of
observing the data given an evolutionary model (Olsen et al., 1986); and Bayesian
methods, which generate a distribution of trees based on their posterior probability
from the Bayes’ formula (Delsuc et al., 2005).
Likelihood methods are the preferred modern tool for inferring phylogenies
because they make fewer broad assumptions on sequence evolution and attempt
to account for the processes that give rise to species divergence, such as unequal
rates of evolution for different lineages (Drummond et al., 2006). At the forefront
of Bayesian likelihood methods is the software package BEAST (Drummond and
Rambaut, 2007). BEAST uses the stochastic algorithm Markov Chain Monte
Carlo (MCMC) to produce sample-based estimates of the posterior probability
of a set of evolutionary parameters using molecular sequence alignments (Drum18
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mond and Rambaut, 2007). It estimates evolutionary parameters for each locus
separately rather than concatenating the sequences as other methods do, which
has been shown to lead to incorrect phylogenies (Kubatko and Degnan, 2007).
The evolutionary parameters that BEAST integrates include: substitution models,
insertion-deletion models, demographic models, tree shape priors, relaxed clock
models and node calibration models; which gives it immense power to incorporate
known information on the target organisms where it is available and estimate it
where it is not (Drummond and Rambaut, 2007). BEAST also models the rate
of evolution independently on each branch of the tree and for each locus, allowing
it to incorporate time scales on the phylogenies it produces and therefore estimate
divergence dates between species and/or populations (Drummond and Rambaut,
2007).

1.5.2 Population Genetics
Organisms within a species are typically grouped into populations that are separated by behavioral (sympatric) or physical (allopatric) boundaries to some extent.
These populations can either co-exist with gene flow for extended periods of time
or become increasingly separated, potentially leading to speciation. We thus end
up with many more populations than species, and the field of population genetics uses molecular data to quantify the differences between individuals belonging
to two or more populations. It does this with the implicit ecological goals of understanding diversity, adaptation, connectedness and speciation. The quantifiable
units of interest in population genetics are the frequencies of alleles in two or more
populations. As with phylogenetics, the genetic loci to be studied must be homologous, but those chosen are typically faster evolving than for phylogenetics,
to capture the minute differences between populations that conserved loci do not
always reveal.
Population genetics was founded as a field of study in the early twentieth century by R. Fisher, J. B. S. Haldane and S. Wright as a very mathematical discipline (Watterson, 1975). The goal was to theoretically determine the effects of
ecological processes on allele frequencies within segregating populations (Watter19
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son, 1975). As such, population genetics has a strong analytical foundation with
which to quantify differences between populations. Perhaps the best example of
this are Wright’s F-statistics, first described in 1921 and expanded upon to their
current form in 1951, that measure the deficit of heterozygosity (i.e. inbreeding)
relative to a null model (known as Hardy-Weinberg equilibrium) which assumes
random mating between individuals (Wright, 1951). The F-statistic ranges from
-1 to 1 and can be calculated for 3 subsets of a given dataset: FIS , FST or FIT where I
stands for individuals, S for subpopulations and T for the total population (Wright,
1951). The most commonly used of these in population genetics is FST because
it compares the subpopulations in the dataset with all of the populations together.
In effect, it measures inbreeding caused by the correlation of alleles due to being in
the same subpopulation and relates that to the overall level of inbreeding (Balloux
and Lugon-Moulin, 2002). If we imagine two populations genotyped at a single
two-allele locus, if all individuals within one population are homozygous and all
individuals in the other population are homozygous for a different allele, the value
of FST will be 1. If allele frequencies are the same between the populations, FST
will be 0.
This simple, yet incredibly valuable, statistic is still widely used in population
genetics as a basic quantification of population structure in a sampled dataset. Unfortunately, it requires a priori classification of individuals into subpopulations,
which can mask the presence of real population structure for an unknown secondary variable (Pritchard et al., 2000). For example, a study may genotype a
large number of individuals from two geographically separated locations and classify individuals into two populations based on their sampling location. If a low
FST value is obtained, it could be that the two locations are genuinely connected
with significant gene flow (and therefore little population structure), or, population structure does exist, but geography is not the determinant; rather it could be
due to discrete sexual selection or any number of other variables.
Recent methods in population genetics use Bayesian approaches with MCMC
to remove this a priori classification of individuals and infer population structure
using just the data itself. The most popular of these is called Structure and at20
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Figure 1.2: distruct plot for ancestry profiles (K=6) generated from a sample of
1,484 humans from 78 worldwide populations and genotyped at 678 loci. Reproduced from Wang et al. (2007).

tempts to iteratively group individuals into a fixed number of inferred populations
that are as close to Hardy-Weinberg equilibrium as possible (Pritchard et al., 2000).
Other iterative Bayesian MCMC methods include InStruct (Gao et al., 2007)
which calculates expected genotype frequencies based on inbreeding coefficients,
and baps (Corander et al., 2004) which implements a number of novel algorithms
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that aim to efficiently analyze large-scale datasets.

Figure 1.3: distruct plot for ancestry profiles (K=15) generated from a sample
of 179 S. cerevisiae strains from six regions and genotyped at eight loci. Generated
using data from Knight and Goddard (2015).

All three methods are capable of inferring admixture, otherwise known as gene
flow between inferred populations. Admixture means that a given individual can
have part of its ancestry in one inferred population and part in another, which is
an informative metric for describing past histories of an individual or population.
Practically, admixture is output by the three methods as ancestry profiles – the proportion of ancestry every individual has to each inferred population, summing to
1. These ancestry profiles are typically plotted as column graphs using distruct
(Rosenberg, 2003) and are subjectively interpreted for signals of population structure and historical admixture. Figure 1.2 shows such a plot for 1,484 humans from
21
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78 worldwide populations (Wang et al., 2007). The proportion of ancestry each individual (columns) has to each of the 6 inferred populations is indicated by unique
colors within columns. When all sampled individuals from a single location share
ancestry and are therefore grouped in their own inferred populations, that block
consists of a single unique color. If an individual is the product of a recent admixture event, it may have ancestry to two inferred populations which gives us
some idea of its origin. For organisms with relatively high population structure,
these plots are easy to interpret and immensely informative. Unfortunately not all
populations are as easy to interpret; microbes are notorious for high rates of gene
flow, which makes their population histories much more complicated. Figure 1.3
shows a distruct plot for a microbial species (179 individuals, 6 regions), and it
is immediately obvious that there is far more gene flow between regions, making
the subjective interpretation of this plot more difficult. To date, there is no objective method to interpret these ancestry profiles to: 1) quantify the amount of
population structure present in the dataset; 2) quantify the contribution of each
of the sampled populations to the overall structure; and 3) perform permutation
significance testing to determine the extent to which the observed structure differs
from a random distribution. This is addressed in Chapter 2.

1.6 Saccharomyces Yeasts
1.6.1 Genus Description
Yeasts are single-celled eukaryotic microorganisms in the kingdom Fungi. Saccharomyces presently consists of seven naturally occurring species and at least three
hybrids commonly used in industrial settings (Figure 1.4) (Hittinger, 2013). Prior
to current high throughput sequencing and multi-locus phylogenetic methods, a
multitude of other Saccharomyces species were denoted and misclassifications were
rife (Hittinger, 2013). Some of these extraneous species names are still in use today,
such as S. boulardii which is commonly used as a probiotic with many current publications using this name, despite having been genetically identified as a strain of
S. cerevisiae (MacKenzie et al., 2008). With the advent of sequencing technology
22

1.6. Saccharomyces Yeasts

and a greater interest in Saccharomyces, the relationships of the species that we see
in Figure 1.4 were established and were further verified by hybridization (crossing)
testing (Naumov et al., 2013, 2010, 1998, 2011). While we are confident in the
current classifications, two of these species have only been recognized in the last
decade by environmental sampling: S. arboricola and S. eubayanus (Libkind et al.,
2011; Wang and Bai, 2008), indicating that further diversity may yet be discovered
with wider sampling efforts.

Figure 1.4: The current best estimate of the Saccharomyces phylogeny and origin
of industrial hybrid species, reproduced from Hittinger (2013).

The genus originated approximately 20 million years ago (Kellis et al., 2003)
and while it is young, the protein sequence divergence levels within it are similar to those between humans and chickens (Dujon, 2006). In part, this has been
driven by a whole genome duplication (WGD) event that occurred approximately
100 million years ago and was an important source of evolutionary novelty (Wolfe
and Shields, 1997). While only 12% of these ohnologous (the product of whole
genome duplication) genes were retained (Wolfe and Shields, 1997), this WGD
event threw fuel into the fire of selection and lead to functional specialization and
accelerated sequence divergence between gene copies (Kellis et al., 2003). More
importantly, the net result was a rapid divergence of expression leading to functional asymmetry (Gu et al., 2005). Within Saccharomyces, an example of the effect
the WGD event had is an increase in sugar-utilization genes (Dujon, 2006), one
of the characteristic features of the genus and for which it is named.
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1.6.2 Ecology
Saccharomyces is best known for its ability to degrade six-carbon sugars (C6 ) to
two-carbon components (C2 ), primarily ethanol, even in the presence of oxygen,
a process that is commonly referred to as alcoholic fermentation. Normally, sugar
degradation proceeds via the oxidative respiration pathway, which is far more efficient and uses oxygen as the final electron acceptor. Instead, in Saccharomyces
yeasts, the presence of C6 sugars such as glucose actively represses the oxidative
respiration pathway, with the less efficient fermentative and glycolysis pathways expressed instead (De Deken, 1966; Johnston, 1999). This is known as the Crabtree
effect and leads to accumulation of ethanol, as sugars are more rapidly consumed
in the anaerobic pathways compared with their aerobic counterpart (Piskur et al.,
2006). When the concentration of sugars reaches a low level, a diauxic shift takes
place and the ethanol produced earlier becomes a substrate for aerobic respiration
(De Deken, 1966).
The Crabtree effect is less efficient than simply oxidatively consuming the sugars from the beginning, so why does the Crabtree effect exist? Many ecological
hypotheses have been put forward to attempt to explain the adaptive advantage
that it confers. The first of these is the ‘make-accumulate-consume’ hypothesis
which broadly states that Crabtree-positive yeasts rapidly convert available sugars
to ethanol to defend the resource from competing microbes and then consume it
at their leisure once competitors have been killed (Thomson et al., 2005). These
yeasts tend to be better adapted to withstand the toxic effects of ethanol, which
further acts to limit competing microbial growth (Piskur et al., 2006). Another hypothesis focuses on the toxic effects of ethanol and argues that Crabtree-positive
yeasts produce ethanol to engineer their ecosystem so that it is harmful to other
species and optimal for themselves (Goddard, 2008). These yeasts are capable of
withstanding high concentrations of ethanol, osmotic stress and warm temperatures (Pretorius, 2000). Experimental evidence suggests that this hypothesis has
weight; Figure 1.5 shows a spontaneous wine fermentation in which S. cerevisiae
strains come to dominate the fermentation through the joint production of ethanol
and heat, the latter of which acts to further increase the former’s toxic effects on
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competing microorganisms (Goddard, 2008). It is now widely accepted that all of
the above greatly benefit Crabtree-positive yeasts and their propensity to engineer
their high-sugar environment can be regarded as their niche.

Figure 1.5: Wine fermentation kinetics through time indicating temperature,
ethanol content and species diversity in four independent fermentations. Solid
lines represent the total S. cerevisiae population size and dashed lines represent
non-Saccharomyces yeasts. Reproduced from Goddard (2008).

The Crabtree effect is not confined to Saccharomyces, it has evolved independently in at least three separate lineages separated by as much as 500 million years
(Dashko et al., 2014; Piskur et al., 2006; Rozpedowska et al., 2011). The hypothesized ecological driver of its emergence is the evolution of fleshy fruits as a highsugar resource during the Cretaceous age between 65 mya and 125 mya (Rokas
et al., 2003). This resource represented a widespread concentrated source of readily available energy and was doubtless heavily contested by microbes. Yeasts, being
sexual eukaryotes, would have had difficulty competing with more rapidly growing bacteria, which has lead some to hypothesize that the origin of the Crabtree
effect was to: first, more rapidly exhaust resources for competitors (albeit inefficiently) and second, effectively poison the environment and severely reduce bacterial growth (Dashko et al., 2014).
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1.6.3 Geographic Distributions
Members of Saccharomyces are distributed worldwide, except for Antarctica, although not all seven naturally occurring species are present on all continents (Hittinger, 2013).
Saccharomyces cerevisiae. The most widely distributed species is the most wellknown – S. cerevisiae. It is used in the winemaking, baking, brewing, cider, spirits, bioethanol, sake, probiotic, aquaria and pharmaceutical industries and is also
an important model organism in genetics, biotechnology, biochemistry, and studies of human diseases (Johnson and Echavarri-Erasun, 2011). Due to this extensive human usage, S. cerevisiae has been isolated worldwide in association with
the aforementioned industries, but also from natural environments in Asia (Wang
et al., 2012), North America (Naumov et al., 1998), South America (Arias, 2008),
Europe (Sampaio and Goncalves, 2008), Australasia (Knight and Goddard, 2015)
and Africa (Fay and Benavides, 2005). The global distribution of this species
has been influenced in large part by human dispersal and this will be discussed
in greater depth in a later section.
Saccharomyces paradoxus. S. paradoxus is the sister-species of S. cerevisiae and
has not been known to be present in or contribute to human alcoholic fermentations (Hittinger, 2013). It is a species with high genetic diversity and strong
population structure based on geographic location, commonly found on oak tree
bark (Quercus spp.) in North America, Europe and the Far East (Johnson et al.,
2004; Liti et al., 2009; Naumov et al., 1997; Sniegowski et al., 2002). Isolates
obtained from planted oak trees in New Zealand showed very close relatedness
to European strains, indicating likely migration along with the trees (Zhang et al.,
2010a). S. paradoxus co-exists with S. cerevisiae in the woodland niche (Sniegowski
et al., 2002), and at least five introgressions of S. paradoxus genetic material into S.
cerevisiae strains have been reported from genomic work (Dunn et al., 2012; Liti
et al., 2006; Novo et al., 2009).
Saccharomyces mikatae. This species has received little attention due to its absence from human fermentations and relatively infrequent isolation from environmental samples. It has so far only been found in Japan in soil and on decaying leaves
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(Naumov et al., 2000). A single introgression event from S. mikatae into three S.
cerevisiae industrial strains has been reported (Dunn et al., 2012) and could indicate a wider unsampled diversity for this species. This species has also been used
to study species evolution in yeasts by genomic engineering approaches (Delneri
et al., 2003).
Saccharomyces kudriavzevii. S. kudriavzevii has been isolated from oak tree
bark in Europe and soil, leaves and fungus fruiting bodies in East Asia (Naumov
et al., 2013). Of all the Saccharomyces species (excluding S. eubayanus), it has the
lowest optimum and maximum growth temperatures (Salvado et al., 2011). The
global population is structured largely by geography, similarly to S. paradoxus, indicating a general lack of movement compared with the more cosmopolitan humanassociated species (Hittinger, 2013). A number of hybridization events between S.
kudriavzevii and S. cerevisiae have been characterized within brewing (González
et al., 2008) and winemaking strains (Borneman et al., 2011; Peris et al., 2012).
Subsequent loss of large portions of the S. kudriavzevii contribution to these hybrids has been reported, likely so hybrids retain only genomic regions that aid
growth in colder environments (González et al., 2008).
Saccharomyces arboricola. S. arboricola is a newcomer to Saccharomyces and was
first isolated in 2008 as S. arboricolus from the bark of broadleaf trees (Wang and
Bai, 2008). It has since had its name changed to S. arboricola to conform with
Latin grammar (Naumov et al., 2013). This species was originally isolated in China
from two geographically disparate provinces (Wang and Bai, 2008) and has since
also been found in Taiwan on the fruiting body of a mushroom (Naumov et al.,
2013). Along with S. mikatae, S. arboricola is the second species that displays a
geographically restricted distribution.
Saccharomyces eubayanus. S. eubayanus is the most recently identified member
of Saccharomyces (Libkind et al., 2011), although its existence had been inferred as
the unknown component of the widely-used brewing hybrid species S. pastorianus
(Rainieri et al., 2006). Natural populations of S. eubayanus have thus far been
identified in: Patagonia (South America) on beech tree (Nothofagus spp.) bark
(Libkind et al., 2011) and on Araucaria araucana bark and seeds (Rodríguez et al.,
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2014); in Tibet and China on oak bark and rotting wood (Bing et al., 2014); and
in North America on beech (Fagus grandifolia) and maple (Acer saccharum) trees
(Peris et al., 2014).

Saccharomyces uvarum. Apart from S. cerevisiae, S. uvarum is the only other
non-hybrid Saccharomyces species that commonly conducts or is present in industrial fermentations (Almeida et al., 2014). S. uvarum has a preference for colder
temperatures than S. cerevisiae so is typically found in cooler fermentations (Salvado et al., 2011) of various wines and ciders (Almeida et al., 2014; Zhang et al.,
2015). It has been found in the natural environment of almost every continent on
oak and beech tree bark, soil, insects, exudates, biofilm and in spontaneous fermentations (Almeida et al., 2014; Hittinger, 2013; Sampaio and Goncalves, 2008).

Hybrid Saccharomyces. Following the development of genetic and then genomic techniques, much has been discovered about the prevalence of natural hybrid Saccharomyces species in human-associated fermentations. The most commercially important hybrid is S. pastorianus (syn. S. carlsbergensis) and is used in the
quarter-trillion-dollar lager industry worldwide (Libkind et al., 2011). It is an allotetraploid hybrid of the recently discovered S. eubayanus and S. cerevisiae with
extensive chromosomal loss in one group of this species compared with another
(Walther et al., 2014). S. bayanus was observed to be a hybrid using Southern hybridization long ago (Naumov et al., 1992) and following considerable debate, was
recently classed as a hybrid of S. eubayanus, S. uvarum and a small contribution of
genes from S. cerevisiae, thanks to genomic sequencing (Libkind et al., 2011). This
species is also exclusively used in the brewing environment and has been hypothesized to have come about by S. uvarum hybridizing with S. pastorianus (Libkind
et al., 2011). Other common industrial hybrids between S. cerevisiae and S. kudriavzevii have been reported in winemaking (Bradbury et al., 2006) and brewing
(González et al., 2008). While Saccharomyces yeasts readily hybridize, “industrial
Saccharomyces hybrids lack natural niches and would probably not survive long without the thirst of humankind for their products” (Hittinger, 2013).
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1.6.4 Genus Origin
The origin of Saccharomyces has recently been the subject to extensive debate. As
the global distribution of the genus has come to be better understood and extensive
sequence data have been produced, patterns have emerged that provide the first
clues as to the origin of the genus and its subsequent movements.
A strong argument has been made for the origin of the genus in Far East Asia
(Bing et al., 2014; Wang et al., 2012; Naumov et al., 1983). All seven non-hybrid
species in the genus have been isolated from this region and two have so far only
been found there (S. mikatae and S. arboricola) (Almeida et al., 2014; Bing et al.,
2014; Naumov et al., 1997, 2000, 2013; Wang and Bai, 2008; Wang et al., 2012).
A recent study isolated 99 S. cerevisiae from the natural environment in China,
for genetic analysis and comparison to international strains and yielded a number
of basal clades for the Chinese isolates (Wang et al., 2012). Genetic diversity
within these S. cerevisiae isolates was also twice as high as within a set of 38 isolates
covering a broad geographic and ecological diversity from around the world (Wang
et al., 2012).
The reason the Far East Asian origin hypothesis holds significant weight is
that it resembles a center of origin, originally proposed by N. I. Vavilov in 1926
in relation to cultivated plant diversities (Harris, 1990). The theory was further
developed through the twentieth century and broadly states that areas with high
genetic diversity for a given species are likely to be the place in which it originated;
subsequent dispersal to other locations results in lower genetic diversity (McCoy
and Heck, 1983). The argument has been made that since the greatest species
and genetic diversity (at least for S. cerevisiae) exists in Far East Asia, that this
represents a center of origin for Saccharomyces from which it was subject to longdistance dispersal and colonized the rest of the world (Bing et al., 2014; Wang
et al., 2012).
Counteracting this argument is the recent assertion that one of the two basal
species in Saccharomyces, S. uvarum, is both widely distributed and highly genetically diverse in the southern hemisphere compared with the northern hemisphere
(Almeida et al., 2014). Population genomics approaches on S. uvarum strains from
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five continents showed that genetic diversity within South America was higher
than in all of the northern hemisphere (including North America, Europe and Far
East Asia) and that Australasia harbors a highly divergent natural population different from every other population analyzed (Almeida et al., 2014). The presence
of several South American strains in the clade containing all northern hemisphere
isolates lead the authors to infer a Gondwanan origin for the species and therefore
the genus. The rationale behind this argument was that S. uvarum and S. eubayanus
appear to be more genetically divergent in the southern hemisphere in association
with the Nothofagus beech tree niche so it could be that these two species arose
there and subsequently dispersed through to Far East Asia (where Nothofagus is
also present) and further speciated into the species that display Holarctic distributions (Almeida et al., 2014). Recent evidence for the genetic diversity of S.
eubayanus has complicated the issue with the reporting of a set of genetically divergent populations in Far East Asia (Bing et al., 2014) rivaling the diversity of the
species in South America (Chapter 4).
It appears that further sampling of the natural environment for Saccharomyces
species with associated genetic characterization is required to shed light on the
origin and historic movements of the genus. Current evidence broadly shows Far
East Asia to be the most likely center of origin for Saccharomyces but the presence
of highly diverse populations of the two basal species in the southern hemisphere
is yet to be explained.

1.7 Saccharomyces cerevisiae
1.7.1 Importance and History
In common usage, the terms ‘yeast’ or ‘wine yeast’ are colloquial for S. cerevisiae,
which goes some length to show the unmistakable importance of this species to
us. It has had a huge effect on our culinary traditions, beverage preferences, social interactions and even our pastimes – all due to the effectiveness with which
it exhibits the Crabtree effect and produces ethanol. Alcohol is the world’s most
popular drug, despite its addictive potential and health effects if abused (World
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Health Organization and others, 2014). S. cerevisiae is currently used in the winemaking, brewing, baking, bioethanol, pharmaceutical industries as well as being a
model research organism in a suite of fields in biology.
The earliest archaeological evidence of deliberate alcoholic fermentation comes
from China dated to 9,000 years ago where fermentation products from a mixture
of rice, honey and fruit (hawthorn and/or grapes) have been found in pottery jars
(McGovern et al., 2004). Winemaking, the use of grapes (Vitis vinifera) to conduct
fermentations, has its earliest origins in Iran 7,000-7,400 years ago (McGovern
et al., 1996) along with Turkey and Georgia approximately 8,000 years ago (This
et al., 2006). Just after this time, it spread to adjacent regions such as Egypt and
Lower Mesopotamia and then around the Mediterranean where it became heavily
ingrained in the culture and traditions (This et al., 2006). The next major spread
was by the Romans (~2,500 years ago) who expanded the cultivation of grapes inland along major trade routes and were the first to name different grape cultivars;
it is in these areas that grape growing and winemaking are carried out today (Pretorius, 2000; This et al., 2006). Grapes and winemaking were introduced into new
regions such as the Americas, Australia, New Zealand and South Africa (called
‘New World’ countries) following the Renaissance in the sixteenth century (This
et al., 2006). Winemaking is now carried out on every continent (save Antarctica)
(Pretorius, 2000) and almost every country in the world.
Brewing has a similarly ancient and complex history, originating around the
same time and area as winemaking following the domestication and cultivation of
barley (Michel and McGovern, 1992). From there it also spread to Egypt (more
than 3,000 years ago) where essentially modern malting processes and fermentation regimens were used (Hansen and Piskur, 2003). Brewing in Europe was
acquired independently from the Middle East by Celtic and Germanic tribes approximately 2,000 years ago and diverged into ale brewing in the British isles and
lager brewing in mainland Europe (Hansen and Piskur, 2003). Ales are produced
at temperatures similar to wines (20°-25°C) using S. cerevisiae, while lagers are typically fermented at colder temperatures (4°-15°C) with Saccharomyces interspecific
hybrids such as S. pastorianus (González et al., 2008).
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Breadmaking with the use of S. cerevisiae to leaven bread has its origins in
Sumeria (modern Iraq) about 8,000 years ago (Belderok, 2000). It likely started
with inadvertent dough fermentation by natural yeast and lactic acid bacteria (Cauvain and Young, 2007). From Sumeria, the technique was spread to Egypt about
5,000-6,000 years ago where it was perfected and the use of yeast from beer brewing began (Belderok, 2000; Cauvain and Young, 2007). Breadmaking is now carried out worldwide and has played a major role in human nutrition (Belderok,
2000).
Alongside these three widespread and traditional uses for S. cerevisiae are a multitude of other uses, both historic and modern. Sake is a traditional Japanese beverage created by fermenting steamed rice with filamentous fungi (Aspergillus oryzae),
which convert rice starch into glucose, and S. cerevisiae, which then carries out the
alcoholic fermentation (Akao et al., 2011). It has a rich tradition going back 1,300
years with a likely origin from Southern Chinese immigrants to Japan (Kitagaki
and Kitamoto, 2013). Bioethanol has been produced from sugarcane crops (and
more recently, corn) using S. cerevisiae for almost 500 years and is quickly becoming competitive with petroleum as an automotive fuel due to vast improvements in
fermentation technologies and the rising cost of fossil fuels (de Souza et al., 2013).
Other uses of S. cerevisiae include the production of pharmaceuticals (Huang et al.,
2008), ciders, cocoa, probiotics, cheeses, as feed and as other traditional fermented
beverages (e.g. cachaça in Brazil) (Johnson and Echavarri-Erasun, 2011).
Finally, given the long history of association with humans outlined above, S.
cerevisiae has become an important model and research organism in a suite of fields
in biology. It is used as the prominent model organism in the investigation of
fundamental eukaryotic biological processes with particular relevance to humans
(Johnson and Echavarri-Erasun, 2011). This is aided by high genetic amenability
and a rapid life cycle that makes working with S. cerevisiae relatively easy compared
with other organisms. Finally, a large part of its usefulness has come from being
the first eukaryote to have its whole genome sequenced in 1996 due to its small
genome size of 12 Mb and ~6,000 genes (Goffeau et al., 1996).
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1.7.2 Global Population Structure and Patterns of Biogeography
The global population structure and evolutionary history of S. cerevisiae have been
the subject of extensive study and debate. One of the earliest hypotheses was that
S. cerevisiae is a domesticated species, much like other species in common association with humans that have been extensively modified by artificial selection. This
argument was based on the frequent isolation of S. cerevisiae from wineries compared with the infrequent isolation in vineyards (Martini, 1993). The assumption
was that a resident winery population would be subject to industrial selective pressures and outcompete the small number of ‘natural’ strains that happened to make
it into the winery, or alternatively that the ‘natural’ strains were simply escaped
winery strains (Fay and Benavides, 2005; Martini, 1993).
The advent of wider sampling efforts and molecular methods to genetically
characterize large numbers of isolates rapidly and cheaply has gone a long way to
disproving this hypothesis. Early studies generated microsatellite profiles or multilocus sequences from strains sourced primarily from vineyards and natural environments (e.g. tree exudates in forests) to attempt to determine genetic diversity
across niches. It was quickly determined that strains from natural environments
are not generally escaped domesticated strains due to their higher genetic diversity and basal position on phylogenies (Aa et al., 2006; Fay and Benavides, 2005;
Sniegowski et al., 2002). Likewise, strains sampled from vineyards and wine fermentations were found to have low genetic diversity regardless of geographic origin, which was taken to indicate at least one domestication event had occurred
(Diezmann and Dietrich, 2009; Fay and Benavides, 2005). However, these early
studies lacked truly global sampling and greater sequence data to tease apart the
roles of geography and ecology on the global population structure of the species.
The first large-scale effort to determine the global population structure of S.
cerevisiae was described in Legras et al. (2007). This study sequenced 651 strains
at 12 microsatellite loci from 56 different geographic locations and a multitude
of niches with the goal of understanding the evolutionary history of S. cerevisiae
in association with human selection. Figure 1.6 shows a Neighbor-joining tree
of the 651 strains colored and labeled by their niche of origin. What is imme33
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Figure 1.6: Neighbor-joining tree based on pairwise genetic distances of 12 loci
from 651 S. cerevisiae strains sampled from a diversity of niches and geographic
locations. Reproduced from Legras et al. (2007).

diately obvious is the strong clustering based on niche. Strains from palm wine,
sake, fermented milk, cheese and beer were found to be more closely related to
one another than to strains from other niches. Bread strains were split into two
clades; one including industrial strains as well as isolates from various countries,
and another of strains from Sicily. Ninety five percent of the wine yeast strains
were located in the top ‘Wine and Cider groups’ clade of the tree and industrial/grape strains are interspersed through this clade. A few clades within this larger
Wine and Cider clade were identified; one of Central European strains and an34
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other of Champagne strains. A Lebanese group of strains at the base of this clade
and the rest of the substructure corresponds with the history of vine domestication
and spread of winemaking. A divergence estimate between this Lebanese group
and the rest of the wine clade yielded an estimate of 11,000 years ago, again corresponding with estimates of the origins of winemaking. The final conclusion of the
paper was a statement that it appears domestication has taken place in S. cerevisiae
in association with some of the industrial processes for which it is used. In particular, this applies to processes where humans have used S. cerevisiae for extended
periods of time and have imposed artificial selection to achieve desirable attributes.
The authors did not think this could be inferred for wine strains due to a lack of
evidence for continuous human control of their culture.

Figure 1.7: Neighbor-joining tree showing the global population structure of S.
cerevisiae based on whole genome SNP differences between strains. Major clades
are highlighted in gray. Reproduced from Liti et al. (2009).

As the cost of sequencing decreased drastically in the mid-late 2000’s, both
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the quality of data produced and the number of strains analyzed increased. This
allowed the study of genetic diversity within the species in a more in-depth and
accurate way than was possible before. Two seminal papers in the modern era of
yeast genomics were published at the same time, both with the goal of using whole
genomes from a large diversity of global S. cerevisiae strains to determine global
population structure and evolutionary history (Liti et al., 2009; Schacherer et al.,
2009). Liti et al. (2009) sequenced the genomes of 36 S. cerevisiae from a diversity
of locations and niches and 35 S. paradoxus strains from geographically delineated
natural environments for one to four-fold coverage. While the global population
structure of S. paradoxus was found to be almost entirely determined by geography, the S. cerevisiae structure was much more complex (Figure 1.7). Five clean
lineages were identified; Malaysian strains from forests, North American strains
from forests, West African strains from traditional palm wine fermentations, sake
strains from multiple continents and a ‘Wine/European’ group of cosmopolitan
winemaking strains and strains from the natural environment in Europe. The remaining strains were classed as mosaics, i.e. strains with no clear lineage and polymorphism for the majority of sites. These strains likely represent either unsampled
populations or are admixed strains that have been recently moved by humans. Interestingly, breadmaking strains and laboratory strains had similar positions on
the phylogenetic tree but were not classed as being distinct lineages due to not exhibiting the same phylogenetic relationship across their entire genomes. Overall,
the authors conclusion with regard to domestication was one of two scenarios: either humans domesticated S. cerevisiae for winemaking and sake production and
these strains then gave rise to out-crossed strains in other niches, or humans used
existing strains from populations with favorable fermentation capabilities and provided them the opportunity to out-cross, move and supplied them with a novel
environment in which to do so. The second study by Schacherer et al. (2009) analyzed whole-genome microarrays of 63 S. cerevisiae strains and likewise found a
few well-defined clades corresponding to inferred domestication events for: winemaking, sake and laboratory use. Many mosaic strains were also present and the
studies’ inclusion of 16 clinical isolates showed that these are likely opportunistic
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infections by strains from no specific niche.
As more evidence became available that Far East Asia is a diversity hotspot
for Saccharomyces species, a study was carried out to determine the extent of S. cerevisiae in China and place it in a global context in terms of genetic ancestry (Wang
et al., 2012). S. cerevisiae was readily recovered from fruit, tree bark, rotten wood
and soil in secondary forests, primeval forests, planted forests, orchards and markets. Multi-locus sequencing of 99 isolates and comparison to the whole genomes
from Liti et al. (2009) revealed the diversity of the Chinese isolates to be nearly
double that of the worldwide strains. Eight clades were identified with strains in
each of these largely determined by the niche of isolation. Two clades containing
isolates from primeval forests were basal on the phylogeny, strongly demarcated
from the rest and were reproductively isolated from the others, indicating S. cerevisiae is widespread in the natural environment away from human activity, at least
in China. This provides further strong evidence that S. cerevisiae is by and large
not a domesticated species.
The most recent look at worldwide population structure within S. cerevisiae
used the RAD-Seq approach on a set of 262 worldwide strains from a diversity of
locations and niches (Cromie et al., 2013). The number and diversity of strains has
allowed this study to start to make conclusions as to the impact of geography versus ecology on the global population structure of S. cerevisiae. The majority of the
genetic variation was explained by geographic location rather than ecological niche.
African/S.E. Asian, Asian, European and North American clades were found to
contain isolates from various niches within those locations, ranging from forests
to clinical isolates. Several human-associated populations were reported, largely
admixed with either the Asian or European populations. The overall conclusion
of this study was that S. cerevisiae is a species that is genetically defined by geographic location and human-associated strains are the products of rare admixture
events which have given rise to entire populations that have then been dispersed
in association with their industrial uses by humans.
To sum up, the initial hypothesis of S. cerevisiae being an entirely domesticated
species has been shown to be conclusively false. Divergent and reproductively iso37
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lated populations exist in the natural environment and human-associated strains
show evidence of origin from these populations (Wang et al., 2012). The low diversity within human-associated strains and their genetic relatedness by niche (e.g.
winemaking strains), rather than location, indicates genetic bottleneck events related to domestication and selection for positive industrial characteristics, as well
as worldwide dispersal in association with humans.

1.7.3 Local Population Structure and Dispersal
While global population structure can tell us about the broad evolutionary history
and historical movements of a species, studying the small to medium scale population structure tells us more about its ecology and dispersal patterns in the immediate past. At the regional scale (100’s of kilometers), S. cerevisiae sampled from spontaneous fermentations in wineries exhibits population structure, albeit with large
amounts of gene flow and admixture between inferred populations (Gayevskiy and
Goddard, 2012; Knight and Goddard, 2015). At a smaller scale of 5-10 km in
the vineyard environment, the geographic signal for population structure is lost
(Schuller et al., 2012), indicating that local gene flow is greater than evolutionary
processes at this scale. Alternatively, it could indicate an inadequate resolution
of sampling and genotyping. Other determinants of local population structure
include grape variety (Gayevskiy and Goddard, 2012; Schuller et al., 2012) and
ecotype (Hyma and Fay, 2013), but so far there has been a lack of study into abiotic factors that influence local population structure.
Gene flow is largely mediated by dispersal or movement of individuals. We
have seen that global dispersal in association with humans is widespread, but what
are the mechanisms of dispersal at the local and regional scales? Natural dispersal of S. cerevisiae has so far been shown with bees (Goddard et al., 2010), birds
(Francesca et al., 2011), flies (Buser et al., 2014) and wasps (Stefanini et al., 2012).
Anthropogenic dispersal is highly likely due to the movement of grapes for winemaking between regions, the movement of winemaking equipment between wineries and the relatively centralized propagation of grape vines in nurseries. No studies
have been conducted to provide direct evidence for these methods of dispersal on
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local or regional scales, although S. cerevisiae has been shown to be dispersed internationally on imported wine barrels (Goddard et al., 2010) and acorns (Zhang
et al., 2010a). Nonetheless, the best evidence of anthropogenic dispersal to date
may be in the genetic diversity and inferred migration of a large number of S. cerevisiae strains isolated from Sauvignon Blanc between six geographically delineated
regions within New Zealand (Knight and Goddard, 2015).

1.8

New Zealand

1.8.1 Geological History
About 82 million years ago, the continent of Zealandia (Figure 1.8), which is now
largely submerged (save for New Zealand, New Caledonia and the small surrounding islands), split off from the Gondwanan supercontinent to make the gradual
journey to its present position 1,500 km east of Australia (Wallis and Trewick,
2009). The journey took about 17 million years and was followed by 26 million
years of gradual marine inundation, the peak of which restricted New Zealand to
a few region-sized islands at most (Wallis and Trewick, 2009). During the drift
away from Gondwana, the increasing distance decreased the ability of plants and
animals to readily move to New Zealand and has left it with a unique flora and
fauna largely devoid of mammals (there are just two native species of bats) (Craig
et al., 2000). Instead, New Zealand developed a fauna consisting primarily of birds,
many of which, in the absence of predation, became flightless and/or larger (Craig
et al., 2000). High rates of endemism and endemic radiations are also common,
with 90% of terrestrial arthropods, dicotyledons and grasses being endemic at the
species level (Wallis and Trewick, 2009).
The origins of New Zealand’s biota has been the subject of extensive debate
among biogeographers, with some claiming a vicariant origin and others taking
a dispersalist view (Wallis and Trewick, 2009). Genetic analyses of extant New
Zealand species have shown a diverse pattern of origins based on the species’ life
history and dispersal capabilities. Some species such as the late-successional kauri
tree (Agathis australis) and the ancient reptile tuatara (Sphenodon punctatus) do show
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Figure 1.8: A map of the largely submerged Zealandia continent in gray with
contemporary landmasses in black. Reproduced from Wallis and Trewick (2009).

evidence of a Gondwanan vicariant origin, while others such as the short-tailed bat
(Mystacina tuberculata) may have dispersed through still-warm Antarctica and others such as the iconic kiwi bird (Apteryx spp.) through a hypothesized land bridge
with present-day New Caledonia (Wallis and Trewick, 2009). Due to its current
and historic proximity, Australia has been the source of much of New Zealand’s
biota including many plant species such as the Nothofagus beech trees, due to the
relative ease with which seeds and pollen can be blown across the Tasman Sea
(Wallis and Trewick, 2009). Very little is known about the dispersal, or even the
biogeography, of microbial species to and in New Zealand. Some evidence exists
of contemporary dispersal of microbial species to New Zealand (Goddard et al.,
2010; Morris et al., 2010), and at least for hot spring actinobacteria, the rarity
of the environment has lead to continental-scale dispersal limitation and biogeographic patterns in New Zealand (Valverde et al., 2012). Given the increased
dispersal rates of macroorganisms with small propagules, it is likely the microbiota
of New Zealand is largely the product of dispersal, however, the lack of study in
this area means virtually no estimates of the timings and extent of this dispersal
have been made to date.
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1.8.2 Anthropogenic History

New Zealand was the last major landmass to be colonized by humans (Anderson, 1991). A number of radiocarbon dating measurements indicate that the most
likely time of permanent settlement was during the late thirteenth century, approximately 750 years ago (Anderson, 1991; Lowe, 2008). Earlier exploration and
temporary settlement may have occurred up to 1,000 years ago as evidenced by introduced Pacifc rat bones (Hurles et al., 2003). Initial settlers were Polynesian, and
descendants became known as Maori with unique cultural and horticultural traditions (Anderson, 2001). The Maori brought with them several plant species used
as crops and two species of mammals and had a significant impact on New Zealand
due to extensive forest clearance and species extinctions (Anderson, 1991; Wallis
and Trewick, 2009). Europeans settled in New Zealand some 300 years ago and
promptly introduced many mammals such as possums, goats and deer, which have
decimated native wildlife (Craig et al., 2000). Overall, more introduced (2,400)
than native (2,300) species of vascular plants are now naturalized in New Zealand,
as are a multitude of introduced animals (Craig et al., 2000). Along with species
introductions, habitat destruction for intensive farming and settlements has meant
that New Zealand’s natural environment has been highly modified since settlers
first arrived.

It is quite likely that microbes have been extensively introduced into New
Zealand along with introduced plants and animals, as well as on imported goods.
Similar to macroorganisms, one could hypothesize co-existing populations of New
Zealand microbes, some of which existed prior to human arrival and some of which
were introduced as a direct result of human arrival. Given the precise dates of the
arrival of humans, we have a hard limit on earliest anthropogenic introductions
of microbes. If an inference can be made for ancestry within New Zealand prior
to this date, the introduction is likely the result of natural processes. This makes
New Zealand an interesting environment in which to study the natural and humanassociated global movements of microbial species.
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1.8.3

Saccharomyces Presence

Saccharomyces yeasts are known to be present in New Zealand, both in association
with humans and in the natural environment. Most research (and therefore sampling) has been carried out on S. cerevisiae in association with vineyards and wineries, where it is readily isolated at rates similar to worldwide locations (Gayevskiy
and Goddard, 2012; Goddard et al., 2010; Knight and Goddard, 2015; Parle and
Di Menna, 1966; Taylor et al., 2014; Zhang et al., 2010b). Microsatellite genotyping of New Zealand strains has indicated that New Zealand may house a distinct population of S. cerevisiae (Goddard et al., 2010), and it has been shown
that regional differences exist as well (Gayevskiy and Goddard, 2012; Knight and
Goddard, 2015). In the natural environment, S. cerevisiae and its sister species
S. paradoxus, have been found on oak trees planted by early European settlers
(Zhang et al., 2010a) and in patches of native forest adjacent to winemaking regions (Knight and Goddard, 2015), but in each case genotypes were similar to European natural isolates or to other New Zealand winemaking strains, respectively.
S. uvarum has been found in New Zealand wineries conducting cool-temperature
wine fermentations and these isolates are likely of recent European origin (Zhang
et al., 2015). Conversely, S. uvarum strains found in the natural environment were
found to form a distinct clade along with Australian isolates differing significantly
from other worldwide strains (Almeida et al., 2014). An attempt to isolate Saccharomyces yeasts from the high-sugar Nothofagus honeydew niche in the South Island
did not yield any strains (Serjeant et al., 2008), and no other attempts to isolate
Saccharomyces yeasts from New Zealand native environments have been reported.

1.9 Aims and Significance of Research
1) The first aim of this thesis is to create a new method for population genetics
analysis and implement it in software for others to use. This method operates on
ancestry profiles output by Bayesian population genetics software. A reliance on
visual inspection of plots of the ancestry profiles generated by these approaches has
meant that many of the inferences made regarding structure are based on subjective
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interpretations of these plots. While for highly divergent populations this may not
be a problem, populations containing significant amounts of admixture invariably
lead to plots that are difficult to interpret. Bringing statistical rigor into the process
means hypotheses concerning population structure can be tested objectively using
standard statistics and confidence limits estimated with permutation significance
testing.
2) The second aim is to estimate the origin and timing of arrival of S. cerevisiae
in New Zealand by sequencing the whole genomes of 52 S. cerevisiae strains that
represent the diversity of this species in New Zealand within both natural and
human environments. They are a subset of ~700 genotyped strains sampled from
around the country by the Goddard lab and selected to maximize genetic diversity
based on microsatellite genotypes. The genomes obtained are to be phylogenomically compared against a set of 72 genomes of the same species sampled from a
large diversity of niches and geographic locations. This allows the precise diversity,
ancestry and origin of the New Zealand population to be inferred.
3) The third aim is to conduct a large-scale sampling effort to determine whether
the native forests of the North Island of New Zealand house a population of Saccharomyces species. Where S. cerevisiae is partially dispersed by humans, the other
six naturally occurring species in the genus display patterns of biogeography and
evidence of restricted gene flow at continental scales. If other members of the
genus exist natively in New Zealand, the species found will add significantly to
our knowledge of the origins and historical movements of this genus worldwide.
Whole genome sequencing will again be performed on these isolates, which will
place them in a global context and determine the extent to which they differ from
international isolates of these species. The extent of these differences will be used
to infer the evolutionary history of the genus in light of these new data.
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2. ObStruct: a method to analyze ancestry profiles

2.1 Abstract
Bayesian inference methods are extensively used to detect the presence of population structure given genetic data. The primary output of software implementing
these methods are ancestry profiles of sampled individuals. While these profiles
robustly partition the data into subgroups, currently there is no objective method
to determine whether the fixed factor of interest (e.g. geographic origin) correlates with inferred subgroups or not, and if so, which populations are driving this
correlation. We present ObStruct, a novel tool to objectively analyze the nature of structure revealed in Bayesian ancestry profiles using established statistical
methods. ObStruct evaluates the extent of structural similarity between sampled
and inferred populations, tests the significance of population differentiation, provides information on the contribution of sampled and inferred populations to the
observed structure and crucially determines whether the predetermined factor of
interest correlates with inferred population structure. Analyses of simulated and
experimental data highlight ObStruct’s ability to objectively assess the nature of
structure in populations. We show the method is capable of capturing an increase
in the level of structure with increasing time since divergence between simulated
populations. Further, we applied the method to a highly structured dataset of 1,484
humans from seven continents and a less structured dataset of 179 Saccharomyces
cerevisiae from three regions in New Zealand. Our results show that ObStruct
provides an objective metric to classify the degree, drivers and significance of inferred structure, as well as providing novel insights into the relationships between
sampled populations, and adds a final step to the pipeline for population structure
analyses.

2.2 Introduction
When there is a lack of free gene flow within sexual populations, neutral and selective forces will erode population homogeneity and tend to establish population
structure (Hartl and Clark, 1997; Charlesworth, 1998). This process of subdivision
will have a significant bearing on genetic diversity, local adaptation and processes
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such as speciation (Coyne and Orr, 2004; Schluter, 2009). When individuals sampled from discrete points (such as similar geographic locations or niches) tend to
be more closely related to one another than between points, this supplies evidence
of population structure. Subgroups isolated by barriers to gene flow will become
increasingly differentiated by the processes of mutation, selection and drift but
sufficient gene flow between subgroups will serve to homogenize groups into a single population (Gray and Goddard, 2012; Smadja and Butlin, 2011; Papadopulos
et al., 2011). Classic population genetics methods estimate the combined effect
of these processes to infer the extent of population subdivision by analyzing allele frequencies within and between sampled populations, that may or may not be
differentiated (Charlesworth, 1998). Under this framework, sample locations are
chosen to test factors thought to mainly define population structure, usually geographic location. The drawback of these methods is that one must a priori assign
individuals to populations: it is conceivable that population structure exists but is
missed by such a priori assignments because a factor other than the one considered
is driving population structure. A widely used, newer and more powerful approach
utilises Bayesian MCMC methods to test for population structure and dispenses
with the need to assign individuals a priori to populations, and thus circumvents
this issue (Pritchard et al., 2000). These methods iteratively determine the optimal number of populations (within which there is free gene flow) given the data,
and subsequently assign individuals to these inferred populations probabilistically.
These methods may account for admixture, or some level of gene flow between
inferred populations, in which case the proportion of each individual’s ancestry in
each population is estimated and thus ancestry profiles are generated for each individual (Gao et al., 2007; Pritchard et al., 2000). While these methods are powerful
at determining whether structure is present, they do not allow one to determine
which factors drive this structure as the current protocol relies on the subsequent
subjective interpretation of plots of ancestry profiles. Simply, we propose a method
to objectively analyze these inferred ancestry profiles.
Structure is the most widely-used software package for Bayesian analysis
and clusters individuals by attempting to create inferred populations that are in,
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or as close as possible to, Hardy-Weinberg equilibrium (Pritchard et al., 2000). If
admixture is assumed, this results in a large number of optimal configurations so
Structure produces ancestry profiles for each individual showing the proportion
of time each individual is present in each of the inferred populations. The methods
implemented in InStruct (Gao et al., 2007) also produce ancestry profiles but
extend the Structure algorithm and allow analysis without the assumption of
Hardy-Weinberg equilibrium by calculating expected genotype frequencies based
on the rates of inbreeding within each inferred population. This means InStruct
is more suited to analyze populations that may be highly inbred, such as some
plants and most microbes (Gao et al., 2007). Finally, baps implements a number of
novel algorithms which aim to efficiently analyze large-scale datasets to determine
structure and admixture; the output of these analyses also being ancestry profiles
(Corander et al., 2004, 2008).
The optimal number of inferred populations may be estimated from these analyses (Gao et al., 2007; Evanno et al., 2005; Corander et al., 2004). The ancestry
profiles for each sampled individual produced by these software packages may be
examined, and a graphical overview of the patterns may be produced using distruct (Rosenberg, 2003) or within baps itself. The ancestry profiles represent
an objective estimation of structure and admixture within the data, and distruct
visualizes groupings by coloring each inferred population uniquely so that a highly
structured dataset will show sampled populations mostly containing a single color.
While this approach produces a figure that is readable, it only allows a subjective
visual interpretation of whether any patterns in the ancestry profiles correlate with
the fixed factor of interest (e.g. geographic origin of samples). In clear-cut cases of
striking population subdivision this might be sufficient, however not all datasets
will show clear differentiation. Factors such as high admixture, recent divergence
and inadequate sampling will create noise in the data which renders plots of ancestry profiles difficult to interpret. Presently, there is no method to objectively
analyse these ancestry profiles. The method presented here addresses the interpretation of signals for population structure by analyzing ancestry profiles generated
by Bayesian methods, and is not concerned with the Bayesian method itself, which
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we consider robust.

The main aspect we consider here is how the assignment of individuals to inferred populations relates to the factor of interest. The Bayesian methods derive
and assign individuals to subgroups without knowledge of the origin of individuals. Imagine one samples individuals from three geographic locations, and hence
location is hypothesized to be a driver of structure. An analysis of the genotypes obtained using Bayesian methods suggest the optimal number of inferred populations
is four. What does this mean? Any number of possibilities are biologically feasible:
one location might harbor two or more populations, or perhaps geographic origin
bears no relationship to the inferred populations, but some other factor does. The
issue is that the current visualization methods, while informative, do not allow
population assignments and ancestry profiles to be objectively analyzed: a subjective assessment of the plots is only possible. Our method statistically analyses
these ancestry profiles and allows one to determine whether inferred population
assignment and the factor of interest (e.g. origin of individuals) are significantly
correlated. Having determined the extent to which a factor of interest defines observed population structure, one may then conduct finer scale analyses to ascertain
the relative contribution of each sampled and inferred population to overall population structure. Which sampled and inferred populations are most differentiated
or contribute the most to overall structure? We set about applying a statistical
procedure which can objectively quantify the level of structure in these ancestry
profiles, test the sources of structure, and determine statistical significance using
a permutation approach. Our method complements visualization with distruct,
adds a final step to the pipeline for population structure analyses, and allows one to
analyze factors driving population structure within ancestry profiles and the extent
to which these factors are explaining the variability seen within ancestry profiles
as a whole.
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2.3 Methods
2.3.1 Data
ObStruct directly takes Structure (Pritchard et al., 2000), InStruct (Gao
et al., 2007) and baps (Corander et al., 2004, 2008) outputs from analyses that
include admixture. For each individual sampled the outputs contain the proportion of ancestry in each inferred population, summing to one. A specific range
of inferred populations (K) is typically run to determine the optimal value of K
that gives the highest resolution of individuals to inferred populations. ObStruct
can either use the optimal value of K determined by InStruct using Deviance
Information Criterion (DIC) or a value specified by the user. baps can estimate
K using its log(ml) algorithm or use a value specified by the user. Structure
does not estimate an optimal K and needs a secondary method to determine the
optimal K (e.g., Evanno et al. (2005)).
ObStruct tests whether the population structure represented by the ancestral
profiles is correlated to the structure given by the predefined populations (sampled populations). Predefined populations are discrete sampling units within the
data based on the factor of choice. For example, predefined populations in a geographic study would be different sampled regions. Predefined populations can be
specified at different categorical scales to explore a single dataset in multiple ways,
e.g. by language, continent, altitude, salinity, region, pH, etc. If inferred structure
correlates with predefined populations, individuals within each of the predefined
populations will tend to have high values of ancestry in a small number of unique
inferred populations.

2.3.2 The R2 Statistic
Our aim is to determine the extent to which the factor of interest (encoded as
the predefined populations) is reflected in the ancestry profiles. We use the R2
statistic to quantify this extent. Let S denote the number of predefined populations, and K the number of inferred populations. Let nj denote the number of
individuals in population j = 1, . . . , S, and let yijk denote the ancestry of indi50

2.3. Methods

vidual i from predefined population j in inferred population k. Hence, we have
yij1 + · · · + yijK = 1. Further let y .jk denote the proportion with which the average individual in predefined population j is in inferred population k (also known
as the group mean), and let y ..k denote the proportion with which the average
individual is in inferred population k (also known as the overall mean).
Our null hypothesis states that the inferred ancestries do not reflect our predefined populations, i.e. individuals inferred to share a high proportion of ancestry
(forming a population within the data) appear randomly scattered among the predefined populations or, alternatively, all individuals have equal ancestries to all
inferred populations. In short, this indicates the factor of interest does not account for or drive inferred population structure. An established way of assessing
how well the predefined populations are represented by the inferred populations is
by evaluating the variation within and across predefined populations (e.g., Gittins
(1985); Anderson (2001)). The sum of squares across populations (SSA ) is given
as follows:
SSA =

K ∑
S
∑

(
)2
nj · y .jk − y ..k .

k=1 j=1

The nj in the summation accounts for heterogeneous population sizes. The sum
of squares within populations (SSW ) is given by:
SSW =

nj
K ∑
S ∑
∑
(

yijk − y .jk

k=1 j=1 i=1

)2

=

K ∑
S
∑
(nj − 1) · s2jk ,
j=1 j=1

where s2jk is the empirical variance of population j within group k. To see how
much of the variability in the ancestry profiles is explained by the predefined populations, we simply compute the multiple R2 statistic:
R2 =

SSA
,
SSA + SSW

(2.1)

i.e., we assess how much of the total variability in the data is accounted for by
grouping the data points according to the predefined populations. The R2 statistic
is well-known and easily interpretable. A low R2 means that either the predefined
populations have diverged quite recently or that there is a lot of migration and
admixture between the populations. A high R2 indicates strong diversification
and/or population structure.
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The usual way of assessing the amount of evidence against the null hypothesis
is by computing a p-value. In classic ANOVA, one uses SSA and SSW to build
the F statistic which is F -distributed with degrees of freedom corresponding to
S − 1 and N − S, where N = n1 + . . . , nS . However, since we have K response
variables this approach is no longer valid (Anderson, 2001). Instead, we generate
a distribution for the R2 statistic under the null hypothesis using permutations
of individuals (e.g., Gittins (1985); Anderson (2001)). If our null hypothesis is
true, then the perceived similarity within predefined populations is arbitrary and
permuting the ancestry profiles of the individuals should not significantly change
the R2 statistic. For our approach we considered 10, 000 permuted datasets appropriate. The p-value is then the proportion of permuted datasets for which the R2
statistic exceeds the value for the initial dataset.
Since we assess the null hypothesis using the variability in the data, and the
data are proportions, we have to account for heterogeneity in variance. Proportions close to 0 or close 1 tend to have a smaller variance than proportions close to
0.5. Not accounting for this can lead to observing effects that are due to the heterogeneity in the variance rather than similarities in the population structure. To
address this problem we follow the common approach and use the logit transform
on the proportions, i.e. we replace yijk with:
logit(yijk ) = log(yijk ) − log(1 − yijk ).

2.3.3 Additional Analyses of Population Structure
Relative Contributions of Populations: Having established the overall level of
structure within the dataset, we can apply the statistic to examine the relative contributions of each of the predefined and inferred populations to this structure. To
assess the contribution we remove one predefined or one inferred population at a
time and recalculate R2 for the reduced dataset. An increase in R2 means that the
removed population was more homogenized than average and thus contributed
less than average to the structure in the data. A decrease in R2 , on the other hand,
indicates that the removed population contributed to an increase in structure by
discriminating against the other populations or showing discriminating structure
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itself. Such an analysis has biological relevance in determining the main drivers
of population structure, e.g. whether just a few populations are giving rise to the
total structure seen in the data.
Pairwise Comparisons of Predefined Populations:

The primary units of interest

are populations deriving from the predefined factor level (e.g. geographic location) so we next focus on further analyzing the patterns of structure between them.
This allows us to identify similarities and differences between predefined populations and test the significance of these relationships. To do this we apply the R2
statistic calculation for all pairwise combinations of predefined populations to produce a pairwise matrix of R2 values. To access the significance of the similarities
or differences between predefined populations we again carry out by permutation
of ancestry profiles within each pairwise combination and correct for multiple resampling with Bonferroni correction.
Visualization of Structure: An integral part of every statistical analysis is plotting the data to visualize the outcome of the analysis. To visualize the structure
derived from the inferred populations and their relation to the predefined populations we use canonical discriminant analysis (CDA, see e.g., Gittins (1985)).
CDA is a method to assess and visualize the correlation between a set of response
variables and a set of dummy variables coded from the factor variable. Here, each
inferred population is treated as a response variable and the predefined populations compose our factor variable. The data on which the CDA is executed are
the logit-transformed ancestral profiles. A CDA starts by fitting a linear model
between each inferred population and the predefined population, and then combines these K models into a single model which assesses the correlation of the
inferred populations. It then suggests a set of transformed, orthogonal variables
which help visualizing the observed divergences in the data. The difference of a
CDA to the more popular principal component analysis is the explicit inclusion of
the explanatory variable in the calculations.
The output of ObStruct contains a script executable in the statistical software
R (http://www.r-project.org), using the R-specific packages candisc and heplots
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(Friendly, 2007). Upon execution it will create three figures.
The first figure visualizes all individuals colored according to the predefined
population they belong to. The two axes are labeled with the two variables explaining the highest proportion of variability in the data. This proportion is part of the
axis label, thus providing the user with information about the amount of variability visualized in the 2D-plot. Further, the plot shows two ellipsoids centred at
the hypothetical average over all data points. The inner ellipse contains approximately 50% of the individuals while the outer ellipse contains about 95% of the
individuals.
The second figure summarizes the information of the first by drawing 66% ellipsoids for every predefined population centred at the respective population mean.
This type of plot indicates the position of the predefined populations relative to
each other when given the transformed variables.
The final figure is called an
E

HE

plot. Here, the

H

stands for hypothesis, and

stands for error. The plot will post the same axis labels as the previous plots.

However, the predefined populations are reduced to simply show their centres. In
addition, inferred populations are visualized by arrows indicating their relation to
the transformed variables. Possibly the most important feature of the plot are the
two ellipsoids. The one labeled

group

indicates the range of individuals, while

the red ellipsoid labeled error indicates the range of variation between the group
means if predefined and inferred populations do not resemble each other. If there
is no resemblance in structure the red ellipsoid will be large and potentially exceed
the group ellipsoid, while a strong resemblance will lead to a small error ellipsoid
within the group ellipsoid.

2.3.4 Trial Datasets
To test the effectiveness of our method, we applied it to simulated and experimental data. Simulations using coalescent theory allow the demographic modeling of
population structure backwards in time. This means we can directly compare the
divergence of populations with known parameters with the performance of our
method to describe population division processes throughout the simulation. The
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application of our method to experimental data then serves to illustrate the practical benefits of the method and provides further useful information on the data.
Simulations: The fastsimcoal software (Excoffier and Foll, 2011) was used to
simulate three populations of 25,000 diploid individuals each diverging into 5 populations of 5,000 diploid individuals and then continuing to evolve without gene
flow for 1,000 generations. Samples of 100 individuals from each population were
taken every 50 generations starting from the initial divergence up to 1,000 generations, resulting in 21 sampling points per population. The simulation outputs
were specified as 10 unlinked microsatellite loci with the geometric parameter for a
Generalized Stepwise Mutation model of 0.05. Ten markers were used as a conservative measure of variation, if structure can be found in ten markers then more will
only add to the power of the method. The microsatellite profiles were analyzed
for population structure using InStruct and Structure (10, 000 iterations of
burn-in, 20, 000 iterations of sampling, 3 chains) with K set to 5 since this is
the true number of populations within this dataset. The resulting ancestry profiles
were used to calculate R2 to determine whether the increasing population structure
generated in the simulations was recovered with this new method of analysis.
Experimental Data: We chose to analyze two published datasets showing high
and low levels of population structure in order to evaluate the effectiveness of our
method across a range of conditions encountered in nature. The first of these
datasets comprises 1,484 humans genotyped at 678 microsatellite loci in 78 worldwide populations from 7 distinct geographic continents (Wang et al., 2007). R2
was calculated with predefined populations specified at both the continental and
regional scales to determine whether greater population structure was observed at
finer-scale sampling, as might be expected. The second dataset comprises Saccharomyces cerevisiae (a microbial sexual diploid eukaryote) isolates sampled from three
regions of the North Island of New Zealand and genotyped at 9 microsatellite loci
(Gayevskiy and Goddard, 2012). A conserved microsatellite binning procedure
was applied to the data leaving a total of 179 isolates from the three sampled regions. Microbes are not constrained as heavily by body size, population density
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or range size as are larger organisms, leading some to hypothesize an increase in
passive dispersal ability (Martiny et al., 2006). S. cerevisiae also has an extensive
history of human association (McGovern et al., 2004) which means this dataset
might contain less population structure due to increased gene flow between regions
due to both passive and human-mediated movement.
The human data were analyzed with Structure as per Wang et al. (2007) for
10,000 iterations of burn-in and 20,000 iterations of sampling using the admixture
model. K was set to 6 as this was the maximal value that was found to significantly
increase the resolution of the resulting ancestry profiles in the original study. Three
independent chains were run to check for convergence. Due to the highly inbred
nature of S. cerevisiae, InStruct was run on this dataset for 100,000 iterations of
burn-in and a further 100,000 iterations of sampling using the admixture model
from K = 1 to 30 and 3 chains per K. Both programs output ancestry profiles
in the distruct format which ObStruct parses. To provide a visual comparison with our method, ancestry profiles were plotted using distruct (Rosenberg,
2003).

2.3.5 Implementation
The ObStruct method is implemented in a Perl script called ObStruct.pl which,
along with documentation, is available from http://goddardlab.auckland.ac.nz/ObStruct.
The script takes outputs from Structure, InStruct and baps directly to calculate
R2 values and generates two output files: a comma-separated text file summarizing the results of the R2 analyses, and an R-script providing the commands to
visualize the relationship of predefined and inferred population structure in the
data.

2.4 Results
2.4.1 Simulated Data
The R2 proportions generated from the simulated datasets are plotted in Figure 2.1
for Structure and InStruct. As expected, both figures show an increase in
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Figure 2.1: Change in population structure over 1,000 generations of simulated
population divergence as inferred by (a) Structure and (b) InStruct. Error
bars denote the standard error of three separate simulations for each sampling time
point.

the level of inferred population structure through time after the initial divergence
event. Since no gene flow occurred between populations and the rate of mutation
is the same for all populations, the only variability in the simulations should be
that of sampling. 5,000 individuals are present in each population but just 100 are
sampled at each time point. This variability gives rise to stochasticity in the levels
of population structure which is further operated on by their analyses leading to
variation in the R2 proportions, shown by the error bars.
Our analysis shows InStruct gave rise to a consistent relationship between
time and structure with little variability seen within each sample for the three replicate simulations (Figure 2.1(b)). Structure displayed a similar relationship but
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with significantly increased error around R2 proportions (Figure 2.1(a)). The detection of significant population structure, as determined using permutation significance testing, also showed a similar pattern where significance (p < 0.05) was observed for all simulations after 50 generations in the InStruct analyses while the
last non-significant replicate was observed at generation 450 for the Structure
analyses. The gradual increase in structure reported by InStruct more accurately
reflects the expectations given the parameters of the simulations, given the fact
that populations are necessarily inbred due to the absence of gene flow between
populations.
Structure aims to maximise Hardy-Weinberg equilibrium within inferred
populations whereas InStruct instead focusses on using inbreeding rates to calculate expected genotype frequencies within inferred population. The choice of
software should be made based on biological information instead of statistical considerations. Nevertheless, these results clearly show that ObStruct is capable of
identifying the predefined population structure in the ancestral profiles produced
using both methods, if it exists.

2.4.2 Results for Experimental Data
Applying the ObStruct method to experimental data allows an additional empirical analysis of population structure over the description of graphical outputs of
ancestry profiles using district plots. Graphical outputs are open to interpretation whereas ObStruct provides objective insights into the resemblance between
predefined and inferred population structure. We will not only mirror the conclusion of the studies from which the data are taken, but also expand upon these
results and provide new insights.

Geographically-diverse Human Microsatellite Profiles: We recapitulated the analyses of data from Wang et al. (2007) using Structure with K = 6. R2 was calculated when the data were partitioned by continent (n = 7) and region (n = 78) to
enable analysis of structure at disparate scales. The resulting R2 values are shown in
Table 2.1. The structural resemblance observed is much higher when partitioned
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Figure 2.2: World map showing distruct plots of ancestry profiles for 1,484
humans sampled from seven continents. Ancestry profiles were generated using
Structure with K = 6.

by region (R2 = 0.92; p < 0.0001) compared with partitioning by continents
(R2 = 0.77; p < 0.0001). This is not surprising since we would expect individuals
sampled at finer scales to be more closely related. The variability observed between
the three chains run for each dataset is minimal, indicating adequate convergence
of chains.
Dataset

Scale

Human

Continental
Regional

S. cerevisiae

Regional

R2
0.77 ± 0.01***
0.92 ± 0***
0.22 ± 0***

*** Denotes (p < 0.0001)
2

Table 2.1: R values calculated for two experimental datasets of human and S. cerevisiae microsatellite profiles. The error reported is the standard error of calculating
R2 for three separate chains of each dataset.

Table 2.2 shows the changes to the R2 values when each predefined continental population is removed. Removing Africa reduced R2 the most, meaning that
this continent has the highest proportion of individuals with high ancestries to a
single inferred population, and thus contributes the most to the signal for population structure. The removal of East Asia and Europe reduced the R2 value
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below the overall value by a smaller margin indicating higher than average levels
of structure within these continents. The Middle East and Oceania left the value
of R2 unchanged. Continents that caused R2 to increase above the overall value
were Central South Asia and America. Removing America in particular causes
a large increase in R2 from the observed value, indicating that it is the most heterogenous continent harboring individuals with mixed ancestries. These analyses
complement patterns seen in the distruct plot of this data shown in Figure 2.2.
However, Oceania appears to be highly structured into a single unique inferred
population in the plots but its removal does not alter the R2 value in our analyses.
The reason for this lies in this continent’s small population size of 36 individuals.
The calculation of R2 takes into account sample size and will adjust for populations
with small sizes since their high structure might be due to chance. Our choice to
include the Oceania data stems from the desire to use the full dataset from the
original publication and show how our method deals with small population sizes.
Predefined Population
Africa
East Asia
Europe
Middle East
Oceania
Central South Asia
America

R2

Inferred Population

R2

−0.04 ± 0.01
−0.03 ± 0.02
−0.02 ± 0.01
−0.01 ± 0.01
−0.01 ± 0.01
0.01 ± 0.01
0.10 ± 0.01

6 (Purple)
5 (Green)
4 (Pink)
1 (Orange)
3 (Yellow)
2 (Blue)

−0.01
−0.01
−0.01
−0.01
0.00
0.04

Table 2.2: Changes from the observed R2 value when each continent and inferred
population is removed in turn for the human dataset. The colors for inferred populations correspond to those seen in Figure 2.2. The error reported for the continents is the standard error of R2 calculated for three separate chains of each dataset.
No such error is reported for inferred populations because the designations for inferred populations differ between chains.

Table 2.2 also shows the changes in R2 values when each of the six inferred populations is removed in turn for the continental scale. All inferred populations apart
from two decrease R2 from the overall value, which indicates these inferred populations are contributing to structure within the data. Inferred population three
doesn’t change the R2 value and inferred population two increases it (shown in
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blue in Figure 2.2). Individuals with high ancestry to this inferred population
come from two regional populations within the American continent. Since this
inferred population only occurs in America as a subset of the overall diversity in
that continent, removing it serves to increase the signal of structure from the entire American continent. This shows the diagnostic value of this technique for
identifying potential sub-structure within predefined populations.
Table S1 shows R2 values for each pairwise combination of sampled continents.
When visually compared with the distruct plot of the data (Figure 2.2), a number of interesting patterns emerge. First, among these are the significantly reduced
R2 values for all pairwise combinations involving America, resulting from the high
heterogeneity of ancestries within the American continent. Comparisons of the
three continents with high levels of ancestry in the purple inferred population have
R2 values at or below 0.3, indicating relatively little differentiation. The largest increases to R2 are observed in pairwise comparisons involving Africa, showing that
this continent is the most distinct. East Asia shows a similar pattern to Africa but
not to the same extent due to the admixture seen within it (purple bars amongst
the orange). Oceania is a unique case since in the distruct plot it appears to
be highly structured, but the pairwise R2 values are lower than for the similarly
highly-structured Africa. This is again explained by the small sample size from the
Oceania continent which means this sample is biased within any pairwise combinations by contributing less to the sum of squares across (SSA ). While many of
the patterns observed in our analysis can be seen within the distruct plots, it is
important to stress the objective nature of our analyses supporting the subjective
interpretation of plotted ancestry profiles. Further, not all datasets are as clearcut and easy to interpret as this highly-structured dataset, the next experimental
dataset on S. cerevisiae strains illustrates this.

Saccharomyces cerevisiae Microsatellite Profiles: Table 2.1 shows that the observed
R2 value for the S. cerevisiae dataset is 0.22 (p < 0.0001). Figure 2.3 matches the
ancestry profiles for this dataset, as generated with distruct, to the location of
the sampled regions in New Zealand.
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Figure 2.3: Map of New Zealand showing distruct plots of ancestry profiles
for 179 S. cerevisiae sampled from three regions. Ancestry profiles were generated
using InStruct with K = 10.

The relatively low R2 value compared to the human dataset is due to two reasons, (1) only nine loci are used in the yeast data while there were 678 loci encoding
divergence in the human data, and (2) these yeast populations appear to experience more admixture than human populations. Despite this, we observe structure
within inferred populations that is explained by corresponding sampled regions,
i.e., unique genetic diversity is found within at least one of the sampled regions.
Our in-depth analysis (Table S2) shows that removing West Auckland from the
data leads to a reduction in R2 by 0.12, meaning that this region contains the high62
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est proportion of individuals with high ancestries to inferred populations not seen
elsewhere; the turquoise inferred population in Figure 2.3. Waiheke Island and
Hawke’s Bay contain some unique population structure as evidenced by a significant R2 value when West Auckland is removed from the data. Unique structure is
seen in the Waiheke Island and Hawke’s Bay regions in the light blue and purple
inferred populations within each region (Figure 2.3), and this structure is enough
to reduce the R2 value slightly by 0.02 for Waiheke Island and 0.01 for Hawke’s
Bay when each region is removed from the data.
Finally, the changes to R2 when each inferred population is removed in turn
(data not shown) indicate that a single inferred population, when removed, reduces
the R2 by 0.08 while the rest increase it by 0 − 0.1. This indicates that one of the
inferred populations is driving structure within the dataset, i.e. comprises a large
number of individuals from a single region. This pattern is identical for all three
chains run for the data. This population is in fact the turquoise inferred population
seen extensively in West Auckland, shown in Figure 2.3.
Figure 2.4 shows two of the plots ObStruct creates when applied to this
dataset. We see that two transformed variables are sufficient to visualize the variation for all individuals, with the first variable covering 71.6% and the second the
remaining 28.4%. Figure 2.4(a) visualizes the position of individuals to each other,
colored by their membership to a predefined population. We see that all three populations are relatively separate with West Auckland showing a large cluster of individuals separate from the rest. Figure 2.4(b) reduces the sampling populations to
their center and visualizes the influence of the inferred populations with arrows (inferred populations are colored the same as in Figure 2.3). We see that the turquoise
arrow representing inferred population 3 strongly points toward West Auckland
encompassing the cluster of individuals there. The unique structure within Waiheke Island is encompassed by inferred populations 4 and 7, with the rest of the
inferred populations covering the direction of Hawkes Bay. While this can also
be seen in the distruct plot, the

HE

plot adds an extra layer by visualizing the

strength of resemblance through the red error circle which indicates that Hawke’s
Bay and Waiheke Island could be considered more similar to each other than to
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Figure 2.4: Canonical discriminant analysis on the Saccharomyces cerevisiae dataset.
(a) Mapping the individual data according to the CDA variables. The inner gray
ellipsoid contains 50% of all individuals, the outer gray ellipsoid contains 95% of all
individuals. Individuals are color- and shape-coded according to their respective
sampled region. (b) The HE plot shows the relation of variation in the group means
on two variables relative to the error variance. The colored arrows indicate the
position of the inferred populations relative to the axes obtained by the canonical
discriminant analysis. Names at the black points indicate predefined populations
(WA = West Auckland; WI = Waiheke Island; HB = Hawke’s Bay) while numbers
at the arrows indicate inferred populations.

West Auckland, an observation that is not as obvious when looking at distruct
plots.
Note that not every dataset will show enough discrimination with just two
CDA variables. The variation indicated at the axis is a good indicator of how much
variation has been covered by the CDA variables. If a third variable is useful, use
the R-function heplot3d for an interactive, 3-dimensional form of the HE-plot.

2.5 Discussion
We have presented a novel application of a classic statistical tool to analyze ancestry profiles produced from the Bayesian methods implemented in Structure and
InStruct. Our method analyses the signals for population structure present in
these ancestry profiles and determines the extent to which inferred structure cor64
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relates with the predefined factor of interest. We believe this method is a valuable
addition to the existing pipeline for analyzing population structure and extends the
subjective interpretation of plots of ancestry profiles. To support our position we
have applied the method to three distinct datasets: analyses of simulations show
the ability of ObStruct to capture information on overall structure; analyses of
human data show how the method performs on a highly structured dataset; and,
analyses of S. cerevisiae data show how the method performs on a highly admixed
dataset.
The steady increase in structure through time since divergence seen in the simulation data would not be easy to determine using present methods in population
genetics. Our method quickly and easily captures this information and tests significance using a permutation approach. We found that within our simulations
significant population structure could be detected in all three replicates after 50
generations by InStruct and after 450 generations by Structure. After 1, 000
generations of divergence, analyses of outputs from Structure and InStruct
converged on R2 values around 0.85, although Structure produced inconsistent
R2 values, possibly due to the way the method attempts to cluster inferred populations based on assumptions of Hardy-Weinberg equilibrium. Testing for differences in the effectiveness of these two methods is outside the scope of this study,
but these results indicate the R2 is suitable for such tests and clearly indicates the
levels of population structure in datasets.
The application of our method to experimental data showed the comparability
of the overall R2 value between datasets. The highly admixed S. cerevisiae had a
much lower R2 value of 0.22 compared with 0.77 for the human data partitioned
by continent, or 0.92 by region. Our new method allows one to test if the factor
of interest correlates with inferred structure. Further, we were able to objectively
determine the sources of structure within these datasets. Understanding the drivers
of structure allows us to draw biologically relevant conclusions and understand the
relative relatedness of sampled populations.
The absolute R2 value is useful for comparing datasets but it is difficult to generalize specific R2 values to categorical levels of structure. Rather, we recommend
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in-depth exploration of the dataset by using the pairwise predefined population
matrix and lists of R2 values when each predefined and inferred population is removed. It is this exploration that uncovers sources of structure within the data
between specific populations, for example, it may be possible that one predefined
population is very distinct from the rest of the data which itself shows high admixture. This means that the overall R2 value is primarily itself only a benchmark
against which to compare the changes to it from deeper tests performed by our
method. Manual manipulations of ancestry profiles show that the R2 statistic is
able to differentiate differences in ancestry proportions as low as 1% which makes
it a sensitive measure of structure.
The method described in this work has wide-ranging applications to any field
employing population genetic techniques, and we feel that this is a valuable addition to a pipeline for the analyses of population structure. An objective quantification of population structure in datasets means that disparate datasets may now be
compared. This opens up the ability to conduct theoretical and practical tests on
the nature of population structure and the factors that influence its inception and
perpetuation. The ability to look within a dataset at the causes of structure help to
determine the relative difference of populations and allows further interpretation
of the data. We believe that objectively quantifying the levels of structure in data
and taking into account important characteristics such as population size, number
of predefined populations and statistical significance is a significant addition to the
currently available analyses.
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0
0.92
0.87
0.82
0.86
0.84
0.54

Africa

Europe
0.92
0
0.83
0.29
0.84
0.23
0.52

Oceania
0.87
0.83
0
0.60
0.63
0.74
0.25

Cen. S. Asia
0.82
0.29
0.60
0
0.69
0.30
0.45

East Asia
0.86
0.84
0.63
0.69
0
0.82
0.55

Middle East
0.84
0.23
0.74
0.30
0.82
0
0.52

Table S1: Pairwise matrix of R2 values between continents for the human dataset.

*** All values are significant at p<0.001

Africa
Europe
Oceania
Central South Asia
East Asia
Middle East
America

America
0.54
0.52
0.25
0.45
0.55
0.52
0
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West Auckland
Hawkes Bay
Waiheke Island

West Auckland

Hawkes Bay

Waiheke Island

0
0.20
0.21

0.20
0
0.10

0.21
0.10
0

*** All values are significant at p<0.001

Table S2: Pairwise matrix of R2 values between regions for the Saccharomyces
cerevisiae dataset.
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3. Phylogenomics quantifies human range expansion in S. cerevisiae

3.1 Abstract
Humans have acted as vectors for species and expanded their ranges since at least
the dawn of agriculture. While relatively well characterized for macrofauna, the
extent and ecological ramifications of human-associated microbial dispersal are
largely unknown. Here we focus on Saccharomyces cerevisiae, which has been associated with humans since the dawn of civilization, and is also a research model.
Previous work has shown that this species contains both distinct ancestral natural populations as well as more derived human-associated lineages. We wished to
study the extent to which humans have played a role in manipulating the global
distribution of this species using whole genome sequencing. We include 52 novel
strains representative of the diversity in New Zealand to the current set of genomes
for this species. Phylogenomic approaches show an exclusively European origin
of the New Zealand population, with a minimum of ten founder events mostly
taking place over the last 1,000 years or so. Our results show that humans have
significantly expanded the range of S. cerevisiae and transported it to the other side
of the planet, likely as we expanded our viticultural activities. Since introduction to
NZ, this species appears to have radiated to niches outside of viticulture and winemaking, and demonstrates the potential ecological effects of humans’ unwitting
species range expansion for microbes.

3.2 Introduction
Humans have moved species beyond their natural ranges for thousands of years,
both intentionally for agricultural purposes (Diamond, 2002) and unintentionally
as a consequence of human migration (Wichmann et al., 2009). Due to their
size, the movement of microbes is cryptic (Litchman, 2010), but like their larger
counterparts, movement might be achieved by a variety of vectors including humans. However, other than microbial pathogens and parasites whose effects once
transposed are obvious (Mazzaglia et al., 2012), the extent to which humans have
manipulated the ranges of microbial species generally is very poorly characterized
(Litchman, 2010). Hypotheses regarding the biogeography of microbes initially
70

3.2. Introduction

postulated that due to their small size, large populations, and rapid rate of evolution, microbes have virtually limitless dispersal abilities, and that environmental
selection is the primary driver describing any differential distributions (de Wit
and Bouvier, 2006). However, the means by which microbes might be dispersed
are not well characterized. Studies show that some microbes seem to be globally
distributed (Pedrós-Alió, 2006). However, there is good evidence that other microbial species show population structure and non-random distributions through
space and time (Martiny et al., 2006; Valverde et al., 2012; Almeida et al., 2014;
Talbot et al., 2014; Taylor et al., 2014; Tripathi et al., 2014). Microbes are key
components of both natural and agricultural ecosystems, but we have little idea of
the role that dispersal limitation plays in describing the spatial variance observed
in microbial populations and communities, nor the range at which this becomes
relevant (Talbot et al., 2014; Tripathi et al., 2014).
Compared to observational counts, considerably more powerful and deeper inferences of species histories, including dispersal, may be revealed using molecular
genetic methods, particularly using whole genome DNA sequences. The field of
phylogeography has emerged as the primary method for studying the distributions
of organisms in relation to their genetic diversity (Avise et al., 1987). Phylogeography allows the inference of past species movements and speciation events, which is
particularly useful for investigating the historical movements of species. Phylogenomics may utilize the increasing availability of sequencing data to sample large
portions of the genome of many individuals to build increasingly accurate phylogenies (Delsuc et al., 2005). To date phylogenomic approaches have mainly been
focused on elucidating the evolutionary histories of plant and animal species, but
have been little employed to analyze microbes (del Campo et al., 2014). While a
vast array of robust microbial biogeography studies have examined the variance in
species distributions, there are relatively few phylogeographic studies focused on
microbes, and those that exist have largely used mtDNA, microsatellite or singlelocus genetic markers which can be biased or lack adequate resolution (Beheregaray, 2008). We are aware of just one study that has obtained the whole genomes
of a number of widespread individuals within one microbial species and evaluated
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their history (Almeida et al., 2014), but here we go on to use phylogenomic methods and quantify the rate of movement for the first time.
New Zealand (NZ) is the last major landmass colonized by humans ~1,000
years ago (Hurles et al., 2003) and represents an interesting and unique environment to investigate phylogeography generally. Indeed, many of NZ’s endemic
macroscopic flora and fauna have been studied attempting to tease apart the roles
of vicariance and dispersal (Wallis and Trewick, 2009). Only very limited work
has been conducted on the microbial phylogeography of species found in NZ, and
these show that some species/communities appear unique to NZ (Valverde et al.,
2012), while others partially match those found elsewhere (Morris et al., 2010).
One recent study suggests the presence of an ancient population of the yeast Saccharomyces uvarum in Australasia, but this species is certainly not endemic to NZ,
nor is there evidence for an NZ-specific population (Almeida et al., 2014).
To investigate the relative roles of human-aided and natural dispersal on range
expansion for microbes, we focused on the naturally occurring research model and
commercially important yeast Saccharomyces cerevisiae. This eukaryotic species and
its close relatives are an attractive model classically used in cell biology and genetics, and increasingly used for experimental ecology, evolution and genomics.
The Saccharomyces genus is composed of seven species and originated 10-20 million years ago (Hittinger, 2013). All species have complete genomes available and
have been used for numerous functional (Bergstrom et al., 2014), phylogenetic
(Drummond et al., 2006; Scannell et al., 2011), biochemical (Piskur et al., 2006)
and evolutionary (Novo et al., 2009) studies. S. cerevisiae was the first eukaryotic
organism sequenced in its entirety due to its small 12Mb genome made up of just
~6,000 genes. Since then, it has become the best annotated eukaryotic genome
(Cherry et al., 2011) and remains a cornerstone of the genomics community with
~74 genomes published at the time of writing, and a further 37 available for its
sister species S. paradoxus. S. cerevisiae represents an ideal microorganism to study
the effects of human-mediated dispersal and range expansion due to its close association with humans in the winemaking, brewing, baking, bioethanol and sake
industries as well as its presence in the natural environment, primarily in forests
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(Hittinger, 2013).
Since S. cerevisiae may be found closely associated with humans, there has been
a progression in thinking as to the relative influence that humans have had on its
evolution. Initial hypotheses theorized that it is largely a domesticated species only
found association with humans (Martini, 1993), while more recently molecular
data have lead others to argue that interactions between human-associated niches
and the natural environment are frequent and contribute greatly to the diversity of
the species as a whole (Aa et al., 2006; Liti et al., 2009; Schacherer et al., 2009;
Bisson, 2012). Previous studies have explored disparate strains of S. cerevisiae using whole genome sequencing (Liti et al., 2009), RAD-seq (Cromie et al., 2013),
yeast tiling arrays (Schacherer et al., 2009) and targeted sequencing (Wang et al.,
2012). However, the global distribution of S. cerevisiae is still relatively poorly
characterized, as demonstrated by the recent revelation of major basal clades when
samples from China were analyzed (Wang et al., 2012). Strains included in previous studies derived from diverse niches and geographic locations in an attempt to
tease apart geographic and ecological factors to help explain current distributions,
but specific populations have not been analyzed in great depth other than one in
NZ (Goddard et al., 2010; Gayevskiy and Goddard, 2012; Cromie et al., 2013;
Knight and Goddard, 2015). One pattern consistently found in all studies to date
is the close relatedness and short divergence time of a ‘Wine/European’ group (Liti
et al., 2009; Schacherer et al., 2009; Wang et al., 2012; Cromie et al., 2013). This
group includes both commercial winemaking strains, strains sampled in vineyards
and wineries worldwide, as well as strains from European forests. The hypothesis
is dispersal from Europe by humans in association with the global spread of viticulture and winemaking, and this was initiated by earlier analyses of a large collection
of S. cerevisiae with microsatellites (Legras et al., 2007). Together this suggests
that S. cerevisiae is a species with some clades that are closely associated with and
dispersed by humans, but other likely more ancestral clades are present in natural
environments and probably dispersed only locally by other means, such as insects
(Stefanini et al., 2012; Buser et al., 2014) or not at all.
Previous analyses suggest that NZ harbors a diverse and globally genetically
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distinct metapopulation of S. cerevisiae, with some geographically distinct localized populations that are also connected by various levels of gene flow (Goddard
et al., 2010; Gayevskiy and Goddard, 2012; Cromie et al., 2013; Knight and Goddard, 2015). Many NZ strains analyzed derive from vineyard and winemaking
associated niches (Goddard et al., 2010; Knight and Goddard, 2015), but some
derive from oak trees planted by early Europeans (Zhang et al., 2010a) and from
native NZ fruiting trees (Knight and Goddard, 2015). However, there is no evidence for genetic differentiation between strains isolated from native forests and
their vineyard counterparts (Knight and Goddard, 2015). S. cerevisiae is found in a
range of niches, but appears specialized to infest sugar-rich niches (Goddard, 2008;
Hagman et al., 2013), and NZ contains numerous endemic fleshy fruit species
(Williams and Karl, 1996), with some containing up to 25% w/w sugar in fruit
pulp (Kelly et al., 2004). Was S. cerevisiae present before humans arrived in NZ
~1,000 years ago, or did humans unwittingly expand this species’ range and introduce it into NZ along with exotic fruit bearing plants and trees? What are the
origins of the NZ S. cerevisiae group, and how many introductions of this species
might there have been? Here we attempt to quantify the mode and extent of range
expansion for S. cerevisiae, and in doing so provide the first quantitative estimate
for the magnitude of global movement, and thus range expansion, for microbes
generally.

3.3 Results
3.3.1 Sequencing and Mapping
We identified a set of 52 maximally divergent S. cerevisiae genotypes from a set of
716 derived from various niches across NZ (see Table S1) using k-means clustering
of microsatellite profiles. Sequencing of genomes derived from individual clonally
expanded diploid populations of these yielded an average of 5.1 million 150 bp
paired-end reads per strain for a total of 39.8 Gbp of data. An average mapping rate
of 96.35% was obtained for each genome using the S288C genome as a reference,
with an average coverage of 61X, and mapping quality of 38.78 (Phred score). An
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average of 52,421 (SE=532) SNPs and 4,915 (SE=36) INDELs were obtained for
each genome. This number of SNPs is entirely consistent with other S. cerevisiae
strains sequenced on the same platform from a diversity of international locations
and niches (Bergstrom et al., 2014).

3.3.2

Population Genomic Statistics

First we compared the NZ derived genomes to one another and then to 14 previously published genomes that either derived from Europe or are associated with
winemaking, which form a tight clade, and finally to a further nine genomes derived from a diversity of locations and niches. Only genomes with high quality
data (Illumina sequencing) were included in this analysis (Table 3.1). The number
of comparable homologous sites reduced as more genomes were added due to an
increase in missing data. The number of segregating sites is proportionately similar between the Wine/European group and the NZ population, but nearly doubles
when the other genomes are added, indicating their relative divergence. Watterson’s Theta (Watterson, 1975) was used to estimate the population mutation rate
for all three population sets, and the NZ and Wine/European populations have
similar levels of low frequency mutations, but the addition of the other genomes
increases this number moderately (37% larger). Pi is a measure of population nucleotide diversity (Tajima, 1989) and the NZ and Wine/Europe populations appear identical, but again the inclusion of the other genomes leads to an increase
in this statistic (30% larger). Finally, Tajima’s D is used to estimate the extent of
selection versus drift in populations (Tajima, 1989) and this becomes increasingly
negative as more genomes are added, indicating population size expansion (possibly due to a selective sweep) and/or purifying selection. Together this provides a
consistent picture that the NZ derived genomes are more similar to the genomes
deriving from Europe or associated with winemaking than to genomes derived
from elsewhere.
We employ phylogenomic methods in the first instance to evaluate long-term
within-species population structure. S. cerevisiae is a sexual eukaryote, and previous
analyses show that while it tends to inbreed, there is clearly a reasonable amount
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Population

Sitesa

Segregating Sitesb

θ (x 1,000)

π (x 1,000)

Tajima’s D

NZ (52)
Wine/Europe/NZ (66)
All Available (75)

11,084,457
6,505,396
6,397,673

124,566 (1.1%)
91,543 (1.4%)
134,386 (2.1%)

3.3
3.8
5.2

2.3
2.3
3.0

-1.27
-1.65
-1.77

a

Sites where all genomes have at least one high quality read
Sites where all genomes have at least one high quality read and at least one genome differs from the rest,
percentage in brackets is from the total number of sites
b

Table 3.1: Nucleotide diversity in three superset populations of S. cerevisiae.

of outcrossed recombination and gene-flow between sub-populations occurring in
the NZ population (Goddard et al., 2010; Gayevskiy and Goddard, 2012; Knight
and Goddard, 2015), and the inference of hybrids in global studies suggest this may
well be the case at larger scales (Liti et al., 2009). The degree to which phylogenomic methods will recover any signal when there is diffuse population structure is
not clear: i.e. when some population differentiation is present but with reasonable
gene flow between sub-populations. To enable us to analyze a spectrum of possible
population structures, from completely homogenized through to highly structured
due to ancient population divergences, we use complementary population genetic
methods that use Bayesian approaches capable of inferring finer degrees of population structure (Pritchard et al., 2000), and the subsequent analyses of ancestry
profiles (Gayevskiy et al., 2014).

3.3.3 Phylogenomic Approaches
Initially we chose a comprehensive set of 106 orthologous loci first compiled by
Rokas et al. (2003) for phylogenomic analyses due to their distribution across the
genome and presence in all Saccharomyces species. Of the existing 72 S. cerevisiae
and 37 S. paradoxus genomes, 60 and 36 respectively contained these 106 loci. The
remaining genomes had insufficient or low quality sequencing coverage for at least
some of the loci. All 52 NZ genomes contained complete sets of these 106 loci.
To place the individuals deriving from the NZ population in a global context,
we reconstructed a phylogeny and included the 36 S. paradoxus genomes for calibration and rooting purposes. The phylogeny was reconstructed using Bayesian
approaches implemented in beast, and is shown in Figure 3.1. Phylogenetic anal76
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Figure 3.1: Rooted phylogeny of 112 S. cerevisiae strains created using the 106
loci dataset with S. paradoxus as the outgroup. Strains were sampled from different
niches and geographic locations. Highlighted clades indicate proposed shared ancestry due to co-existence in a specific niche or geographic location. All posterior
probabilities of highlighted clades are >0.99.

yses conducted using both Neighbor-net (implemented in SplitsTree; Huson
and Bryant (2006)) and maximum likelihood methods (implemented in PhyML;
Guindon and Gascuel (2003)) yielded similar topologies (Figures S1 and S2 respectively). Network analysis allows any non-bifurcating relationships between
genomes to be displayed and thus effectively provides signals for recombination.
This approach reveals a network that to a first approximation recapitulates the phylogeny seen in Figure 3.1, and strongly suggests that rampant recombination and
gene flow is not occurring between the major clades. This provides scope for sufficient signal for phylogenomic approaches to evaluate some of the major divisions
within this species.
The inclusion of NZ genomes reproduces an overall topology that is comparable to earlier analyses (Liti et al., 2009; Schacherer et al., 2009). Strikingly, 85% of
the NZ strains, including the strain isolated from a native forest, are interspersed
within the Wine/European clade (Figure 3.1). The resolution within this clade is
extremely poor, suggesting this comprises a contemporaneous population experiencing gene flow and recombination, and the relatively short branch lengths show
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little time since divergence. This represents the first piece of compelling evidence
that the S. cerevisiae in NZ have a significant portion of ancestry, and thus derive
from, and are in fact part of, the European population. Not all NZ strains fall
within this Wine/European group however. The remaining 15% of NZ strains
form a sister clade to the Wine/European group, with the inclusion of I14 and
Y55, which are two soil isolates from Europe (although Y55 has a complex mosaic history (Liti et al., 2009)). Resistance to sulfite is a key defining phenotype
of the S. cerevisiae lineage associated with viticulture and winemaking, as sulfur is
and has been used as an anti-microbial in both vineyards and wineries (Pretorius,
2000; Aa et al., 2006). To evaluate whether this smaller group might represent
a European population not associated with wine, with corresponding migrants to
NZ, we tested the sensitivity of these to sulfite. There is no significant difference in
resistance to both 15 mM and 20 mM sulfite between these groups as determined
by plate assays (t − ratio = −0.727, −0.012 and p = 0.468, 0.996 respectively),
but these two groups are significantly more tolerant to 15 mM and 20 mM sulfite than the rest of the strains (F [2,129] = 25.5, 8.9 and p < 0.0001, = 0.0002
respectively).
Previously identified clades (Liti et al., 2009; Schacherer et al., 2009) are reconstructed and expanded with our analyses due to the inclusion of further recently
sequenced genomes. The North American clade includes additional strains sampled in the Bahamas (T7 and UWOPS83_787_3), the West African clade contains
the PW5 strain sampled from Nigerian palm wine and the sake clade contains an
additional three sake strains (UC5, Kyokai7 and ZTW1). Several new clades are
present for laboratory and bioethanol strains. Apart from the sake clade, the ordering of the clades in relation to the S. paradoxus outgroup places strains isolated
from non-agricultural niches as basal while agricultural and biotechnological associated strains are relatively derived indicating their more recent formation. Strains
not residing in these clades are interspersed through the tree and tend to be positioned at the ends of longer branches and could indicate the presence of further
under-sampled populations or represent chimeric strains with ancestry in multiple
clades.
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Recently, a large novel diversity within S. cerevisiae was revealed by the sequencing of 13 loci from 99 strains isolated in China, leading the authors to suggest this
species originated on the Asian continent (Wang et al., 2012). We extracted these
loci from all available whole genomes, resulting in 214 S. cerevisiae comprising: 99
Chinese strains, 52 NZ strains, 60 strains used in the first analysis, and a further
three international strains containing these six loci (Table S2). We reconstructed
a phylogeny with these data (Figure S3). Posterior probabilities for all labeled
clades shown in Figure S3 were >0.92 indicating adequate resolution, but the posterior probabilities for relationships of individuals within these clades, particularly
within the Wine/European/NZ clade, was very poor, likely due to gene tree incongruence. Broadly, our analyses agree with earlier findings, and all eight Chinese
lineages previously identified (Wang et al., 2012) were reconstructed. The tree features a large split between strains that have been sampled from non-agricultural
environments regardless of sampling location, and those that are closely associated
with human activity. Exceptions to this include the sake clade which tends to cluster with non-agricultural strains due to a hypothesized secondary domestication
event (Fay and Benavides, 2005) and FostersO (ale strain) and EC1118 (industrial
winemaking strain) which appear as basal to the outgroup. The genetic diversity
(branch lengths) within the human-associated clades are significantly lower than
for the other clades, which, taken with low posterior probabilities, implies incomplete lineage sorting and/or high rates of admixture for human-associated strains.

3.3.4

Population Genetic Approaches

From the 11,059,143 nucleotide positions in the 93 aligned concatenated genomes,
any which were uninformative or had missing data were conservatively removed
leaving a total 66,316 positions for population structure analysis. Bayesian approaches that incorporate admixture infer the presence of four populations using
the Evanno et al. (2005) method as implemented in Structure Harvester (Earl
and vonHoldt, 2011). Figure 3.2 shows the resulting ancestry profiles: each vertical column represents a strain and the colors show the proportion of ancestry to
each of the four inferred populations. There is a progressive and gradual increase
79

3. Phylogenomics quantifies human range expansion in S. cerevisiae

in ancestry to the orange inferred population as one moves from the assumed ‘natural’ strains on the left to the increasingly ‘human-associated’ strains on the right,
suggesting these strains form one sub-population. Strains isolated in natural environments or traditional fermentations in Asia, Africa, Europe and the Americas
are inferred to belong to two populations (blue and purple in Figure 3.2). The blue
population exclusively contains isolates either from forests or traditional fermentations, and together these appear distinct from those associated with humans. The
strains most strongly belonging to the purple population are from oaks in North
America and sake in Japan, but there are signals for gene flow between this population and human-associated strains. The final inferred population (yellow) is more
cryptic. In general it appears these three inferred populations may either be loosely
correlated with their use (winemaking, other human activities and natural environments/fermentations), but might equally well be explained by geographic location.
What is clear is that these populations are not discrete, but there are strong signals
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Figure 3.2: Ancestry profiles produced by Structure showing population structure inference of 66,316 SNPs from 93 whole genomes of S. cerevisiae. Each bar
represents an individual strain and colors represent different inferred populations
for K=4 (optimal). The geographic origin and niche of isolation for each strain is
labeled with colored squares and circles, respectively.

To determine whether geographic origin or niche of isolation was a stronger
determinant of inferred population structure, objective tests were conducted on
the ancestry profiles using ObStruct (Gayevskiy et al., 2014). Niche of isolation
was found to be marginally stronger (R2 = 0.51, p < 0.0001) than geographic
origin (R2 = 0.45, p < 0.0001) at explaining variance in inferred structure. We
then compared the inferred ancestry of strains to those groups revealed from the
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independent phylogenetic analyses shown in Figure 3.1. Unsurprisingly, there is
a higher correlation for genome similarity and differentiations between these analyses (R2 = 0.74, p < 0.0001): the greater R2 reported from this last analysis
simply shows that neither geographic location nor niche or ‘use’ alone is sufficient
to describe the observed population structure, but that both need to be considered
simultaneously. Thus, while overall niche is the marginally stronger driver of population structure, the most accurate picture is one that describes a global metapopulation of genetically connected sub-populations inhabiting different places and
niches, and recapitulates the picture seen at national levels (Knight and Goddard,
2015).

3.3.5

Number and Timing of NZ Incursion Events

It is clear that the NZ S. cerevisiae population derived from Europe. But how many
times might strains have been transferred from one side of the world to the other,
and when did this occur? The theoretical number of incursion events ranges from
just one to approximately 2,000 as this represents the best estimate for the number
of different S. cerevisiae genotypes currently present in NZ (Knight and Goddard,
2015). At this upper rate, we would expect that the diversity within NZ largely
reflects the history of the European population, while at the lower rate significant
diversification within NZ could be possible. We wished to estimate the minimum
number of incursion events given our data to provide a lower bound to this rate,
and we therefore evaluated these using a maximum parsimony approach. Under
this framework the best explanation for clades entirely comprised of NZ derived
genomes is that an ancestor that was transported to NZ from Europe founded
them. Thus, we inferred the minimum possible incursion events into NZ by minimizing the change from Wine/European to NZ status over the phylogeny, and
this is shown in Figure 3.3. The minimum number of S. cerevisiae Europe to NZ
transfer events is ten (one and nine in each of the two clades where NZ isolates are
present). By comparisons to null distributions, this observed number of incursion
events is significantly less than we would expect to see by chance (p = 0.0116
and p < 0.0001 for each clade given 10,000 permutations of terminal taxa status)
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given these phylogenies and proportions of NZ and European derived genomes,
suggesting incursion events have been minimal. We also analyzed the population
structure in these groups with the same Bayesian approach, and the optimal number of inferred sub-populations is 11 across the two clades that harbor NZ derived
genomes (data not shown), and this is in line with the number of incursion events
suggested by parsimony analyses.
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Figure 3.3: Phylogenies of the (a) NZ/Europe and (b) Wine/Europe/NZ clades
seen in Figure 3.1. NZ strains are labeled in green while other strains are in red.
Maximally parsimonious incursion events are shown as red boxes and labeled numerically corresponding to their estimated dates plotted in (c).
It appears the movement of S. cerevisiae from Europe to NZ is not only detectable but also constrained. The question under scrutiny here is the extent to
which humans have expanded microbial species ranges. Just because we infer at
least ten incursion events from Europe, this does not necessarily prove that humans were the agents of transfer; S. cerevisiae might have been moved by other
means and been present before humans arrived. Humans only arrived in NZ about
1,000 years ago (Hurles et al., 2003), so next we attempted to estimate the ages
of the clades that only harbor NZ derived genomes. Again, under a parsimony
framework, these potentially represent the age of lineages and populations that
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have expanded since their ancestors arrived in NZ. The substitution rate between
S. paradoxus and S. cerevisiae was calculated to be 0.3366 in our data. Dating microbial phylogenies is difficult, and the time to the common ancestor of S. cerevisiae
and S. paradoxus has been estimated at 0.4 to 3.4 mya (Liti et al., 2006). If the
molecular substitution rate is assumed to be constant across this time period, then
the potential ages of these ten clades may be simply estimated by calculating the
proportional distance of the relevant nodes compared to the node defining the
S. paradoxus/S. cerevisiae split. With this approach the lower bound timing estimates of S. cerevisiae incursions into NZ from Europe spans from approximately
60 to 5,000 years ago (Figure 3.3). However, we note that large confidence limits
around the timing of the S. paradoxus and S. cerevisiae split (Liti et al., 2006) clearly
translate into large limits around the estimates for incursions into NZ. Without
wanting to overly extrapolate these tentative timings, it is interesting to note that
most inferred incursion events hover just above or well below the 1,000 year cut-off,
and just one is substantially older. This one older event is the inferred incursion
event from the smaller sister clade to the Wine/European group, where eight NZ
derived genomes cluster with soil isolates from Europe (Figure 3.3). Given the
uncertain nature of the dating of this phylogeny combined with the assumptions
of constant substitution rates, apart from one possible exception, then overall there
is no compelling evidence to suggest that S. cerevisiae has been in NZ significantly
longer than humans have, and thus human introduction appears the most likely
explanation for S. cerevisiae’s presence in NZ.

Lastly, we estimated the node containing the entire Wine/European/NZ group
to be between 4,635 - 39,394 years old. This estimates overlaps with the earliest
evidence for humans producing fermented drinks some 9,000 years ago in China
(McGovern et al., 2004), and this squarely places all the S. cerevisiae found in NZ
in the group that expanded along with the human passion for viticulture and winemaking.
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3.4 Discussion
The primary aim of this work was to evaluate the degree to which humans have
affected the phylogeography of microbes and expanded microbial species ranges,
and we focused on S. cerevisiae, a microbial species that is found in forests but
also associated with human agricultural activities, to do this. Even though it is a
research model, many S. cerevisiae whole genomes were obtained at a time when
high sequencing depth was not feasible. The genomes we have sequenced here have
an average sequencing depth of 61X, and are diploid, and along with Bergstrom
et al. (2014) represent a major addition of high quality genomes to the worldwide
genetic resources for S. cerevisiae.
Previous analyses, using repeat regions, showed the NZ S. cerevisiae population as internationally genetically distinct (Goddard et al., 2010). The analysis of
whole genomes here does not agree with this. This discrepancy might be explained
by the fact that repeat loci evolve rapidly and thus are capable of resolving finer levels of population differentiation than signals from whole genomes (or many loci)
can. Significant signals for differentiation revealed by analyses using repeat regions
would occur if rates of gene-flow (incursion events) between Europe and NZ are
relatively low, and less then the rates of evolution at these repeat regions: analysis
here suggests the number of incursion events into NZ have not been that great,
and thus correlates with this idea.
The phylogeographic and population structure analyses conducted here utilizing large portions of genomes clearly reveals that the isolates from NZ had their
origins in a population that inhabits Europe, and is associated with viticulture and
winemaking more generally (Liti et al., 2009; Schacherer et al., 2009; Wang et al.,
2012; Cromie et al., 2013). Given the relative age of viticulture in Europe compared to NZ, and suggestions of expansion of this group to other parts of the globe,
the obvious conclusion is that migrants from Europe founded the NZ population.
We went on to attempt an estimate of how many migrants might have founded
the NZ population and when these might have occurred. Incursion events represent the movement of a distinct genotype to NZ and are themselves an upper limit
for the number of immigrations where, for instance, a single immigration event
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can bring two distinct genotypes that we infer as separate incursion events. The
estimation of the immigration rate is cryptic complex given our data so we focus on
the incursion rate in our analyses. Perhaps the most robust is our estimate of a minimum of ten incursion events. Permutation analyses suggest that transitions from
Europe to NZ status are significantly minimized over the phylogeny: i.e. incursion
is not so rampant that this signal is lost. However, analyses estimating the number
of incursions might produce an erroneous result not necessarily due to analytical
reasons, but mostly due to the unequal number of whole genomes deriving from
NZ and European populations. For example, under the parsimony framework, the
observations of clades that only comprise NZ isolates means one infers that this
was seeded by one immigrant. Recall the NZ strains were deliberately chosen to
represent the genetic diversity in NZ based on comprehensive surveys, but it might
well be that with increased whole genome data from the European population one
finds strains that are interdigitated among NZ strains in various clades. This would
in turn elevate the number of estimated transitions from Europe to NZ status and
correspondingly greatly increase estimates of incursion rates. However, additional
data may not show this pattern, either way, here we estimate the minimum number
of incursion events given the data that are available. A further potential method
for quantifying the rate of incursions is Approximate Bayesian Computation.
The estimates concerning timings of these incursion events are less certain.
This is due to the problems associated with dating microbial phylogenies in general,
due to the lack of fossils, and then extrapolating the uncertain estimates we have
to relatively recent divergence events, or extrapolating uncertain recent events to
older divergences. An example of this using our data could be to equate the divergence rate observed in the largest clade consisting of only NZ strains to the arrival
of Europeans 300 years ago and extrapolate this rate to the rest of the S. cerevisiae
clades. Whilst the mutation rate of S. cerevisiae has been estimated (Lang and
Murray, 2008), this has been deduced using a few strains under laboratory conditions. A further complication is that we have very little idea of absolute mitotic and
meiotic generation times in nature, making calibrations of absolute timings using
mutation rates a fruitless way forward. Here we make assumptions about the con85
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stancy of the rates of molecular evolution. Given these caveats, we estimate the
likely timings of these incursions, and their lower bounds are not greatly above,
and indeed are mostly below, the 1,000 year ago cut off (Figure 3.3). One inferred
incursion event is around 5,000 years old however. This is the event in the clade
distinct from the main Wine/European group and contains European soil isolates.
One interpretation is that these European soil isolates (acknowledging that there
are only two) represent a population inhabiting niches not necessarily associated
with winemaking, and that this population is essentially uncharacterized. The sulfur resistances of the strains in this group strongly suggest this is not the case, and
so perhaps these represent a second European population associated with wine. In
line with the idea mentioned earlier, if genomes from the European population
were more comprehensively sampled, it may reveal isolates that interdigitate with
the NZ ones, and this would again not only increase the inference of numbers of
incursion events but also greatly reduce their estimated timings. The inclusion of
the recombinant strain Y55 in this clade could also serve to increase divergence
estimates due to the effect recombinant taxa have on phylogenies.
It seems the human introduction of S. cerevisiae into NZ provided a range
of niches for this lineage to expand into. S. cerevisiae in NZ appears to inhabit
a range of niches including fruit and vineyard soil and bark, as well as soil and
fruits of native tree species (Knight and Goddard, 2015). The largest clade of NZonly strains numbers 27 and comprises strains from multiple regions, and recent
work shows no genetic differentiation between strains from vineyards and native
forests under 100 km (Knight and Goddard, 2015). This shows individuals from
the wine group are able to radiate into and persist in non-agricultural niches, and
suggests that any adaptation to human constructed viticultural and winemaking
niches, like sulfur tolerance, has not necessarily meant a trade-off in terms of ability
to inhabit other niches. The ecological connotations of this species radiating into
native NZ niches for the microbial ecosystem, and the ecosystem in general, is
uncharacterized. Radiation to new niches might also increase rates of molecular
evolution, and this would be manifest as older divergences if forced into a clocklike tree, as we have done here in order to date nodes. Thus, the estimated dates
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of incursion events might be younger than we estimate here under the assumption
of constant rates of molecular evolution. Together, these estimates of origins and
timings strongly suggest that humans introduced S. cerevisiae into NZ recently, and
thus humans have expanded the range of this species. This pattern correlates with
the previous observation of S. cerevisiae presence in new oak barrels from Europe
once arrived in NZ (Goddard et al., 2010), and converge on the inference of recent
movement of S. cerevisiae from Europe to NZ that has been unwittingly facilitated
by humans.
The signals provided by these phylogenomic analyses are in line with previous
work showing trends in S. cerevisiae population division that correlates with the
expansion of viticulture globally (Legras et al., 2007). In addition it fits with the
analysis of a handful of S. paradoxus isolates from NZ that are also inferred to have
been moved to NZ from Europe associated with the movement of another plant
species by humans: Quercus (oak trees) (Zhang et al., 2010a). It is interesting
to note that another close relative, S. uvarum, is inferred to have been present in
Australasia well before humans might have been in NZ, and so it seems that the
ranges, modes and ages of dispersal of these sister taxa differ greatly.
The Saccharomyces genus has its origins 10-20 mya and is found in the natural
environment in forests worldwide (Hittinger, 2013). The earliest evidence for the
human use of S. cerevisiae for fermentation has been dated to approximately 9,000
years ago and comes from pottery jars in China (McGovern et al., 2004). The
earliest evidence for wine production comes from Iran approximately 7,400 years
ago and seeds of domesticated grapes have been found in Georgia and Turkey
and dated to approximately 8,000 years ago (This et al., 2006). Winemaking then
spread to adjacent areas and around the Mediterranean approximately 5,000-5,500
years ago (This et al., 2006). Our results have shown that strains associated with
winemaking are closely related to one another regardless of geographic location
and have an approximate divergence date of between 4,600-39,000 years. These
archaeological dates allow another way to calibrate the dating on this phylogeny
and indicate that the split between S. cerevisiae and S. paradoxus is closer to the
lower bound of 0.4 mya than the upper of 3.4 mya.
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Overall the analyses conducted here show that humans have facilitated the
trans-global transfer of this microbial species through our agricultural activities,
and thus have significantly expanded this species’ range. In doing so, it appears we
have provided an opportunity for S. cerevisiae to radiate to and become established
in new niches.

3.5 Materials and Methods
3.5.1 Strain Selection and Sequencing
We selected 52 diploid strains of S. cerevisiae for whole genome sequencing from
our collection of 716 strains genotyped at 9 microsatellite loci (Richards et al.,
2009) derived from across the entirety of NZ from various niches. We used the
K-means clustering algorithm (implemented in R (R Development Core Team,
2011)) on the microsatellite profiles to identify a set of 50 maximally divergent
strains which represent the genetic diversity in the dataset, and by extension, NZ.
We also included the only available strain from native NZ forest and a promising
fermenting strain isolated from a NZ vineyard for 52 strains in total. Table S1
lists sampling locations, sampling dates and references for all strains sequenced.
Strains are available upon request. Sulfite tolerance was assayed by plating onto
YPD with either 15 mM or 20 mM sodium metabisulfite in triplicate and scoring
the growth of colonies after 2 days at 28°C.
High molecular weight genomic DNA was extracted from strains selected for
sequencing and libraries were constructed with 500 bp inserts. Sequencing was
carried out at the Beijing Genomics Institute, China on a single 150 bp pairedend lane of an Illumina HiSeq 2000.

3.5.2 Genome Mapping and Quality Control
Each sequenced genome was treated identically using a custom bioinformatics
pipeline written in Perl. This pipeline is outlined below.
Quality Control and Trimming fastqc (v0.10.1, Andrews (2012)) was used
for quality control of each library and to determine optimal trimming parame88
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ters. Trimming was conducted with Trimmomatic (v0.25, Lohse et al. (2012))
using the following parameters: ”LEADING:3 TRAILING:3 SLIDINGWINDOW:3:20 MINLEN:30”. Following trimming, fastqc was executed on the
trimmed reads for comparison with the initial reports.
Mapping and Variant Calling All trimmed reads were mapped against the S.
cerevisiae reference strain S288C using Bowtie2 (v0.12.7, Langmead and Salzberg
(2012)). Following mapping, samtools (v0.1.18, Li et al. (2009)) was used for
alignment conversion, sorting and indexing. A variant call file was produced using
the mpileup command within samtools with the ”-Bu” parameters. The variant
call file was used to create a consensus genome without the reference to allow for
INDELs using the vcf2fq Perl script within samtools.
Data Availability We have made our raw sequence data and consensus genomes
aligned to S288C publicly available at SRA: SRP042301 and BioProject: PRJNA247448.

3.5.3

Sequence Extraction from Sequenced and International Genomes

In addition to the 52 genomes sequenced here, a further 72 S. cerevisiae genomes
and 37 genomes of its sister species S. paradoxus were obtained from the Saccharomyces Genome Database, NCBI, the Saccharomyces Genome Resequencing
Project and Roncoroni (Huang et al., 2014) in the form of consensus genomes
and/or raw data. To obtain an accurate estimation of the relatedness of the genomes,
we extracted the well-known set of 106 orthologous loci spread through the genome
of S. cerevisiae and present in all Saccharomyces species (Rokas et al., 2003). The sequences of these 106 loci were extracted by BLASTing the S288C sequence for
each locus against each consensus genome. Only genomes with complete sets of
106 loci were retained for phylogenetic analysis (Table S2).
All sets of 106 loci sequences were subjected to a multiple sequence alignment
using clustalw (v.2.1, Larkin et al. (2007)) within Geneious (v6, Biomatters
Ltd. (2012)). Alignments were manually curated within Geneious due to the frequent homopolymer indels present in some of the genomes due to older sequencing
technology.
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We created a second dataset comprising 13 loci sequenced from 99 S. cerevisiae
strains isolated in China (Wang et al., 2012). Only these loci were sequenced for
these Chinese strains with no overlap with our main dataset. We wished to include
these strains in our analyses as they represent the first major sequencing effort of
a large number of S. cerevisiae from a restricted geographic location and were a
significant addition to the knowledge of the global phylogeography of S. cerevisiae.
The consensus sequence for each of these loci was used to BLAST against all available genomes outlined above. Genomes with complete sets of all 13 loci were
retained for phylogenetic analysis (Table S2). Four of the loci include intergenic
regions and therefore the S. paradoxus genomes did not yield complete sets of loci.
The Weihenstephan 34/70 strain of S. pastorianus (Nakao et al., 2009), a hybrid
between S. cerevisiae and S. eubayanus, was substituted as the outgroup. Multiple
sequence alignments were carried out in the same way as for the 106 loci dataset.

3.5.4 Phylogenetics
Phylogenetic analyses were conducted using beast (v1.7.5, Drummond and Rambaut (2007)) on the finalized sequence alignments for both data sets. A number of
scenarios were run to explore the relationships between genomes and to determine
the stability of inferred relationships by locus and dataset.
Substitution and clock models were unlinked for all loci in all analyses to facilitate their independent estimation. Trees were linked to obtain a consensus tree
using all loci. All substitution model and rate options were left on default due to
the large increase in processing time observed when any were changed. A lognormal relaxed clock (uncorrelated) was used with an exponential distribution of mean
0.3. All runs were conducted with 1 billion iterations due to the size of the data
sets. We verified MCMC convergence by examining the effective sample sizes
of all parameters in each analysis and with visual inspection of the traces. 10 to
40% of each run was discarded as burn-in depending on the convergence of the
MCMC trace.
Separate phylogenetic analyses were conducted for the two clades found housing NZ strains in the 106 loci dataset. These used S288C as the outgroup to deter90
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mine high-resolution structure within these clades. S288C has been significantly
modified by humans for laboratory use but appeared in the closest clade to the NZ
strains and as 88% of its genome is derived from a single strain isolated from a rotting fig (Engel and Cherry, 2013), its use as an outgroup should no have a major
effect on branch lengths within the phylogeny. Permutations of NZ and Europe
terminal taxa status, and calculations of the minimum change of this state over the
phylogenies, were conducted in Mesquite (Maddison and Maddison, 2014).
We used the published divergence date estimates between S. cerevisiae and its
sister species S. paradoxus as a calibration point for the divergences of clades within
our phylogenies (Liti et al., 2006). Divergences between clades within phylogenies
are typically estimated using molecular clocks and/or by calibration time points of
established species divergences using fossils. Molecular clocks for S. cerevisiae are
not in wide use due to the difficulty of estimating clock-like rates of evolution in a
species with unknown generation times in its natural environment and high rates
of inbreeding. The time of the common ancestor of S. cerevisiae and S. paradoxus
has been estimated at 0.4 to 3.4 mya (Liti et al., 2006). The molecular substitution
rate observed between the split of the S. cerevisiae and S. paradoxus genomes was
assumed to correspond to this time period. To estimate the divergence date of
a particular clade, the proportional substitution rate for the clade was calculated
against the calibration point to give a date estimate.

3.5.5

Population Metrics and Structure

We utilized angsd (v0.588, Nielsen et al. (2012)) to generate population genomic
metrics. angsd operates on short read alignment bam files which affords statistical robustness in calculating the site frequency spectrum in comparison with traditional tools operating on a set genotype. Given this requirement, we could only
use genomes with raw data available from Illumina sequencing technology (Table
S2). This was aided by the recent resequencing of the diverse worldwide Liti et al.
(2009) strains in Bergstrom et al. (2014). We thus created three superset subsets:
the NZ strains (52), the previous and the Wine/European strains (66) and the
previous with all remaining strains (75).
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The number of sites and the number of segregating sites for each population
was determined from the Mean Allele Frequency calculations in angsd with the
minInd parameter set to the number of strains per population and the minMaf alternatively set to 0 and 0.01. Only high quality data were used (minQ=20 and minMapQ=30). Watterson’s Estimator (θ) (Watterson, 1975), Tajima’s Pi (π) (Tajima,
1989) and Tajima’s D (Tajima, 1989) were calculated by first calculating the site allele frequency likelihood, then the maximum likelihood estimate of the SFS, then
the thetas per site and finally summarized with the thetaStat utility in angsd.
Tests for admixture within the S. cerevisiae genomes were conducted with Structure (Pritchard et al., 2000) due to the haploid nature of some of the genomes
in our dataset. We chose to include all strains of S. cerevisiae where a consensus
genome consisting of entire chromosomes was available to capture entire genomic
diversity (Table S2). The chromosomes of the 93 strains that met these criteria were aligned using Mauve (v2.3.1, Darling et al. (2004)) within Geneious
(v6, Biomatters Ltd. (2012)) and any nucleotide positions where either all strains
showed no variation or at least one gap was present were removed. The remaining
positions were run through Structure using the admixture model with 10,000
iterations of burn in followed by 20,000 iterations of analysis. Newer versions of
Structure permit the inclusion of weakly linked markers with some degree of
non-independence (Falush et al., 2003), allowing us to use SNPs as genetic markers. K values between 2 and 20 were used with 3 replicate chains for each value of
K to check for convergence. Population classifications were not used for the prior.
Resulting ancestry profiles were objectively analyzed using ObStruct (Gayevskiy
et al., 2014) to determine the extent that geographic origin, niche of isolation and
our phylogenomic analysis explains inferred population structure.

3.6 Acknowledgements
We thank Soon Lee for conducting the sulphite tolerance tests. This work was
supported by University of Auckland FRDF (grant 3700513), Plant and Food
Research Ltd., the Ministry of Business, Innovation and Employment, and NZ
Winegrowers grants to MRG.
92

3.7. Supplementary Information

#

Name

Location

Niche

Year

Reference

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

T16
T52
T63
T78
T8
Sol7-2
T.52_2H
T.52_3A
T.52_3C
T.52_5A
T.52_5E
WA_C_CODDINGTON_2
WA_C_KINGSMILL_10
WA_C_MATES_10
WA_C_MATES_13
WA_C_WAITAKEREROAD_7
WI_C_MB95MBMZ_4
WI_C_MBSP_15
WI_C_MBSP_4
HB_C_KOROKIPO_12
HB_C_KOROKIPO_3
HB_C_OMARUNUI_14
HB_C_OMARUNUI_6
HB_C_OMARUNUI_7
HB_C_TUKITUKI1_16
HB_C_TUKITUKI2_10
WI_S_JASA_13
WI_S_JASA_5
WI_S_OAKURA_4
HB_S_BILANCHER_12
HB_S_BILANCHER_6
HB_S_GIMBLETTROAD_14
HB_S_GIMBLETTROAD_16
HB_S_GIMBLETTROAD_22
HB_S_GIMBLETTROAD_5
CDRDR_sf_H2
CRIRIwf_A11
HCNKIsf_G7
HCNTHsf_C5
HCNTHsf_F8
HPRMAwf_D10
HPRMTsf_H7
MARARsf_A10
MTKSKsf_E2
NSEBRsf_A9
NSERVsf_F8
WSERCsf_G4
WSETAwf_B1
HB_C_TUKITUKI2_4
HB_S_GIMBLETTROAD_9
TNPLST-4-S-2
Sol7-1

West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
West Auckland
Waiheke Island
Waiheke Island
Waiheke Island
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Waiheke Island
Waiheke Island
Waiheke Island
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Central Otago
Central Otago
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Hawke’s Bay
Martinborough
Martinborough
Nelson
Nelson
Wairau
Wairau
Hawke’s Bay
Hawke’s Bay
Tongariro National Park
West Auckland

SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
Vineyard Soil
SCF (Pinot noir)
SCF (Pinot noir)
SCF (Pinot noir)
SCF (Pinot noir)
SCF (Pinot noir)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Chardonnay)
SCF (Syrah)
SCF (Syrah)
SCF (Syrah)
SCF (Syrah)
SCF (Syrah)
SCF (Syrah)
SCF (Syrah)
SCF (Syrah)
SCF (Syrah)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SLF (Sauvignon blanc)
SCF (Chardonnay)
SCF (Syrah)
Forest Soil
Vineyard Soil

2005
2005
2005
2005
2005
2005
2008
2008
2008
2008
2008
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2010
2010
2012
2005

Goddard et. al. (2010)
Goddard et. al. (2010)
Goddard et. al. (2010)
Goddard et. al. (2010)
Goddard et. al. (2010)
Goddard et. al. (2010)
Phil Pfunder’s MSc (unpublished)
Phil Pfunder’s MSc (unpublished)
Phil Pfunder’s MSc (unpublished)
Phil Pfunder’s MSc (unpublished)
Phil Pfunder’s MSc (unpublished)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Knight & Goddard (2014)
Gayevskiy & Goddard (2012)
Gayevskiy & Goddard (2012)
Native Sampling (Chapter 4)
Goddard et. al. (2010)

SCF = Spontaneous Commercial Fermentation, SLF = Spontaneous Laboratory Fermentation

Table S1: Isolation information for the 52 New Zealand S. cerevisiae strains
sequenced.

3.7
Strain

Supplementary Information
Source

Location

106 Loci

13 Loci

Pop.

Pop.

Phylo-

Phylo-

Gen.

Gen.

gen.

gen.

Stats

T16

Winemaking

West Auckland, NZ

Y

Y

Y

Y

T52

Winemaking

West Auckland, NZ

Y

Y

Y

Y

T63

Winemaking

West Auckland, NZ

Y

Y

Y

Y

T78

Winemaking

West Auckland, NZ

Y

Y

Y

Y

Continued on next page…
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Strain

Source

Location

106 Loci

13 Loci

Pop.

Pop.

Phylo-

Phylo-

Gen.

Gen.

gen.

gen.

Stats

T8

Winemaking

West Auckland, NZ

Y

Y

Y

Y

Sol7-2

Vineyard Soil

West Auckland, NZ

Y

Y

Y

Y

T.52_2H

Winemaking

West Auckland, NZ

Y

Y

Y

Y

T.52_3A

Winemaking

West Auckland, NZ

Y

Y

Y

Y

T.52_3C

Winemaking

West Auckland, NZ

Y

Y

Y

Y

T.52_5A

Winemaking

West Auckland, NZ

Y

Y

Y

Y

T.52_5E

Winemaking

West Auckland, NZ

Y

Y

Y

Y

WA_C_CODDINGTON_2

Winemaking

West Auckland, NZ

Y

Y

Y

Y

WA_C_KINGSMILL_10

Winemaking

West Auckland, NZ

Y

Y

Y

Y

WA_C_MATES_10

Winemaking

West Auckland, NZ

Y

Y

Y

Y

WA_C_MATES_13

Winemaking

West Auckland, NZ

Y

Y

Y

Y

WA_C_WAITAKEREROAD_7 Winemaking

West Auckland, NZ

Y

Y

Y

Y

WI_C_MB95MBMZ_4

Winemaking

Waiheke Island, NZ

Y

Y

Y

Y

WI_C_MBSP_15

Winemaking

Waiheke Island, NZ

Y

Y

Y

Y

WI_C_MBSP_4

Winemaking

Waiheke Island, NZ

Y

Y

Y

Y

HB_C_KOROKIPO_12

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_C_KOROKIPO_3

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_C_OMARUNUI_14

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_C_OMARUNUI_6

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_C_OMARUNUI_7

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_C_TUKITUKI1_16

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_C_TUKITUKI2_10

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

WI_S_JASA_13

Winemaking

Waiheke Island, NZ

Y

Y

Y

Y

WI_S_JASA_5

Winemaking

Waiheke Island, NZ

Y

Y

Y

Y

WI_S_OAKURA_4

Winemaking

Waiheke Island, NZ

Y

Y

Y

Y

HB_S_BILANCHER_12

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_S_BILANCHER_6

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_S_GIMBLETTROAD_14

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_S_GIMBLETTROAD_16

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_S_GIMBLETTROAD_22

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HB_S_GIMBLETTROAD_5

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

CDRDR_sf_H2

Winemaking

Central Otago, NZ

Y

Y

Y

Y

CRIRIwf_A11

Winemaking

Central Otago, NZ

Y

Y

Y

Y

HCNKIsf_G7

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HCNTHsf_C5

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HCNTHsf_F8

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HPRMAwf_D10

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

HPRMTsf_H7

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

MARARsf_A10

Winemaking

Martinborough,

Y

Y

Y

Y

Y

Y

Y

Y

NZ
MTKSKsf_E2

Winemaking

Martinborough,
NZ

NSEBRsf_A9

Winemaking

Nelson, NZ

Y

Y

Y

Y

NSERVsf_F8

Winemaking

Nelson, NZ

Y

Y

Y

Y

WSERCsf_G4

Winemaking

Wairau Valley, NZ

Y

Y

Y

Y

WSETAwf_B1

Winemaking

Wairau Valley, NZ

Y

Y

Y

Y

HB_C_TUKITUKI2_4

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y
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Strain

Source

Location

106 Loci

13 Loci

Pop.

Pop.

Phylo-

Phylo-

Gen.

Gen.

gen.

gen.

Stats

HB_S_GIMBLETTROAD_9

Winemaking

Hawkes Bay, NZ

Y

Y

Y

Y

TNPLST-4-S-2

Forest Soil

Tongariro National

Y

Y

Y

Y

Park, NZ
Sol7-1

Vineyard Soil

West Auckland, NZ

Y

Y

Y

Y

BJ1

Shunyi, Beijing

Pear, orchard

N

Y

N

N

BJ2

Shunyi, Beijing

Apple, orchard

N

Y

N

N

BJ3

Shunyi, Beijing

Grape, orchard

N

Y

N

N

BJ4

Haidian, Beijing

Intestine of a butter-

N

Y

N

N

Apple, orchard

N

Y

N

N

fly, park
BJ5

Wuling Mountain,
Beijing

BJ6

Changping, Beijing

Persimmon, orchard

N

Y

N

N

BJ7

Shunyi, Beijing

Bark of Pyrus sp.,

N

Y

N

N

N

Y

N

N

N

Y

N

N

N

Y

N

N

N

Y

N

N

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

ochard
BJ8

Wuling Mountain,

Bark

of

Beijing

cus

mongokica,

Quer-

secondary forest
BJ9
BJ10
BJ12

Bark of Ulmus sp.,

Wuling Mountain,

secondary forest

Beijing

Bark of Ulmus sp.,

Wuling Mountain,

secondary forest

Beijing

Bark

of

Wuling Mountain,

cus

mongokica,

Quer-

Beijing

secondary forest
BJ13

BJ14

Rotten wood, sec-

Wuling Mountain,

ondary forest

Beijing

Forest

soil,

sec-

ondary forset
BJ15

Bark
cus

of

Dongling
tain, Beijing

Quer-

wutaishanica,

Dongling
tain, Beijing

secondary forest
BJ16

Bark
cus

of

Quer-

wutaishanica,

Dongling
tain, Beijing

secondary forest
BJ17

Bark
cus

of

Quer-

wutaishanica,

Dongling
tain, Beijing

secondary forest
BJ18

Bark
cus

of

Quer-

wutaishanica,

Dongling
tain, Beijing

secondary forest
BJ19

Bark
cus

of

Quer-

wutaishanica,

Dongling
tain, Beijing

secondary forest
BJ20

Bark
cus

of

Quer-

wutaishanica,

Dongling
tain, Beijing

secondary forest
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Strain

BJ21

106 Loci

13 Loci

Pop.

Pop.

Phylo-

Phylo-

Gen.

Gen.

gen.

gen.

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Bark of Castanea sp.,

Wuling Mountain,

N

Y

N

N

secondary forest

Beijing

Bark of Castanea

Wuyi

Mountain,

N

Y

N

N

mollissima, planted

Fujian
Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Source

Bark

Location

of

Carya

cathayensis,

sec-

Dongling

Stats

tain, Beijing

ondary forest
BJ22

Bark

of

Carya

cathayensis,

sec-

Dongling
tain, Beijing

ondary forest
BJ23

Bark

of

Carya

cathayensis,

sec-

Dongling
tain, Beijing

ondary forest
BJ24

Bark

of

Carya

cathayensis,

sec-

Dongling
tain, Beijing

ondary forest
BJ25

Bark

of

Carya

cathayensis,

sec-

Dongling
tain, Beijing

ondary forest
BJ26

Grape, orchard

Dongling
tain, Beijing

BJ27

Grape, orchard

Dongling
tain, Beijing

BJ28
FJ1

tree
FJ2

Bark of Castanea

Wuyi

mollissima

Fujian

(chest-

nut), planted tree
FJ3

Bark of Castanea

Wuyi

mollissima, planted

Fujian

tree
FJ4

Bark of Castanea

Wuyi

mollissima

Fujian

(chest-

nut), planted tree
FJ5

Bark of Castanea

Wuyi

mollissima

Fujian

(chest-

nut), planted tree
FJ6
FJ7

Bark

of

Prunus

Wuyi

mume, planted tree

Fujian

Bark of Hovenia

Wuyi

acerba,

Fujian

primeval

forest
FJ8

Bark of Cyclobal-

Wuyi

anopsis

Fujian

nubium,

primeval forest
FJ9

Bark of Castanopsis

Wuyi

fordii, primeval for-

Fujian

est
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Strain

FJ10

Source

106 Loci

13 Loci

Pop.

Pop.

Phylo-

Phylo-

Gen.

Gen.

gen.

gen.

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Hei-

N

Y

N

N

Hei-

N

Y

N

N

Hei-

N

Y

N

N

Diaoluo Mountain,

N

Y

N

N

N

Y

N

N

N

Y

N

N

N

Y

N

N

N

Y

N

N

N

Y

N

N

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Location

Bark of Castanopsis

Wuyi

fordii, primeval for-

Fujian

Stats

est
FJ11

Waxberry, market

Wuyi
Fujian

FJ12

Peach, market

Wuyi
Fujian

HLJ1

Bark

of

cus

mongokica,

Quer-

Jingbo lake,
longjiang

secondary forest
HLJ2

Bark

of

cus

mongokica,

Quer-

Jingbo lake,
longjiang

secondary forest
HLJ3

Bark

of

cus

mongokica,

Quer-

Jingbo lake,
longjiang

secondary forest
HN1
HN2
HN3
HN4
HN5

HN6
HN7
HN8
HN9
HN10
HN11
HN12

HN13
HN14
HN15

Rotten

wood,

primeval forest

Hainan

Rotten

Diaoluo Mountain,

wood,

primeval forest

Hainan

Rotten

Diaoluo Mountain,

wood,

primeval forest

Hainan

Rotten

Bawangling Moun-

wood,

primeval forest

tain, Hainan

Rotten

Bawangling Moun-

wood,

primeval forest

tain, Hainan

Rotten

Bawangling Moun-

wood,

primeval forest

tain, Hainan

Rotten

Bawangling Moun-

wood,

primeval forest

tain, Hainan

Rotten

Wuzhi

wood,

primeval forest

Hainan

Rotten

Wuzhi

wood,

primeval forest

Hainan

Rotten

Wuzhi

Mountain,

N

Y

N

N

primeval forest

wood,

Hainan

Rotten

Jianfengling Moun-

N

Y

N

N

N

Y

N

N

N

Y

N

N

N

Y

N

N

N

Y

N

N

wood,

primeval forest

tain, Hainan

Rotten

Jianfengling Moun-

wood,

primeval forest

tain, Hainan

Rotten

Jianfengling Moun-

wood,

primeval forest

tain, Hainan

Rotten

Jianfengling Moun-

wood,

primeval forest

tain, Hainan

Rotten

Wuzhi

wood,

primeval forest

Mountain,

Hainan
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Strain

HN16
HN17
HN18
HN19
JL1
JL2

Source

106 Loci

13 Loci

Pop.

Pop.

Phylo-

Phylo-

Gen.

Gen.

gen.

gen.

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Moun-

N

Y

N

N

Y anbian, Jilin

N

Y

N

N

Yanbian, Jilin

N

Y

N

N

Location

Rotten

wood,

Wuzhi

primeval forest

Hainan

Rotten

Wuzhi

wood,

primeval forest

Hainan

Rotten

Wuzhi

wood,

primeval forest

Hainan

Rotten

Wuzhi

wood,

primeval forest

Hainan

Bark of Quercus sp.,

Changbai

secondary forest

tain, Jilin

Bark

of

Quer-

Changbai

cus

mongokica,

tain, Jilin

Stats

secondary forest
JL3

Peach, market

Changbai
tain, Jilin

JL4

Bark of Pyrus sp., orchard

JL5

Bark of Pyrus sp., orchard

NX1

Melon patch soil

Zhongwei, Ningxia

N

Y

N

N

NX2

Mulberry field soil

Helan

N

Y

N

N

Mountain,

Ningxia
NX3

Melon patch soil

Zhongwei, Ningxia

N

Y

N

N

SD1

Persimmon, planted

Anqiu, Shandong

N

Y

N

N

Taian, Shandong

N

Y

N

N

Taian, Shandong

N

Y

N

N

tree
SD2

Bark of Quercus sp.,
planted tree

SD3

Bark of Quercus sp.,
planted tree

SD4

Grapes, orchard

Qufu, Shandong

N

Y

N

N

SX1

Qinling Mountain,

Bark of a Fagaceae

N

Y

N

N

Shaanxi

tree, primeval forest

Qinling Mountain,

Bark of a Fagaceae

N

Y

N

N

Shaanxi

tree, primeval forest

Qinling Mountain,

Bark of Carya sp.,

N

Y

N

N

Shaanxi

primeval forest

Qinling Mountain,

Bark of a Fagaceae

N

Y

N

N

Shaanxi

tree, primeval forest

Qinling Mountain,

Bark

N

Y

N

N

Shaanxi

fabri,

N

Y

N

N

N

Y

N

N

SX2
SX3
SX4
SX5

of

Quercus
primeval

forest
SX6

Qinling Mountain,

Bark

Shaanxi

fabri,

of

Quercus
primeval

forest
SX7

Qinling Mountain,

Bark of a Fagaceae

Shaanxi

tree, primeval forest
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Strain

SX8

106 Loci

13 Loci

Pop.

Pop.

Phylo-

Phylo-

Gen.

Gen.

gen.

gen.

N

Y

N

N

Tomato, orchard

N

Y

N

N

Persimmon, planted

Qinling Mountain,

N

Y

N

N

tree

Shaanxi
N

Y

N

N

Source

Location

Qinling Mountain,

Bark

Shaanxi

fabri,

of

Quercus

Stats

primeval

forest
SX9

Qinling Mountain,
Shaanxi

SX10
SX11

Bark

of

walnut

( Juglans

sp.),

Qinling Mountain,
Shaanxi

planted tree
XJ1

Soil, orchard

Xinjiang

N

Y

N

N

XJ2

Apple, orchard

Korla, Xinjiang

N

Y

N

N

XJ3

Apple, orchard

Korla, Xinjiang

N

Y

N

N

XJ4

Grape, orchard

Korla, Xinjiang

N

Y

N

N

XJ5

Grape, orchard

Korla, Xinjiang

N

Y

N

N

XJ6

Pear, orchard

Korla, Xinjiang

N

Y

N

N

XJ7

Pear, orchard

Korla, Xinjiang

N

Y

N

N

YN1

Pineapple, orchard

Jinghong, Yunnan

N

Y

N

N

YN2

Orange, orchard

Jinghong, Yunnan

N

Y

N

N

YN3

Soil, suburban tree

Dali, Yunnan

N

Y

N

N

YN4

Rotten wood, subur-

Dali, Yunnan

N

Y

N

N

ban tree
YN5

Soil, suburban tree

Dali, Yunnan

N

Y

N

N

YN6

Bark of Castanopsis

Zixi

Mountain,

N

Y

N

N

orthacantha, subur-

Yunnan

Mountain,

N

Y

N

N

Mountain,

N

Y

N

N

ban tree
ZJ1
ZJ2

Rotten

wood,

Gutian

primeval forest

Zhejiang

Rotten

Gutian

wood,

primeval forest

Zhejiang

273614N

Clinical

UK

Y

Y

Y

N

322134S

Clinical

UK

Y

Y

Y

N

378604X

Clinical

UK

Y

Y

Y

N

AWRI1631

Commercial Wine

South Africa

N

Y

N

N

Strain
AWRI796

Red Wine

South Africa

Y

Y

N

N

BC187

Wine Fermentation

USA

Y

Y

Y

Y

CAT-1

Bioethanol

Brazil

Y

Y

Y

Y

CBS7960

Bioethanol

Brazil

Y

Y

N

N

CEN.PK113-7D

Derived

from

Laboratory

Y

Y

N

N

parental

strains

ENY.WA-1A and
MC996A
CLIB215

Bakery

New Zealand

N

Y

N

N

DBVPG1106

Grapes

Australia

Y

Y

Y

Y

DBVPG1373

Soil

Netherlands

Y

Y

Y

Y

DBVPG1788

Soil

Finland

Y

Y

Y

Y

Continued on next page…
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Strain

Source

106 Loci

13 Loci

Pop.

Pop.

Phylo-

Phylo-

Gen.

Gen.

gen.

gen.

Ethiopia

Y

Y

N

N

Netherlands

Y

Y

Y

N

Location

DBVPG1853

White Tecc

DBVPG6040

Fermenting

Fruit

Stats

Juice
DBVPG6044

Bili Wine

West Africa

Y

Y

Y

Y

DBVPG6765

Unknown

Unknown

Y

Y

Y

Y

EC1118

Commercial Wine

France

Y

Y

N

N

Strain
EC9-8

Natural Isolate

Israel

Y

Y

N

N

F15

Commercial Wine

France

Y

Y

Y

Y

Strain
FL100

Laboratory Strain

Unknown

N

Y

N

N

FostersB

Commercial

Ale

Unknown

Y

Y

N

N

Ale

Unknown

Y

Y

N

N

Strain
FostersO

Commercial
Strain

I14

Soil

Italy

Y

Y

Y

Y

JAY291

Bioethanol

Brazil

Y

Y

N

N

K11

Sake

Japan

Y

Y

Y

N

Kyokai7

Sake

Japan

Y

Y

N

N

L-1374

Wine Fermentation

Chile

Y

Y

Y

Y

L-1528

Wine Fermentation

Chile

Y

Y

Y

Y

LalvinQA23

Wine Fermentation

Portugal

Y

Y

N

N

M2

Commercial Wine

South Africa

Y

Y

Y

Y

Strain
NCYC110

Ginger Beer

West Africa

Y

Y

Y

N

NCYC361

Beer

Ireland

Y

Y

Y

N

PW5

Palm Wine

Nigeria

Y

Y

N

N

RM11-1a

Vineyard

USA

Y

Y

Y

N

S288c

Laboratory

USA

Y

Y

Y

N

Strain

(Isolated

from

Rotting Fig)
Sigma1278b

Laboratory Strain

Unknown

Y

Y

N

N

SK1

Soil

USA

Y

Y

Y

Y

T7

Oak Tree Exudate

USA

Y

Y

N

N

T73

Wine Fermentation

Spain

N

Y

N

N

UC5

Sake

Japan

Y

Y

N

N

UWOPS03-461.4

Bertram Palm

Malaysia

Y

Y

Y

Y

UWOPS05-217.3

Nectar of bertam

Malaysia

Y

Y

Y

N

bertam

Malaysia

Y

Y

Y

N

Great Inagua Island,

Bahamas

Y

Y

Y

Y

Hawaii

Y

Y

Y

Y

palm
UWOPS05-227.2

Bee

near

palm
UWOPS83-787.3

Fruit of prickly pear
cactus
UWOPS87-2421

Maui,

Hawaii

,

Cladode of prickly
pear cactus

Continued on next page…
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Strain

VIN13

Source

Commercial Wine

106 Loci

13 Loci

Pop.

Pop.

Phylo-

Phylo-

Gen.

Gen.

gen.

gen.

South Africa

Y

Y

N

N

France

Y

Y

N

N

Location

Stats

Strain
VL3

Commercial Wine
Strain

W303

Laboratory Strain

USA

Y

Y

Y

Y

Y12

Sake

Japan

Y

Y

Y

Y

Y55

Grapes

France

Y

Y

Y

Y

Y9

Sake

Japan

Y

Y

Y

N

YIIc17-E5

Wine

France

Y

Y

Y

N

YJM269

Grapes

Austria

Y

N

N

N

YJM789

Clinical

Unknown

Y

Y

Y

N

YJM975

Clinical

Italy

Y

Y

Y

Y

YJM978

Clinical

Italy

Y

Y

Y

Y

YJM981

Clinical

Italy

Y

Y

Y

Y

YPS128

Oak

USA

Y

Y

Y

Y

YPS606

Oak

USA

Y

Y

Y

N

YS2

Baking Strain

Australia

Y

Y

Y

N

YS4

Baking Strain

Netherlands

Y

Y

Y

N

YS9

Baking Strain

Singapore

Y

Y

Y

N

ZTW1

Sake

Japan

Y

Y

N

N

Table S2: Names, niches of isolation and geographic locations of all S. cerevisiae
strains used in this work. Strain inclusions in each of our four analyses are indicated
with present (Y) or not present (N).
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Figure S1: Neighbor-net network showing the relatedness of 112 S. cerevisiae
strains created using the 106 loci dataset with S. paradoxus as the outgroup.

Figure S2: Maximum-likelihood rooted phylogeny showing the relatedness of 112
S. cerevisiae strains created using the 106 loci dataset with S. paradoxus as the outgroup.
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Figure S3: Rooted phylogeny of 214 S. cerevisiae strains created using a 13 loci
dataset with S. pastorianus as the outgroup. Strains are largely identical to those
in Figure 3.1 with the inclusion of 99 from China (Wang et al., 2012). Clades
labeled with ‘CHN’ have been previously identified in Wang et al. (2012).
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4. Saccharomyces yeasts of native NZ forests

4.1 Summary
Saccharomyces is one of the best-studied microbial genera but our knowledge of
the global distributions and evolutionary histories of its members is poor. Recent
sampling efforts have significantly altered our understanding of the origin and historical movements of Saccharomyces species, but a lack of sampling from the vast
majority of the world precludes a holistic view of the origin of the genus. New
Zealand was only colonized by humans in the last ~1,000 years and represents a
unique environment for testing hypotheses regarding native microbial populations.
Here we extensively sample the soil, bark and fruit in native forests of New Zealand
for the presence of Saccharomyces yeasts and other fermentative microbes. Genotyping and ribosomal sequencing of samples derived from five forest parks identified an abundant and widespread population of Saccharomyces. Whole genome
sequencing of ten diverse isolates conclusively identified S. arboricola and S. eubayanus for the first time in NZ, and is the first report of S. arboricola outside Far
East Asia. Phylogenomic approaches place the more abundant S. arboricola population as significantly diverged from the only sequenced Chinese isolate of this
species, but indicate the S. eubayanus is a recent migrant with close relatedness to
a South American population.

4.2 Introduction
Alcoholic fermentation is an adaptive strategy for a handful of microbial species
characterized by the Crabtree effect and has evolved independently in at least three
separate lineages separated by 500 million years (Dashko et al., 2014; Goddard,
2008; Piskur et al., 2006; Rozpedowska et al., 2011; Pfeiffer et al., 2001). This
trait serves to rapidly utilize available sugars by inefficiently converting these to
ethanol which then, in combination with a rise in temperature, has the additional
effect of poisoning the environment and sabotaging competing microbes (Dashko
et al., 2014; Goddard, 2008). As the concentration of available sugars is decreased
sufficiently, ethanol is taken back up and used for further growth if oxygen is available (De Deken, 1966).
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The best-known lineage that utilizes this strategy is the one including Saccharomyces yeasts, and particularly S. cerevisiae, largely due to its long history of association with humans who unwittingly employed this trait over at least the last 9,000
years (McGovern et al., 2004). Today, S. cerevisiae is essential to the winemaking,
brewing, baking, cider, spirits, sake and bioethanol industries due to its remarkable
ability to produce ethanol, and the production of pleasant aromatic compounds
(Cordente et al., 2012). Due largely in part to genomic studies, we are increasingly
seeing the contribution of other Saccharomyces species to industrial fermentations
both as hybrids and as other species solely conducting these fermentations (Zhang
et al., 2015; Almeida et al., 2014; Bing et al., 2014). The best example of this is the
well-known lager brewing yeast S. pastorianus (syn. S. carlsbergensis) which is a hybrid of S. cerevisiae with the recently characterized cold-adapted yeast S. eubayanus
and is responsible for the 250 billion US dollar lager brewing industry worldwide
(Libkind et al., 2011).
While the biogeography and global population structure of some members of
the Saccharomyces genus have been studied (Almeida et al., 2014; Liti et al., 2009;
Tsai et al., 2008), the origin and historic movements of the genus as a whole are
still unclear. Two competing hypotheses have been recently put forward: one for a
Far East Asian origin for the genus (Wang et al., 2012; Bing et al., 2014) and another for a Gondwanan origin (Almeida et al., 2014; Peris et al., 2014). The largest
Saccharomyces species diversity is found in Far East Asia where all seven species in
the genus have been isolated, and S. mikatae and S. arboricola have not been found
elsewhere (Almeida et al., 2014; Naumov et al., 2000, 2013, 1997; Wang et al.,
2012; Wang and Bai, 2008; Bing et al., 2014). Genetic diversity within Far East
Asia is similar or higher than in other regions for S. eubayanus (Bing et al., 2014),
S. paradoxus (Tsai et al., 2008), S. kudriavzevii (Hittinger et al., 2010) and S. cerevisiae, for which the basal clades within the global population phylogeny have been
isolated from China (Wang et al., 2012). Concurrently with these findings, several
diverse and abundant populations of the two basal Saccharomyces species (S. uvarum
and S. eubayanus) have been extensively recovered in Patagonia (South America)
(Almeida et al., 2014; Peris et al., 2014). S. uvarum in particular was found to
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be highly diverse within Patagonia and Australasia compared with northern hemisphere isolates from North America, Europe and Far East Asia (Almeida et al.,
2014). The widespread nature of these basal species and large genetic divergence
has been used as evidence to support the hypothesis that Saccharomyces originated
in Gondwana and moved to Southeast Asia where it further diverged and speciated
(Almeida et al., 2014).
New Zealand (NZ) is a country only recently populated by humans (c.a. 1,000
years) (Hurles et al., 2003) and more recently still by Europeans (c.a. 300 years).
Being originally part of Gondwana, New Zealand provides an interesting environment in which to test ideas of global dispersal and microbial species origins. Previous work on Saccharomyces species in New Zealand has successfully uncovered
widespread populations of S. cerevisiae in both winemaking and natural environments (Goddard et al., 2010; Knight and Goddard, 2015; Gayevskiy and Goddard,
2012), but these have been shown to be recent and recurring arrivals, most likely
in association with humans (Chapter 3). S. paradoxus has been found in NZ on
exotic oak trees, which themselves came from Europe, and the NZ strains very
closely resemble European strains, indicating arrival with humans also (Zhang
et al., 2010a). The first and only suggestion for an older Saccharomyces population
in the Pacific area comes from evidence showing that New Zealand and Australia
harbour a genetically-distinct population of S. uvarum (Almeida et al., 2014). Here
we aim to add to the body of knowledge on the global distribution and evolutionary history of the academically and commercially important Saccharomyces yeasts by
studying their occurrence in New Zealand native forests located as far as possible
from human settlements.

4.3 Results
4.3.1 Molecular Species Identification and Distributions
A total of 442 fruit, soil and bark samples from New Zealand native forests were
collected from remote conservation reserves across the North Island of NZ. All
samples were placed in media designed to select for Saccharomyces and incubated
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at room temperature (~23°C). 150 (34%) samples showed definite or potential
signs of fermentation and were plated for colony selection. 97 (22% overall) of
these samples yielded 1-8 colonies for molecular species identification: 80 of these
samples came from soil, 15 from fruit, and 2 from bark.
A total of 731 colonies from 97 samples were classified into putative species
groups using RFLP analysis of the ITS and 16S ribosomal areas for fungi and bacteria respectively. Given likely clonal expansion of species groups within samples,
we can only comment on the their presence/absence per sample and not on their
abundances within samples. Four species groups of yeasts (YG1-YG4) and three
of bacteria (BG1-BG3) were identified. Yeasts were present in 85% of samples
with colonies isolated and 19% of samples overall. Bacteria were present in 32% of
samples with colonies isolated and 7% of samples overall. The isolation and selection protocol was designed to select for Saccharomyces species so it is not surprising
that bacteria were found to a lesser extent.
Figure S1 shows the presence of the seven species groups by site (Figure S1a)
and niche (Figure S1b). While all but two sites contained both yeasts and bacteria,
a strong preference was observed for one or the other per site. This relationship
was not based on geographic location as the two sites within the Kaweka Forest
Park alternately contained a dominance of yeasts and bacteria. A single species
group did not dominate diversity within each site: two of the sample sites had
four species, three had three species, another three had two species and just one
had one species. By far the most frequent and widespread group found was YG1
and was present in 59% of samples with colonies isolated, and in six of the nine
sample sites. YG2 was the second most frequent group present in 22% of samples
with colonies isolated, and in 4 sample sites. BG1 and BG2 were present in 15%
and 14% of samples with colonies isolated, and in three and five of sample sites
respectively. YG3, YG4, and BG3 were rarer with a cumulative presence of 6% in
samples with colonies isolated.
Sanger sequencing of the D1/D2 region of the 26S and 16S rDNA was carried out to identify each of the groups to the genus or species level for the yeasts
and bacteria respectively. Various degrees of agreement were obtained as to the
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precise classification of each group. Ten of the eleven sequenced strains from YG1
had identical ITS sequences that matched identically to Saccharomyces arboricola
and the remaining strain identically to Saccharomyces pastorianus. The seven sequenced strains from YG2 also yielded identical sequences that matched identically to Zygosaccharomyces cidri, reclassified as Lachancea cidri by Kurtzman (2003).
Two strains sequenced from YG3 and three from YG4 were identified as Saccharomyces species with between 99.3%-100% pairwise identities. Species included:
Saccharomyces arboricola (YG3), Saccharomyces paradoxus (2 strains; YG3 and YG4),
Kazachstania servazzii (YG4) and Saccharomyces cerevisiae (YG4). It is worth noting that these two groups had similar RFLP profiles to YG1 but differed in the
size of one of the restriction enzyme cut fragments. All three sequenced strains
from BG1 matched 99.7% or more to Leuconostoc mesenteroides. No agreement was
reached for the three sequenced strains of BG2, three separate species were the
top BLAST hit: Lactobacillus sakei, Bacillus cereus and Bacillus weihenstephanensis.
Two strains were sequenced from BG3, one of which matched to Viridibacillus arvi
while the other to the Bacillus genus to an unclassified species.

4.3.2 Genome Sequencing and Mapping
Whole genome sequencing was carried out on 10 isolates identified as Saccharomyces yeasts that have not been previously identified in the native forests of New
Zealand (Knight and Goddard, 2015). Eight of these were S. arboricola isolates
from maximally divergent sampling locations and niches, one identified as S. paradoxus and one more identified as S. pastorianus. S. arboricola has not been isolated
outside of Far East Asia and was the most abundant species in our samples. S.
paradoxus has been isolated extensively in northern hemisphere forests (Johnson
et al., 2004; Naumov et al., 1997; Sniegowski et al., 2002) and shows strong signals of population structure by geographic origin (Liti et al., 2009). S. paradoxus
has been isolated from exotic oak trees in NZ (Zhang et al., 2010a), but it has not
been isolated from the native tree species in the southern hemisphere previously.
S. pastorianus is a hybrid of S. cerevisiae and S. eubayanus and is commonly used
in commercial ale fermentations (Libkind et al., 2011). It has not been previously
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isolated from natural environments and is not well adapted to them (Hittinger,
2013), suggesting this initial identification may be incorrect.
Whole genome sequencing of these 10 Saccharomyces yeasts yielded an average
of 1.6 million 250 bp paired-end reads per strain for a total of 4 Gb of high quality
data. Each of the 10 genomes was mapped against the 6 Saccharomyces species with
whole genomes available (see Table S2 for a matrix of these rates). S. eubayanus
does not have an assembled genome available to which to map. The 8 isolates
that had been classified as S. arboricola from Sanger sequencing best mapped to S.
arboricola, the isolate identified as S. paradoxus mapped best to S. arboricola and the
isolate identified as S. pastorianus mapped best to S. uvarum. An average mapping
rate of 88.8% (SE=0.6%) and mapping quality (Phred score) of 56.5 (SE=2.5) was
obtained for the best match per genome.

4.3.3 Phylogenomic Approaches
We extracted a well-known set of 106 orthologous loci dispersed through the
genomes of all Saccharomyces for all genomes (Rokas et al., 2003). To accurately
identify and place the New Zealand derived genomes within the broader Saccharomyces genus, we constructed a phylogeny of representatives from all seven nonhybrid Saccharomyces species and included the new genomes sequenced here using a
Bayesian phylogenomic approach (Figure 1). The nine genomes that mapped best
to S. arboricola all form a tight clade on this phylogeny, with the S. arboricola reference genome falling as an outgroup to this clade. This positioning unequivocally
classifies these NZ isolates as S. arboricola and indicates they are closely related
to one another and significantly deviate from the only other available genome
from China. The average pairwise number of whole-genome SNPs separating
the New Zealand S. arboricola was 10,676 (SE=566) compared with an average
of 307,676 (SE=167) separating them from the Chinese reference. The remaining
New Zealand genome initially identified as S. pastorianus from the ribosomal sequence, that mapped best to S. uvarum, is positioned closely to the only available
(albeit unassembled) S. eubayanus sequences with a short branch length and thus
classifying it as such. S. kudriavzevii’s position within the Saccharomyces genus has
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JAY291

8-T.52-3A
S288C

YPS128

S. cerevisiae

UWOPS03-461.4
YPS138
N-44

Q59.1

S. paradoxus

Y7

CBS432

IFO1815

S. mikatae

H-6

P1F5

P9C1
P7A9

P7C9

P9G10
0.2

S. arboricola

P5D5
P8F5
P3F5

P3H5

CRUB1568
P1C1

S. eubayanus

CRUB1776
CBS377

CBS7001

CRUB1984

S. uvarum

ZP962
ZP591

FM1076

IFO10990
IFO10991
IFO1802

CBS1146

S. kudriavzevii
T. delbrueckii

Figure 4.1: Phylogenetic tree produced by Bayesian analyses showing the positions of the ten genomes sequenced in this study within the broader Saccharomyces
genus constructed using 106 orthologous loci from whole genome sequences. All
nodes are supported by posterior probabilities of >0.99.

not previously been firmly determined, and has been reported as arising just before
or after S. arboricola (Hittinger, 2013; Liti et al., 2013); however our comprehensive analyses place S. kudriavzevii as basal to the remaining species. This may be
related to the lower quality S. kudriavzevii genomes or the BLAST method used
to extract loci sequences.
As there is only one S. arboricola genome available, we cannot further evaluate
the 9 S. arboricola genomes from NZ and attempt to infer their origin. Fortunately,
the recent debate on the origins of the Saccharomyces genus has yielded geographically dispersed sequence data for other species against which we can compare the
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0.0080

MLSP4L.1
MLFM2.4
LXSP21L.1
BMFM2.6
LXSP4L.1
LZSP8L.1
LZSP7L.3
LLFZZ1L.5
LLFM11L.1
LZSP5L.2
RTSP5L.1
RTSP8L.2
LLFM12.6
LLFM12L.4
LLFM13L.1
MKSP5L.1
LLSP6L.2
TTH25L.1
HZZt21L.4
HZZt27L.2
TTH27L.1
LLSP10.5
LZSP3L.1
LLFM17L.1
LLFM15L.2
LZSP1L.4
CRUB1966
CRUB1971
CRUB1974
CRUB1980
CRUB1943
CRUB1960
CRUB1969
yHKS210
yHKS211
yHKS212
CBS1503
JCSP5L.1
ABFM5L.1
CDSP2L.7
BMSP3.10
CDSP4.1
BMFM11L.1
MKSP7.1
BMFM13L.1
CDFM21L.1
BMFM6L.1
P1C1
CRUB1958
CRUB1961
CRUB1941
CRUB1977
CRUB1964
CRUB1975
CRUB1761
CRUB1576
CRUB1593
CRUB1962

S. uvarum
Tibet

S. eubayanus
West China

S. eubayanus
Patagonia A

S. eubayanus
North America
S. pastorianus

S. eubayanus
Tibet

S. eubayanus
New Zealand

S. eubayanus
Patagonia B

Figure 4.2: Phylogenetic tree produced by Bayesian analyses showing the position
of the S. eubayanus isolate in this study amongst the global S. eubayanus population
from Far East Asia, North America and South America constructed using six loci.
Branches leading to nodes are coloured by posterior probability (red 0.95-1.0, blue
0-0.3).

P1C1 strain classified as S. eubayanus (Bing et al., 2014; Peris et al., 2014). Figure 2 shows a phylogeny reconstructed using the few available S. eubayanus loci
from West China, Patagonia, North America and the New Zealand isolate, with S.
uvarum from Tibet as an outgroup. The phylogeny clearly demarcates previously
published clades of S. eubayanus from West China, Patagonia (A & B), North
America and Tibet (Bing et al., 2014; Peris et al., 2014). The New Zealand isolate
is placed within the Patagonia B clade and displays only a small level of divergence.
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4.3.4 Phenotypic Analyses

Saccharomyces yeasts are thought to be adapted to a high-sugar niche by utilizing the
Crabtree effect (Goddard, 2008; Hagman et al., 2013), but paradoxically only S.
cerevisiae is predominantly found associated with fruit fermentation globally. Classical ecological niche theory predicts that these different species are adapted to different niches. However, the ecology of these species is still cryptic, and we do not
have compelling evidence for any differential niches to which these species might
be adapted, other than to perhaps different temperatures (Sampaio and Goncalves,
2008). We evaluated whether different species might be differentially adapted to
different nitrogen sources by determining growth rates in synthetic grape juice
at 28°C. We included the NZ S. arboricola and S. eubayanus, and 38 S. cerevisiae
strains, 37 assembled by Liti et al. (2009) from diverse geographic and industrial
origins and EC1118, a popular commercial wine strain. We separated the S. cerevisiae into those isolated from ferments or associated with winemaking, and those
not. Analyses of growth rates and carrying capacities where either di-ammonium
phosphate or each of 11 amino acids acted as sole nitrogen sources, with YPD as a
control, show overall there is a significant difference between these three groups in
terms of growth rates (F [2,12] = 31, 775 and p < 0.0001, < 0.0001 respectively)
and carrying capacities (F [2,12] = 21, 633 and p < 0.0001, < 0.0001 respectively).
However, a post-hoc Tukey HSD test shows that the two S. cerevisiae groups are
not significantly different from one another, but that the NZ S. arboricola and S.
eubayanus are significantly different from these S. cerevisiae isolates. Examining
differences in individual nitrogen sources, it appears the S. arboricola and S. eubayanus group differ from the S. cerevisiae group and have lower growth rates on
most of the nitrogen sources as well as on YPD. In fact, there is no nitrogen source
on which the S. arboricola and S. eubayanus group grows more rapidly than the S.
cerevisiae group.
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4.4

Discussion

4.4.1 Fermentative Species of Native New Zealand Forests
To our knowledge, there has been no other widespread sampling effort for Saccharomyces yeasts within the native forests of the Pacific region. The present work
has identified a diversity of microbial species capable of withstanding the toxic effects of ethanol in this environment. Samples principally contained yeasts (19%
of all samples) instead of bacteria (7% of all samples), likely due to the use of
yeast-specific culturing media. We classified our environmental isolates by RFLP
methods into four groups of yeasts and three of bacteria, corresponding to putative
species.
From sequencing the rDNA of several isolates in each of these groups to identify them to the species level, the most striking result of our sampling effort is
the abundant and widespread geographic distribution of Saccharomyces yeasts in
the native forests of New Zealand. Three of our four yeast groups almost exclusively contained Saccharomyces yeasts. Saccharomyces was present in 61% of samples
that showed microbial growth in four of the five forest parks sampled. We used
whole genome sequencing to definitively identify two Saccharomyces species previously not known to occur in New Zealand: S. arboricola and S. eubayanus, thereby
expanding the known range of these Saccharomyces species. S. arboricola has not
been identified outside of Far East Asia while S. eubayanus has only been found
in the Americas (Peris et al., 2014; Rodríguez et al., 2014) and in Far East Asia
(Bing et al., 2014). A single S. cerevisiae isolate (YG4) was also sequenced as part
of a phylogenomic study on S. cerevisiae in New Zealand and found to be closely
related to a clade predominantly comprised of strains from Europe, but that also
includes cosmopolitan strains associated with winemaking (Chapter 3). The very
low isolation frequency and close relatedness to human-associated strains indicates
local (and recent) dispersal to the forest environment for S. cerevisiae. Saccharomyces
yeasts have been shown to be dispersed by insects (Stefanini et al., 2012; Goddard
et al., 2010; Buser et al., 2014), birds (Francesca et al., 2011) and humans (Goddard et al., 2010; Zhang et al., 2010a).
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S. arboricola appears the most abundant and widespread Saccharomyces species
in NZ, and this widespread and common distribution is in contrast to the isolation
frequency in Far East Asia, where just four strains have been isolated from hundreds of soil, mushroom and plant material samples in China and Taiwan (Naumov
et al., 2013; Wang and Bai, 2008). Given the similarity of our sampling protocol
and sampled niches with the two publications finding S. arboricola in Far East Asia,
it appears this species is far more common in New Zealand than in Far East Asia.
Despite being described and rDNA sequenced in 2008 (Wang and Bai, 2008), no
other reports of this species outside of Far East Asia have been published to date.
Further sampling is required to characterize the global distribution of this species.
Only a single confirmed isolate of S. eubayanus was found, making the estimation
of its prevalence in the natural environment as low. Other than S. cerevisiae, the
only other Saccharomyces species identified in New Zealand’s native forests to date
is S. eubayanus’ closely related sister species S. uvarum (Almeida et al., 2014). This
makes the presence of S. eubayanus not altogether surprising but does expand its
known distribution to include the Oceanic region and therefore match that of S.
uvarum (Almeida et al., 2014).
Lachancea cidri was reasonably abundant (22% of samples with microbial growth),
and has previously been found in the high-sugar New Zealand Nothofagus honeydew system (Serjeant et al., 2008). Unsurprisingly given its name, this species has
also been isolated from cider (Coton et al., 2006), sherry (Esteve-Zarzoso et al.,
2001) and wine (Ganga and Martinez, 2004) fermentations worldwide indicating
it is widespread and possibly utilizes a similar ecological strategy to Saccharomyces.
The remaining yeast species identified was Kazachstania servazzii and has been
found in the natural environment of South America on Araucaria araucana seeds
(Rodríguez et al., 2014). It has also been isolated from sourdough (Di Cagno
et al., 2014) and kimchi (Kobayashi et al., 2013) fermentations, as well as on wine
grapes in Denmark (Lederer et al., 2013). Unsurprisingly given the ethanol selection pressure in the isolation media, all three genera found are known to be
Crabtree-positive (Hagman et al., 2013). That these species were 5-fold (Figure
S1b) more abundant in soil than fruit is perplexing, and suggests that either these
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are dispersed members of populations originally inhabiting ephemeral fruits, or
that these species are capable of inhabiting other niches regardless of the Crabtree
effect, or perhaps that the Crabtree effect is not necessarily an adaption to fruits,
but a trait conferring adaptation to a range of niches more generally.
All bacteria identified across the three bacterial groups were found to span the
Bacilli order but only BG1 could be classified to the species level. Leuconostoc
mesenteroides is a well-known lactic acid bacterium that is consistently found in
association with fermentations for foods and beverages. It is used intentionally
as a starter in kimchi (Jung et al., 2012) and sauerkraut (Johanningsmeier et al.,
2007) fermentations but has also been found in fermentations of salami (Samelis
et al., 1994), various cheeses (Ercolini et al., 2003), traditional beverages (Muyanja
et al., 2003; Beukes et al., 2001), cassava (Kostinek et al., 2007) and many others.
Few studies have attempted to establish the natural distribution of L. mesenteroides,
but it has been found in soil samples in Taiwan (Chen et al., 2005) and is likely
common worldwide given its presence in such a diversity of fermentative products.
This organism cannot make high levels of ethanol, but it can clearly withstand
them.

4.4.2 Characterization of New Zealand Saccharomyces
Whole genome sequencing was performed with the twofold goals of identifying
NZ isolates by placing them in the context of the Saccharomyces phylogeny and
quantifying the extent to which they differ from international isolates. The nine
New Zealand S. arboricola isolates formed a tight clade (Figure 1) and were much
more similar to one another than to the basal S. arboricola strain from China. Acknowledging there is only one Chinese strain, this level of divergence implies a
significant restriction to gene flow between New Zealand and Far East Asian S.
arboricola and a history of separation older than the time humans first inhabited
New Zealand. Interestingly, the divergence closely mirrors that of S. paradoxus at
disparate geographic scales. A population of 12 S. paradoxus sampled from two
parks in the United Kingdom had, on average, ~10,000 pairwise SNP differences
and an average ~450,000 from a North American isolate (Bergstrom et al., 2014).
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S. paradoxus is known to be geographically delimited (Liti et al., 2009; Tsai et al.,
2008) and our results indicate this is could be the case for S. arboricola as well.
The single NZ S. eubayanus sits inside the Patagonia B clade (Peris et al., 2014),
and the lack of significant divergence both at genomic and population levels indicates this isolate may share a similar history to the NZ S. cerevisiae population,
i.e. it is a recent human-associated migrant. Interestingly, our novel combination of data from these three locations places the industrial lager strain CBS1403
(S. pastorianus/S. carlsbergensis) as most related to the Tibetan S. eubayanus clade.
This allows us to confirm the assertion by Bing et al. (2014) that commercial lager
strains likely have their origin in Far East Asia rather than in South America, as
suggested in Peris et al. (2014). The remaining structure in the global S. eubayanus
population appears to be the product of multiple long-distance dispersal events
and further data are required to identify these events and their directions.
Phenotypic characterization of the 10 isolates subjected to whole genome sequencing revealed significantly lower growth rates and carrying capacities compared with both ‘natural’ and human-associated S. cerevisiae on a range of simple
nitrogen sources. Saccharomyces species exhibit differences in their optimal growth
temperatures (Salvado et al., 2011) and temperature is known to have a strong effect on Saccharomyces species recovered from environmental samples (Sampaio and
Goncalves, 2008). These data potentially indicate variance in ability to utilize various nitrogen sources among this closely related group of species. It may well be
that the overall competitive superiority of S. cerevisiae is simply a function of the
warmer temperature these experiments were conducted at, or the pH and osmotic
stresses the synthetic grape juice asserts. With all other things being equal, while
S. cerevisiae appears better adapted to utilize simple nitrogen sources, it might be
that the other species are better adapted to utilize more complex sources of nitrogen. Such speculations require experimental evaluation to determine the nature of
differential nitrogen use and whether this is in fact an adaptation.
We believe it is possible that further Saccharomyces species may be present in
the native forests of New Zealand. The use of RFLP methods to rapidly identify individual isolates to putative species is a conservative approach that may not
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delineate closely related species accurately. We saw this within Yeast Groups 1,
3 and 4 where sequencing the 26S locus from 16 isolates identified four Saccharomyces species (and one Kazachstania species) which were not exclusive to any of
the three groups. Further, each of the isolates identified as Saccharomyces shared a
pairwise identity of 98% or more to at least one other Saccharomyces species, which
empirical analyses have suggested is below the species delimitation threshold for
yeast species (Kurtzman, 2003). Lastly, whole genome sequencing of 11 Saccharomyces isolates (10 in this and one in another study (Chapter 3)) found that the
best 26S match was correct for 10, but one S. arboricola was found to have been misclassified as S. paradoxus with the ribosomal sequence data. We recommend that
future studies sampling for Saccharomyces species utilize multi-locus sequencing for
identification.

4.4.3 Origins of the Saccharomyces Genus
The hypothesis for a Far East Asian origin of the Saccharomyces genus hinges on this
region containing the greatest number of Saccharomyces species (Bing et al., 2014)
and genetic diversity (Wang et al., 2012). While current data suggests this is true,
at least for species diversity, recent extensive sampling efforts in South America
and now New Zealand indicate that the evolutionary history of the genus is not yet
resolved. Genetic diversity within S. eubayanus is similar between South America
and Far East Asia (Peris et al., 2014), and S. uvarum is more diverse in Patagonia
than in the whole of the Holarctic (Almeida et al., 2014). Alternatively, S. cerevisiae
is more diverse within Far East Asia than in the rest of the world (Wang et al.,
2012) and there are hints that the same may be true for S. kudriavzevii (Hittinger
et al., 2010). The competing Gondwanan origin hypothesis put forth in Almeida
et al. (2014) posits that Saccharomyces originated in Gondwana in association with
Nothofagus beech trees and migrated to Far East Asia. Far East Asia contains both
beech and oak trees and, according to this hypothesis, Saccharomyces yeasts moved
to oak trees in Far East Asia and speciated with subsequent dispersal throughout
the northern hemisphere.
The results of our sampling in New Zealand indicate that we do not yet have
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an accurate understanding of the global diversity and relatedness within the Saccharomyces genus. Indeed, it seems that every major sampling effort in forests distant
from humans over the last 5 years has uncovered unexpected populations of Saccharomyces yeasts that do not fit previous hypotheses relating to the origin of the genus.
The majority of sampling in North America and Europe has been from either
human-associated environments or forests nearby to these, and the species of interest have been S. cerevisiae and/or S. paradoxus (Hyma and Fay, 2013; Sniegowski
et al., 2002; Naumov et al., 1998; Johnson et al., 2004). More recent studies in
South America and Far East Asia have aimed to characterize the full diversity
of Saccharomyces present and have used lower incubation temperatures and rapid
genotyping to identify and compare large numbers of isolates (Wang et al., 2012;
Peris et al., 2014; Bing et al., 2014; Almeida et al., 2014). Saccharomyces has been
recently called the “premier model genus” (Hittinger, 2013) and it is certainly fulfils many of the requirements. However, we believe that greater knowledge of the
ecology, distributions, past evolutionary history and migrations within the genus
is fundamental to it obtaining this status. With greater worldwide sampling efforts and data generation we can make it the first microbial genus for which we
also understand the evolutionary and migratory histories.

4.5 Experimental Procedures
4.5.1 Sample Sites and Processing
Sampling was conducted in five geographically disparate forest parks in the central
North Island of New Zealand in May 2012: Kaimanawa Forest Park, Kaweka Forest Park, Ruahine Forest Park, Te Urewera National Park and Tongariro National
Park. The 9 sample sites have a maximal N-S distance of 100 km and maximal
E-W distance of 160 km. Sample sites were located as far as possible from major
roads and human settlements and adjacent to public walking tracks. The sample
sites were at least 50km away from the nearest winemaking region.
At each sample site, up to 20 native fruiting trees 2-10 meters from the track
were separately sampled for ~10 mL of fruit, soil and bark into 50 mL sterile tubes
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using forceps, scalpels and scissors sterilized in 70% ethanol for at least 1 minute between samples. Tree genera sampled include (but are not limited to): Pseudopanax,
Coprosma, Rhopalostylis, Leptospermum, Kunzea, Leptosporum, Griselinea, Prumnopitys and Schefflera. In cases where fruiting trees could not be readily located, a
non-fruiting tree was substituted and the fruit sample was replaced with a second
soil sample. Samples were collected over the course of 3 days and transported to
the laboratory at ambient temperature for enrichment.
Samples were enriched in ~30 mL of a media designed to select for Saccharomyces yeasts capable of creating or withstanding an alcoholic fermentation environment and comprised: 1% yeast extract, 2% peptone, 10% glucose and 8%
ethanol (added after autoclaving). After the addition of media, each sample tube
was vigorously mixed. Samples were left at room temperature (~23°C) with additional mixing every 3 days. A release of pressure was conducted after 10 days and
thereafter based on signs of fermentation. After 4 weeks, those samples showing
signs of fermentation (a layer of white on the sample, fizzing and/or cloudiness
not caused by the sample) were diluted and serial plated onto YPD agar (1% yeast
extract, 2% peptone, 2% glucose and 1.5% agar). Samples with visible colonies
after a week had 8 colonies selected to maximize phenotypic diversity and these
were stored in 15% glycerol at -80°C for molecular analysis.

4.5.2 Species Identification
Initial molecular identification was carried out using RFLP analysis. DNA was
extracted using Zymolyase and amplified for the internal transcribed spacer region
(ITS1-5.8rRNA-ITS2) using the ITS1 and ITS4 primers (White et al., 1990).
Isolates not yielding bands were microscopically classified as either yeasts or bacteria and a second DNA extraction was performed using 5% w/v Chelex at 100°C
for 10 minutes. Yeasts were amplified as before while bacterial isolates were amplified using the universal 1492R/616V primer pair for the 16S ribosomal DNA
region (Polz and Cavanaugh, 1998; Spring et al., 1998). For those isolates that
gave bands for either the ITS or 16S regions, an RFLP digest was carried out using HaeIII and HinfI for the ITS PCR products and HaeIII and HindIII for 16S
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products. Each isolate was classified into a tentative species group based on its
RFLP patterns and ITS/16S fragment size.
Within each species group, isolates were chosen from as many sample sites
and types as possible. A total of 23 isolates were sequenced in proportions corresponding to their abundances in samples. The 26S rDNA locus was sequenced
from yeast isolates and the 16S rDNA locus from bacteria, both forward and reverse. Each pair of sequences was aligned using muscle (Edgar, 2004) within
Geneious (Biomatters Ltd., 2012) and manually validated against sequencer errors. Blastn searches were performed on the resulting sequences against Genbank
and the top ten hits with 98%+ identity were used for identification.

4.5.3 Whole Genome Sequencing of Saccharomyces spp.
High molecular weight genomic DNA was extracted using the Qiagen Blood &
Cell Culture DNA Kit. Libraries were constructed using the Illumina TruSeq
Nano DNA Sample Prep Kit with 550 bp insert size, and sequencing was carried
out using a 2 x 250 bp paired-end Illumina MiSeq run. We have made the raw sequences publicly available through the Sequence Read Archive with the accession
SRP048568.

4.5.4 Genome Quality Control and Mapping
Quality control of the raw data was performed using fastqc (v0.11.2; (Andrews,
2012)). Given conflicting species identifications of yeast groups using 26S Sanger
sequencing, we mapped all 10 genomes against the six Saccharomyces species with
genome assemblies available (strains in brackets): S. cerevisiae (S288C), S. paradoxus (CBS432), S. mikatae (IFO1815), S. kudriavzevii (IFO1802), S. arboricola
(H-6) and S. uvarum (CBS7001). Mapping was carried out using bwa-mem (v.7.8,
(Li, 2013)). Following mapping, samtools (v0.1.18; (Li et al., 2009)) was used
for alignment conversion, sorting and indexing. Mapping quality reports were
generated using Qualimap (García-Alcalde et al., 2012) and further analyses of
genomes were conducted on the alignment with the highest mapping rate. A variant call file was produced using the mpileup command within samtools with
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the ”-Bu” parameters, which disregards the reference genome in making genotype
calls. The variant call file was used to create a consensus genome using the vcf2fq
Perl script within samtools. Genomic alignments were carried out using Mauve
(Darling et al., 2004) within Geneious (Biomatters Ltd., 2012). We conservatively removed alignment columns containing a gap or unknown nucleotide in at
least one of the genomes to reduce sequencing and mapping biases. The number
of SNPs within the remaining positions was quantified within Geneious.

4.5.5

Saccharomyces Phylogenomics

We compiled a set of genomes from the seven Saccharomyces species. No more than
five genomes were collected per species and these were as geographically and/or genetically diverse as possible. Some species did not have five whole genomes available and in these cases we used every available genome. Torulaspora delbrueckii was
included as an outgroup to give a total of 34 genomes. See Table S1 for a full list of
genomes used and their geographic origins. We extracted a well-known set of 106
orthologous loci dispersed through the genomes of all Saccharomyces and at least
back to Candida albicans from each genome (Rokas et al., 2003). The S. cerevisiae
S288C sequence for each of these loci was used as the query in a Discontinuous
MegaBLAST search against each of the genomes.
Phylogenomic analyses was conducted using beast (v1.7.5; (Drummond and
Rambaut, 2007)) with a sophisticated Bayesian approach to reconstruct phylogenies that treats each locus as separate, rather than concatenating the data, as has
traditionally been the norm. Substitution and clock models were unlinked for
all loci to facilitate their independent estimation. Trees were linked to obtain a
consensus tree using all loci. Substitution and rate models were left on default
settings due to vastly increased analysis times if they were modified. A lognormal
relaxed clock (uncorrelated) was used with an exponential distribution of mean
0.3. After 1 billion iterations, we verified MCMC convergence within Tracer
(v1.6; (Rambaut et al., 2009)) by examining the effective sample sizes of all parameters and visual inspection of the MCMC trace. 10% of the run was discarded as
burn-in using LogCombiner from the beast package. The final phylogenetic tree
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was determined using TreeAnnotator from the beast package and visualized in
FigTree (Rambaut, 2012).
One isolate was putatively identified as S. eubayanus and we infer its ancestry
by comparing against two recently published datasets including 21 South American and North American strains (Peris et al., 2014); and 37 Far East Asian strains
(Bing et al., 2014). We obtained the multilocus sequences from these publications and determined six loci shared between them. After generating consensus
sequences for each of these loci, we performed a BLAST search against the putative NZ S. eubayanus genome to retrieve sequences. A multiple alignment was
conducted using muscle (Edgar, 2004) within Geneious (Biomatters Ltd., 2012)
and any alignment columns with more than 5% missing data were removed due to
unequal loci lengths between the studies. beast was again employed to conduct
phylogenetic analysis with parameters as described above except the site heterogeneity model was set to ‘Gamma + Invariant Sites’ and codons were split into
three partitions.

4.5.6

S. arboricola Phenotypic Characterization

Each strain was cultured on YPD media for two days followed by overnight starvation at 28°C in Synthetic Grape Medium (SGM) containing no nitrogen (Harsch
et al., 2010). Thirteen treatments of 190 µL were each inoculated with 10 µL
of every culture, equalized by optical density (OD). Treatments included YPD
medium and SGM with 300 mg elemental nitrogen per litre from either diammonium phosphate or one of 11 amino acids. Each treatment contained four controls
with no culture added.
A Bioscreen C was used to monitor the growth of cultures in each of the treatments by optical density (420-580 nm wideband filter). Incubation was at 28°C
and measurements were taken every 15 minutes for four days. Carrying capacity was calculated as the difference between the final OD of a given strain from
the uninoculated controls of the same treatment after four days. Maximum growth
(Vmax ) was extracted from the time course measurements using a custom Perl script
implementing a sliding window approach. Strains were divided into three groups
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for statistical analysis: the S. arboricola strains, ‘natural’ S. cerevisiae strains and industrial S. cerevisiae strains. A linear mixed effects model implemented in jmp (v10;
(SAS Institute Inc., 1989)) was built for both Vmax and carrying capacity independently. The full factorial design included the fixed effects of group and treatment
while accounting for differences between strains and replicates as random factors.
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Species

Strain

Geographic/Industrial Origin

S. cerevisiae

S288C
UWOPS03-461.4
YPS128
JAY291
8-T.52_3A
CBS432
N-44
YPS138
Q59.1
Y7
IFO1815
IFO1802
ZP591
IFO10991
FM1076
IFO10990
H-6
P1F5
P3F5
P3H5
P5D5
P7A9
P7C9
P8F5
P9C1
P9G10
CBS7001
ZP962
CRUB1984
CRUB1776
CBS377
CRUB1568
P1C1
CBS 1146

North America (Reference Genome)
Malaysia
North America
Bioethanol (Brazil)
Winemaking (New Zealand)
Russia (Reference Genome)
North America
North America
United Kingdom
United Kingdom
Japan (Reference Genome)
Japan (Reference Genome)
Portugal
Japan
Portugal
Japan
China (Reference Genome)
New Zealand – Kaimanawa Forest Park - Soil
New Zealand – Kaweka Forest Park - Soil
New Zealand – Kaweka Forest Park - Soil
New Zealand – Tongariro National Park - Soil
New Zealand – Tongariro National Park - Soil
New Zealand – Tongariro National Park - Fruit
New Zealand – Ruahine Forest Park - Soil
New Zealand – Ruahine Forest Park - Soil
New Zealand – Tongariro National Park - Seeds
Spain (Reference Genome)
Australia
Argentina
Argentina
Germany
Argentina
New Zealand – Kaimanawa Forest Park - Soil
Reference Genome

S. paradoxus

S. mikatae
S. kudriavzevii

S. arboricola

S. uvarum

S. eubayanus
T. delbrueckii

Table S1: List of species and strains with whole genomes available used for
phylogenomic analyses. Strain names in bold were sequenced in this study.

P1C1
P1F5
P3F5
P3H5
P5D5
P7A9
P7C9
P8F5
P9C1
P9G10

S. cerevisiae
(S288C)

S. paradoxus
(CBS432)

S.
mikatae
(IFO1815)

S. arboricola
(H-6)

S. kudriavzevii
(IFO1802)

S.
uvarum
(CBS7001)

57.16%
63.27%
64.97%
64.89%
64.27%
65.57%
65.73%
65.40%
65.51%
64.95%

60.36%
67.40%
68.92%
67.62%
68.53%
69.70%
69.80%
69.35%
68.86%
68.82%

57.68%
63.69%
65.41%
65.12%
64.71%
66.05%
66.27%
65.87%
65.83%
65.22%

57.75%
87.16%
88.97%
88.01%
92.54%
87.42%
87.79%
90.39%
89.59%
89.88%

68.94%
74.78%
76.46%
76.09%
75.12%
77.47%
77.44%
76.78%
76.62%
76.12%

86.46%
60.09%
61.62%
61.01%
64.00%
60.55%
61.04%
63.15%
62.65%
62.28%

Table S2: Alignment rates for the 10 Saccharomyces genomes sequenced in this
study against the six Saccharomyces species with reference genomes available
(strains in brackets).
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Figure S1: Number of samples containing each of the species groups found per
sample site from RFLP analysis of isolated colonies.
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5.1

5

Introduction

The overarching aim of this thesis is to characterise the New Zealand populations of Saccharomyces yeasts. At the time the work commenced, our knowledge
of the distribution of Saccharomyces in New Zealand was restricted to the humanassociated environments of winemaking (Gayevskiy and Goddard, 2012; Goddard
et al., 2010; Parle and Di Menna, 1966; Zhang et al., 2010b) and planted oak trees
(Zhang et al., 2010a). A single sampling effort in the high-sugar beech honeydew
environment of the South Island failed to find Saccharomyces (Serjeant et al., 2008)
and there were no other reports of Saccharomyces from natural environments. Of
the three species identified in the human-associated environments (S. cerevisiae, S.
bayanus and S. paradoxus), only S. cerevisiae appeared to be partially genetically distinct from international strains based on genotyping of repeat regions (Goddard
et al., 2010). This led to the hypothesis on which this thesis was founded: does
New Zealand house a mixture of native and introduced strains of S. cerevisiae that
co-exist in the winemaking environment?
For this hypothesis to be viable, two things need to be shown. First, there needs
to exist a population of S. cerevisiae in the natural environment of New Zealand
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that is genetically divergent from populations in disparate international geographic
locations. Second, the S. cerevisiae conducting spontaneous (uninoculated) wine
fermentations in New Zealand must contain alleles derived from this population,
either as unadulterated strains or as the progeny of admixture events with introduced strains.
The extensive collection of genotyped New Zealand winemaking strains within
the Goddard laboratory provided the necessary sample of the diversity within spontaneous wine fermentations. During analyses of these, it became obvious that existing methods in population genetics were insufficient for microbial populations
– leading to the development of ObStruct (Chapter 2). The existing microsatellite data were insufficient to accurately estimate evolutionary history within these
strains but were useful to determine a maximally divergent set representing the
diversity within New Zealand. This set could then be subjected to whole genome
sequencing to accurately determine whether it contained a signal for a native population of S. cerevisiae (Chapter 3). Concurrently with this, a broad sampling effort
within the native forests of the North Island of New Zealand was carried out to
find the hypothesized native population of S. cerevisiae (Chapter 4). S. cerevisiae
was largely absent from these samples but the surprising widespread presence of
other Saccharomyces species became the focus of this chapter.

5.2 Summary of Main Results
5.2.1 Objective Analysis of Ancestry Profiles
The ObStruct software described in Chapter 2 implements a method developed
to objectively analyze ancestry profiles produced by Bayesian population genetics
software. This method uses the coefficient of determination (R2 ) to analyze the
extent to which computationally inferred ancestry profiles are explained by usersupplied (predefined) population classifications. In a dataset where all individuals
are classified into populations that are each completely different from one another,
R2 will be precisely 1. If all individuals in a dataset have equal ancestry to all
inferred populations, then no structure is present and R2 will be 0. This R2 value
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therefore provides a measure of the overall level of structure in a dataset. Due
to differences between datasets in numbers of individuals, inferred populations
and predefined populations, the gross R2 value cannot be readily used to compare
between different datasets, but it can be used as a benchmark within a single dataset
to perform further comparisons. For example, individuals can be classified into
populations by multiple abiotic factors to determine which explains the inferred
population structure best.
ObStruct removes each inferred and predefined population in turn and recalculates R2 to determine the relative contributions of each of these to the overall
structure in the data. The reductions or increases to R2 then indicate whether the
population was contributing to the overall structure or adding noise and reducing
overall structure, respectively. Likewise, calculations of R2 for each pair of predefined populations gives rise to a pairwise matrix that allows rapid identification of
populations that are most different or similar to one another.
Small values of R2 are often inferred for populations with high rates of admixture. To test whether the structure observed differs to what we would expect with
free gene flow, a permutation significance test is implemented in ObStruct. In
essence, this involves randomly permuting population assignments for each individual and recalculating R2 many times. This is applied to the overall R2 calculated for a dataset and the pairwise combinations of predefined populations and
expressed as a p-value.
ObStruct was applied to a simulation dataset of five populations of increasing
population structure through 10,000 generations and was able to accurately capture
the simulated divergence. It was also applied to a highly structured human dataset
and admixed S. cerevisiae dataset. For both, it gave results in agreement with the
prior subjective interpretation of these data and was able to take the analysis further
by identifying the greatest differences and comparisons lacking significance.

5.2.2

The New Zealand Population of S. cerevisiae

This chapter tests the hypothesis that S. cerevisiae found in commercial spontaneous fermentations in New Zealand are a mixture of native and migrant strains.
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To assemble the known genetic diversity of this species in New Zealand, a clustering algorithm was applied to 716 genotyped strains from various niches and
geographic locations to reduce these to the 52 most divergent from one another.
Whole genome sequencing was carried out on a single lane of a HiSeq 2000
and yielded 39.8 Gbp of data with an average coverage of 61X per strain. These
data represent a significant addition to the global collection of whole S. cerevisiae
genomes, of which only ~74 existed prior to this work and many were of significantly lower quality (1-4X coverage). To test whether a signal for unique New
Zealand alleles exists in these data, several complimentary approaches were used
to compare the New Zealand and international genomes.
The first of these was a phylogenomics approach that reconstructs a phylogeny
using a large number of orthologous loci spread through the genome. This approach is suited to inferring divergences between individuals that span the medium
to long term, due to the conflicting signals of gene tree incongruence and admixture present in recent divergences. Modern Bayesian phylogenetic analyses were
performed on a collection 106 loci from 60 international S. cerevisiae, the 52 NZ
strains and 36 strains of the sister species S. paradoxus. These analyses estimate
evolutionary parameters for each locus independently and are thus more accurate
than the practice of concatenating disparate loci used in the past. The result firmly
placed 85% of the New Zealand strains as interdigitated in a well-known group
of international strains associated with winemaking and also containing European
natural isolates, known as the ‘Wine/European’ clade (Liti et al., 2009). The remaining 15% of NZ strains were found in a sister clade that contained two European soil isolates, indicating a similar geographic origin of these strains.
It thus appears the NZ population is exclusively derived from Europe and likely
moved to New Zealand by humans an unknown number of times. The lower bound
of the number of incursion events was estimated using a maximum parsimony approach where any clade consisting entirely of NZ strains could have arisen through
a single incursion event followed by divergence and dispersal within NZ. As an extreme example, if all NZ strains formed a single clade on the global phylogeny, this
approach would dictate that at least one incursion had occurred, pending the ob132
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servation of non-NZ strains within this clade. A minimum of 10 incursion events
were estimated for the NZ strains. Dispersal was found to be limited to some
extent using permutation tests of NZ/non-NZ status within the two clades containing NZ strains. Tentative divergence dating of these incursion events revealed
that 9/10 were dated to roughly the time that humans first arrived in NZ, further solidifying that the NZ population is derived from repeated migrations from
Europe and/or in association with winemaking.

The phylogenomic analysis of the global dataset provides a best estimate of the
historic movements and selective forces within the species as a whole. It shows that
there is no ‘NZ clade’ of strains that significantly differ from all other international
strains. However, it remains unclear whether this analysis will recover diffuse population structure that may have occurred when migrant strains interbred with a hypothesized local population, leading to progeny with potentially small signals for
unique NZ alleles. Population genetics analyses are specifically designed to test
for gene flow and admixture between populations and these were applied to the
global set of S. cerevisiae strains including the 52 sequenced here. Instead of using
106 coding loci, this analysis used short nucleotide polymorphisms derived from
alignments of whole genomes, meaning that cryptic admixture and signals in noncoding regions could be detected. The result inferred four populations and placed
New Zealand strains as strongly belonging to one of these together with other
winemaking strains and natural European isolates. No evidence for unique alleles
was seen in the NZ strains, providing strong evidence against the hypothesis of an
NZ population contributing to commercial wine fermentations in NZ. ObStruct
(Chapter 2) was used to test whether geographic origin or niche explains the inferred population structure and it was found that both explain a similar amount
(R2 = 0.45 and 0.51). Unsurprisingly, grouping the strains by genetic similarity derived from the phylogenomics analysis produced a much larger R2 value of
0.74, indicating that the inferred population structure is not discrete based on a
single parameter and strong signals for gene flow exist between both niches and
geographic locations.
133

5. Concluding discussion

5.2.3

Saccharomyces Yeasts in the Native Forests of New Zealand

An extensive sampling effort for Saccharomyces yeasts, and in particular S. cerevisiae,
was carried out in the native forests of the North Island of New Zealand. A total
442 samples were obtained from the soil, bark and fruit of native trees. Samples
were submerged in a media designed to select for yeasts capable of withstanding
and growing in high concentrations of ethanol, e.g. Saccharomyces yeasts, and left
to grow for several weeks. Ninety-seven samples showed evidence of microbial
growth and the resulting isolates from each were subjected to molecular identification to determine the species diversity within the samples.
RFLP analyses were used to group isolates into putative species and resulted
in four putative species of yeasts and three of bacteria. Several isolates from each
group were subjected to Sanger sequencing of the 26S locus (yeast) and 16S locus (bacteria) to identify them to the species level. This identified: Saccharomyces
spp., Lachancea cidri, Leuconostoc mesenteroides, Baccilus spp. and Kazachstania servazzii. Saccharomyces was by far the most abundant genus and was present in 61%
of samples with microbial growth. Surprisingly, it was S. arboricola that was the
most abundant species identified, rather than S. cerevisiae. This species has not
been identified outside of Far East Asia where it was also found in native forests
(Naumov et al., 2013; Wang and Bai, 2008). Only a single sample contained S.
cerevisiae, and this was included with the whole genome sequencing carried out in
Chapter 3. Whole genome sequencing was carried out on 10 isolates of Saccharomyces species not previously found in NZ to accurately classify them and infer
their evolutionary history. Proportions were chosen based on their abundance in
the samples: eight S. arboricola, one S. paradoxus and one S. pastorianus.
A phylogenomic approach was taken to place the NZ strains onto a Saccharomyces phylogeny containing all seven naturally occurring species. This conclusively confirmed the identity of the eight putative S. arboricola, but changed the
classification of the putative S. paradoxus to S. arboricola and the putative S. pastorianus to S. eubayanus. Thus, this work is the first to demonstrate the presence of S.
arboricola and S. eubayanus in NZ. To test the hypothesis that one or more Saccharomyces species are native to NZ, i.e. arrived via natural processes, the differences
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between the NZ isolates and international strains were quantified.
Sequence data for S. arboricola is restricted to a single whole genome from
China. The pairwise differences of the NZ S. arboricola from one another are 29
times less than to the Chinese strain, indicating restricted gene flow for an extended period of time between these populations. Interestingly, the number of
short nucleotide polymorphisms within and between the NZ isolates and Chinese
strain are on par with the numbers in S. paradoxus populations in Europe and Asia.
S. paradoxus is known to display strong patterns of biogeography (Sniegowski et al.,
2002) and this finding indicates the same is likely true for S. arboricola and that its
presence in NZ predates humans by a significant extent. The other species identified, S. eubayanus, displayed a much shorter divergence from the only other whole
genome from South America. Two extensive sampling efforts for this species in
Far East Asia and the Americas yielded multi-locus sequence data allowing the
comparison of the NZ isolate to a larger population. This comparison revealed
that the NZ isolate is closely related to a diverse population in South America
with relatively little divergence, potentially indicating a recent migration event,
potentially in association with humans.
Overall, S. arboricola appears to be widespread and abundant in the native
forests of the North Island of NZ. Its genetic divergence from the only other
known isolate is very high, indicating this species is likely native to NZ, given the
available data. The other two Saccharomyces species conclusively identified from the
sampling effort, S. cerevisiae and S. eubayanus, both showed very little divergence
from international populations, indicating their recent introduction into NZ, potentially in association with humans. This correlates with their low frequency of
isolation in comparison to the established S. arboricola.

5.3
5.3.1

Future Directions
Environmental Culturing Conditions

Environmental sampling efforts invariably use culturing techniques to isolate pure
cultures of microbial species of interest. For Saccharomyces, this typically involves a
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media containing 5-10% ethanol and a similar amount of glucose (Goddard et al.,
2010; Sampaio and Goncalves, 2008). However, the temperature and duration
of incubation has varied between studies from 3 days to 5 weeks and 10°C to
30°C (Mortimer and Polsinelli, 1999; Sampaio and Goncalves, 2008). Members
of the Saccharomyces genus are known to have different optimal growth temperatures, ranging from 23°C to 35°C (Salvado et al., 2011), as well as different sensitivities to ethanol (Wimalasena et al., 2014). Incubating identical environmental
bark samples using the same media at 10°C vs. 30°C has shown that the Saccharomyces species identified after 5 weeks are almost entirely different (Sampaio and
Goncalves, 2008). The authors went so far as to conclude that studies utilizing only
a higher temperature for incubation are likely to miss the majority of Saccharomyces
species diversity within their samples (Sampaio and Goncalves, 2008).
Most culturing studies to date have chosen warmer incubation temperatures
suited to S. cerevisiae, rather than temperatures more closely mimicking the natural
environment from which samples were obtained (Goddard et al., 2010; Hyma and
Fay, 2013; Mortimer and Polsinelli, 1999; Serjeant et al., 2008; Sniegowski et al.,
2002). It is not hard to imagine that a species sampled from a forest at 5°C may
take some time to adjust to growing at 30°C in a laboratory setting. If the goal of a
sampling effort is to identify the full diversity of Saccharomyces species, it should not
use the higher growth temperatures optimal for S. cerevisiae, as these could inhibit
the growth of other Saccharomyces species, especially when coupled with the toxic
effects of ethanol. Incubation time should also be in the range of weeks rather
than days due to the unknown growth rates of environmental isolates based on the
factors described above. This may be the reason why the environmental sampling
study in the sugar-rich honeydew forest of the South Island of NZ failed to isolate
Saccharomyces; the incubation temperature was 30°C with an incubation duration
of 8 days (Serjeant et al., 2008), not likely suited to a native Saccharomyces species
potentially adapted to much colder temperatures.
It remains untested whether genetically disparate populations of the same Saccharomyces species residing in different climates display differences in temperature
preference through adaptation. Knowing this could aid in the selection of cul136
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turing conditions and incubation durations for environmental sampling studies
carried out in different climates.

5.3.2

Saccharomyces in New Zealand

The sampling conducted in Chapter 4 had the goal of identifying Saccharomyces
species in the native forests of NZ and estimating their origins, with a focus on
the latter. As such, the molecular characterization of microbial isolates from environmental samples was optimized for initial low-resolution rapid identification followed by high-resolution whole genome sequencing of a small subset of diverse Saccharomyces isolates. This approach allowed the inference of evolutionary histories
within these sequenced isolates but meant that most isolates were only subjected to
the low-resolution genotyping. The two misidentifications observed when comparing the classifications using low-resolution 26S sequences with the whole genome
sequencing approach indicate that species diversity within the samples obtained,
and the environment itself, could be higher.
Several approaches exist to quantifying diversity within environmental samples, depending on the objective of the experiment. Metagenomics, or amplicon
sequencing, is a powerful approach that allows the relatively unbiased estimation
of the total diversity within a sample, without requiring the need for culturing
(Wooley et al., 2010). As yet, no metagenomics study has been performed on an
extensive sampling effort for Saccharomyces. The benefits of such a study would
be the ability to cover a large geographic area due to the multiplexing of samples
during sequencing, and an estimation of the relative proportions of the constituent
species in each sample. Unfortunately, this approach does not yield pure cultures
for further laboratory experiments or whole genome sequencing. If the culturebased approach is used instead, the results from Chapter 4 indicate that multilocus sequencing of isolates is likely to increase the confidence of identifications
without the additional cost of whole genome sequencing.
Further sampling and molecular identification are required to adequately characterize the NZ population of Saccharomyces in native environments. The extensive forests of the South Island remain unsampled and given the differences in
137

5. Concluding discussion

macroorganisms between the main islands (Wallis and Trewick, 2009), it would
not be surprising if microbial species and populations were also genetically divergent. Whereas native forests are most likely to contain diverged populations of
Saccharomyces, few other environments outside of vineyards have been sampled.
Orchards, planted forests and mushrooms have yielded Saccharomyces isolates (Naumov et al., 2013; Wang et al., 2012), and these environments are entirely unsampled within NZ.

5.3.3 Further Genomic Characterization
The whole genome data generated in Chapters 3 and 4 will be made public and
provide an extensive resource for future study for a number of fields. These data
can also be used to further characterize the NZ Saccharomyces in relation to international strains. Finding novel sequences within genomes can be informative of
the functional adaptations and evolutionary past of an individual strain or group
of strains. One method to do this is to map the raw data of each genome against a
reference and perform de novo assembly on the reads that did not align. A de novo
assembly does not rely on a reference genome against which to map reads, it instead maps them to one another. The sizes and content of the contiguous sequences
(contigs) produced are then informative of DNA present in the sequenced genome
that is not present in the reference. A few large contigs may be indicative of large
horizontal transfer events. This approach was used to find three large horizontal
gene transfer events into S. cerevisiae strains used for winemaking with functional
ecological benefits conferred by these regions (Novo et al., 2009). Alternatively,
a search for putative open reading frames (ORFs) can be conducted within the
contigs to test for selection and functional evolution (Bergstrom et al., 2014).
Within the reads that do map to the reference, the patterns of the mapping
can be used to glean interesting information on the strain sequenced. Assuming
random shearing of genomic DNA prior to sequencing, the mapping rate should
be uniform across a reference genome. Significant deviations from the average
mapping rate are indicative of copy number variation: the increase or decrease in
the number of copies of a genetic locus. Copy number variations may be caused by
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duplications or deletions and are evolutionarily and ecologically informative. They
have been used to characterize diverse S. cerevisiae strains, and this approach shed
light on the extent to which natural and industrial populations have mated in the
past (Dunn et al., 2012). This approach can also be used to detect chromosomal
abnormalities, e.g. the loss or duplication of a chromosome, which can be of potential industrial interest depending on the functional loci in the chromosome(s)
lost or gained.
A final approach worth undertaking is de novo assembly of each of the genomes
sequenced in this thesis. Where mapping reads to a reference forces them into
the order of the reference, de novo assembly allows the genomic structure of the sequenced strain to be determined. If, for example, chromosomal translocations have
occurred, this approach will be able to accurately map them as one of the contigs
will contain a portion of sequence from one chromosome and another portion from
another. Whereas de novo assembly of unaligned reads can identify horizontally
transferred loci, the de novo assembly of the entire genome will also identify their
physical locations in the genome. De novo assembly is a useful tool for further characterizing the genomic diversity, functional variation and the genotype-phenotype
relationship (Bergstrom et al., 2014).

5.3.4

Origin of the Saccharomyces Genus

The origin of the Saccharomyces genus has been a topic of recent debate. One side
posits a Far East Asian origin, due to the presence of all known Saccharomyces
species in this region and tentative signs of greater genetic diversity within Far East
Asian populations compared with conspecific populations elsewhere (Bing et al.,
2014; Naumov et al., 2013, 1997; Wang et al., 2012). Another side suggests that
Saccharomyces originally arose on the ancient continent Gondwana in association
with beech (Nothofagus) trees and later spread to Far East Asia, where it transitioned to oak (Quercus) trees, and further diverged into the species found today
(Almeida et al., 2014). Evidence for this includes a highly diverse population of
the basal species S. uvarum in South America, whose diversity exceeds that of the
entirety found in the Northern Hemisphere (Almeida et al., 2014). S. eubayanus
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also appears diverse in South America (Peris et al., 2014) and inhabits a number
of niches (Rodríguez et al., 2014). More recently, an equally diverse population of
S. eubayanus has been characterized in Far East Asia (Bing et al., 2014).
The sampling and analyses conducted in Chapter 4 highlight the major gap in
our knowledge of the distributions of the species in the Saccharomyces genus. The
presence of a widespread population of S. arboricola in NZ was unexpected given
this species has not been found outside Far East Asia, and this has even been
used as an argument for a Far East Asian origin for the genus (Wang et al., 2012).
If the S. arboricola is in NZ, it is likely it is also present in other locations such
as Australia and South America, similar to what has been found for S. uvarum
(Almeida et al., 2014). Three strains of S. eubayanus were recently isolated from a
single site in North America (Peris et al., 2014), indicating this species too is vastly
under sampled at the continental scale. Interestingly, the culturing conditions for
recent studies on the distributions of Saccharomyces species have all utilized lower
incubation temperatures than has been the norm previously and have isolated a
far greater diversity of species than prior studies (Almeida et al., 2014; Bing et al.,
2014; Libkind et al., 2011; Peris et al., 2014). Coupled with empirical evidence
that high incubation temperatures inhibit growth of some Saccharomyces species
(Sampaio and Goncalves, 2008), it is likely that many previous sampling efforts
in Europe and North America have missed the entirety of the species diversity in
their samples.
For the origin and evolutionary history of the genus to be accurately inferred,
worldwide sampling efforts need to be conducted with subsequent unbiased quantification of diversity relying on multiple temperature regimes during incubation.
Molecular characterization of the resulting isolates should then be conducted using either a standard set of loci shown to accurately delimit Saccharomyces species,
or, a whole genome approach which is more conducive to questions of evolutionary history, but with an increased cost in generating these data. At the moment,
it may be that the origin hypotheses proposed have been based on the two areas of
the world that have been most extensively sampled, especially with the inclusion
of low temperature incubation regimes during Saccharomyces enrichment (Almeida
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et al., 2014; Bing et al., 2014; Libkind et al., 2011; Peris et al., 2014).
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