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Abstract

Microbial communities are vital components of natural, agricultural, and
biotechnological ecosystems. Microbial species play a particularly important
role in viticulture and winemaking by modulating the health, productivity,
and development of grape vines and converting grape sugars into alcohol and
other flavour and aroma compounds during commercial fermentation. Un-
derstanding how microbial community ecology can impact wine production
is of great interest to industry, and exploring the ecological behaviour of mi-
crobes can be done using tools such as next-generation sequencing. While
next-generation sequencing techniques have transformed the way in which
we study the ecology and biogeography of microbes, we still know very little
about the patterns and processes that shape microbial diversity.

is thesis aims to elucidate the biogeography of New Zealand fungal
species and test ecological and biogeographical concepts using human-managed
vineyard ecosystems. To do this I use next-generation sequencing to charac-
terise fungal diversity within and across vineyard ecosystems, quantify the
natural and artificial processes shaping this diversity, explore the relation-
ship between vineyard and winery diversity, and explore their implications
for winemaking. is thesis goes on to explore the potential of co-evolution
and microbial interactions operating within these communities to modify the
sensory properties of wines seeded with interacting yeasts.

In the second chapter I quantify the relative strength of natural selection
and neutral processes in shaping fungal diversity, I and use next-generation
sequencing to evaluate 106 contemporaneous fungal communities inhabiting
adjacent soil, bark, and fruit niches across six New Zealand regions spanning
a thousand kilometres. e data show that species richness and community
structure are not homogenous but significantly varied with vineyard habitat
and region. Across all vineyard samples, habitat explained the greatest propor-
tion of the variation in community structure compared to region, indicating
that selection is the primary driver of fungal diversity in vineyards.

In the third chapter I examine the diversity of commercial NZ ferments
and quantify the microbial links between various winery communities and
cultivated and uncultivated ecosystems. Here I analyse the fungal diversity of
a further 44 samples collected from NZ wineries as well as those associated
with the fruit and soil of 36 native plants from nearby uncultivated areas. e
data show that microbial communities in ferments vary significantly across
regions, and that while vineyard fungi account for a sizeable fraction of the
source of this diversity, uncultivated ecosystems outside of vineyards also pro-
vide a significant source. e data also show that species richness and com-
munity structure significantly shift over the course of the ferment, and while
communities initially resemble those found on grapes, these increasingly re-
semble fungi present on vine bark.

In the fourth chapter, I examine the impact of human agriculture on fun-
gal diversity in vineyards and ascertain whether these impacts translate to the
diversity found in pressed juice, or to commercially important metabolites
in the resultant wines. I compare the fungal diversity present in six conven-
tionally managed and seven biodynamically managed vineyards in the Wairau
Valley. To test whether these agricultural practices translate to their respective
wineries, I compare the fungal diversity of juices harvested from sampled vine-
yard blocks as well as the concentrations of commercially important metabo-
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lites —varietal thiols — in wines produced from these juices. e data show
that the method of management significantly affects communities in soil, on
plant structures, and on the developing crop in subtle but importantly dif-
ferent ways in terms of number, type, and abundance of species. However,
management approach has no effect on communities in the final harvested
juice, nor on product traits aligned with quality. is shows that while man-
agement approach affects different habitats in the environment in different
ways, this does not automatically flow onto the harvested crop.

In the fifth chapter I use experimental evolution of two yeast species, Can-
dida glabrata and Pichia kudriavzevi, to examine how co-evolution and the
generation of novel microbial interactions can impact upon the products of
commercial winery fermentation. In this chapter I successfully reapplied the
experimental design of Lawrence et al. (2012) to generate co-evolved strains
through serial transfers of polyculture of these yeasts to fresh grape juice for
∼65 generations. I explore the nature of interactions between co-evolved
strains by estimating the relative fitness of co-evolved and mono-cultured
strains by analysing the growth rates and cell densities using Bioscreen CTM

spectrophotometry. e metabolite profiles of the inoculated wines — com-
prising 38 sensory compounds — were then quantified and compared across
co-evolved, mono-cultured, and ancestral strains. e data also show that co-
culture strains of C. glabrata and P. kudriavzevi exhibited significantly differ-
ent growth rates and metabolic activity than their mono-culture equivalents.
Furthermore, unlike the findings of Lawrence et al. (2012), I found no evi-
dence of mutualistic cross-feeding and suggest that the apparent interactions
are antagonistic in nature.

e data and analyses presented in this thesis represent one of themost ex-
tensive sampling of multiple plant-associated microbial communities through
space and provide a major advance in how these communities can vary within
respective habitats. As such, this study expands our understanding of the na-
ture and connection of various natural microbial communities in a landscape,
and how agricultural products and processes might be affected by these com-
munities.
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Introduction 1

1.1 Biogeography

If you were to walk outside, one of the first and most glaring observations you

can make about the natural world around you is that everything is not everywhere;

tropical jungles aren’t found at the polar latitudes, nor are seaweeds growing on

abyssal plains. What’s more, the make up of plant and animal communities and

their respective ecosystems are far from what one might call ‘randomly distributed’

and are instead roughly clustered into what we might call ’biomes’. Establishing

exactly why things are found where they are is a difficult question to answer. e

field of biogeography attempts to answer this question and is the study of how

living organisms are distributed through time and space.

Instinctively onemight feel that the reason tropical species are not (for themost

part) found in polar regions and vice versa is because species don’t tend survive well

outside of their preferred climate. Budgerigars aren’t nesting in frozen ords, and

the reason is natural selection. An organism’s physical or chemical environment

can impose a huge strain on an organism’s reproductive success. If all an organism’s

energy is used up merely staying alive (by finding food, keeping warm, excreting

toxins etc) then there will be no energy left to invest in reproduction. An organism’s
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biological environment can also play a huge role in shaping its survival prospects.

For starters, all living things need a source of energy to survive and for many this

derives from other living things. One species may go extinct in one location as a

result of another species – who may have eaten them into extinction, or may simply

have eaten the same things but were better at it then the extinct species. Natural

selection, in short, will ensure that the vast majority of species you find at any one

location will be species that are capable of surviving the physical, chemical, and

biological pressures of that environment.

Where things get tricky is working out why you don’t see particular species

in any one location. Just because we don’t find a particular species somewhere, it

certainly doesn’t mean it couldn’t live there quite happily. is very fact underpins

the need for modern biosecurity as a part of international travel and underlines the

importance of understanding why living things are distributed the way they are.

e story is more than just who can survive where. Studies of plant and animal

communities have revealed the action of other processes besides natural selection

in shaping patterns of biodiversity through space. ese I am collectively calling

neutral processes. For instance, one of the biggest reasons why all biological species

are non-randomly distributed around the planet is because their distributions are

limited by their ability to disperse through space. Spiders have been recorded dis-

persing across oceans via high altitude air currents (Bell et al., 2005a), while large

hoofed animals, by contrast, seldom make the journey successfully. Plant species

by and large make very efficient dispersers. While they tend to settle down as they

get older, young plant seeds can make extremely long journeys by hitching a ride

with dispersing animals or by being carried along by air or water currents. e

composition of biological communities can, in part, be a product of who managed

to disperse to that area in the first place.

Another important factor influencing the distribution of species is the action

of community drift. Whenever an individual reproduces, the number of individu-

als that survive to reproduce in turn will partly be due to chance. ings like the

occasional falling boulder, inconveniently placed leopard or missed dating oppor-

tunity can all act to unpredictably diminish the number of reproducing individuals
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in a population. ese effects, while trivial in very large and interconnected pop-

ulations, can greatly increase the chances of extinction of small populations from

an area (Pedrós-Alió, 2006). is can give rise to patchy or discontinuous dis-

tributions of species through space even if they could survive equally well in all

locations.

Working out the relative importance of natural selection and neutral processes

has been the subject of considerable debate in biology. Disentangling the pro-

cesses that regulate species distribution can deepen our understanding of natural

and managed ecosystems (Gaston, 2000). A more thorough understanding of the

factors underpinning community structure also ensures greater accuracy for predic-

tions concerning both species conservation and communities’ fates under various

environmental shifts (Fierer et al., 2003; Lennon and Jones, 2011; Ferrenberg et al.,

2013).

1.2 Conceptual upheavals – Hubbell’s neutral theory

If one community is found to be significantly different from another, there is a

tendency to assume that this is due to natural selection, unless clear barriers to

dispersal are present (such as island biogeography). Given that the action of nat-

ural selection is far easier to physically observe (i.e. frozen budgerigars on top

of ords) than neutral processes, it is unsurprising that natural selection has been

the default explanation for why biodiversity might be structured. is assumption

mirrors the adaptationist assumptions discussed in Gould and Lewontin’s semi-

nal ‘Spandrels’ paper (Gould and Lewontin, 1979) where features of an organism’s

phenotype is assumed to be a product of natural selection and is an adaptation.

Here it was pointed out that to assume such explanations without empirical ev-

idence is dangerous and ignores the fact that there are many other mechanisms

that may explain the same phenomena. Work by Hubbell and Bell (Bell, 2001;

Hubbell, 2005) highlighted this danger and demonstrated the need to re-evaluate

experimental design so as to disentangle the impacts of natural selection from neu-

tral processes. In Hubbell’s paper (Hubbell, 2005) he demonstrated/modelled in

a mixed/simulated forest community that natural selection was not required to
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generate significantly structured biodiversity and that various neutral processes in

combination could generate structured biodiversity. is work demonstrates the

need for rethinking experimental design and cautions against prematurely assum-

ing the roles of natural selection, when neutral processes could reasonably explain

the same data.

1.3 Microbial Biogeography

Today we have a large body of research on how natural selection and neutral pro-

cesses affect biodiversity of plant and animal communities but the story is far from

complete. Arguably the biggest challenge of biogeography is elucidating the pat-

terns and processes that shape microbes, of which we know almost nothing.

What we do know of the biology of microbes certainly provides reasonable

grounds to question whether or not microbial diversity is shaped by the same pro-

cesses as plant and animal communities. Microbes are, by their very nature, tiny

and are more likely than animals to be dislodged by small water/air currents and

carried vast distances (Finlay, 2002; Darcy et al., 2011; Wilkinson et al., 2012).

While microbes rarely use active locomotion for their own dispersal (Martiny et al.,

2006), they can benefit from the dispersal mechanisms of larger plants and animals

by residing on or within host tissues. Another important feature of microbes in

general is that they have a far greater capacity to enter metabolic dormancy to sur-

vive periods of environmental stresses than the vast majority of macrobes (Jones

and Lennon, 2010; Lennon and Jones, 2011; Buerger et al., 2012). In fact, it

has been suggested that a majority of microbes are metabolically dormant at any

given time, which has considerable impact upon microbial diversity measured in

any particular environment (Locey, 2010).

High population densities, efficient dispersal and dormancy capabilities gave

rise to the ‘Bas Becking hypothesis’ which suggested that microbes, unlike plant

and animal species, may have universal distributions albeit in densities so low as to

be undetectable. It was reasoned that if everything was everywhere, only selection

due to environmental gradients accounts for differences in community structure

(De Wit and Bouvier, 2006). As well as being based on untestable conjecture
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(that everything is everywhere but you just can’t measure it), this argument reflects

the prevailing and long-standing assumption about the role of natural selection in

shaping broad biological patterns. Slowly but surely, these assumptions are being

challenged as we collect more data on microbial communities.

One important factor that undermines the idea of universal microbial distribu-

tions is the fact that they can evolve very rapidly especially compared to macrobes.

As a rule, microbial cells replicate much faster than plant and animal cells and gen-

erally have higher mutation rates (Boles et al., 2004; Hansen et al., 2007; Rensing

et al., 2002), meaning large populations can form very quickly and hold a consider-

able amount of genetic diversity ( ompson et al., 2005; Polz et al., 2006; Shapiro

et al., 2012). is is compounded by the fact that many microbes are capable of

readily exchanging genetic material with other nearby microbes even across dis-

tantly related species (Ochman et al., 2000; Papke and Gogarten, 2012). Large,

fast growing, and genetically diverse microbial populations mean microbial com-

munities can adapt and respond to selection pressure in much shorter time-scales

than macrobial communities (hours to days) (Schmidt et al., 2007; Yoshida et al.,

2007).

1.4 How do we study them?

For a long time, microbial biodiversity has simply been beyond what was techno-

logically possible to investigate. Microbes by their very definition are too small to

observe directly and require specialised equipment to study them. While our rate

of progress has changed considerably over the last few years, we are still working

with a profound paucity of data. It is no exaggeration to say that we have little to no

data on the vast majority of microbial habitats/ecosystems and it is not uncommon

to see studies looking where no one has looked before.

e traditional approach to studying microbial diversity was through culture-

based techniques (Rajendhran and Gunasekaran, 2011). Here researchers would

attempt isolate and grow as many species as possible from environmental samples

using artificial growing media. Unfortunately we have since discovered that using

culture-based methods bring with them some strong limitations to studying mi-
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crobial biodiversity. It has been estimated that <1% of all microorganisms can be

cultured with standard culture techniques developed so far (Amann et al., 1995).

Communities grown in artificial media can also be strongly biased depending on

how well each microbe replicates in the growing medium – rare species may be

over represented in culture if they grow well in nutrient agar. Conversely abun-

dant species may not be detected at all if they do not grow in culture.

Culture-based studies trying to elucidate the structure of diverse communi-

ties also face strong logistical barriers in identifying and enumerating rare species.

With few exceptions, the rarer a microbe is in a sample, the more time and energy

is required to separate and purify it from more abundant species.

e advent of PCR and modern molecular approaches to survey microbial

communities have since transformed the field of microbial ecology by allowing

researchers to survey uncultivable microbes and more easily survey rare species. A

number of culture-independent methods have been developed [these are reviewed

in: (Nocker et al., 2007; Su et al., 2012; Nowrousian, 2010)]. One of the most

popular approaches to estimating community structure is diversity profiling. is

involves sequencing the products of PCR from environmental DNA extraction

using carefully chosen primers. Some of the most common targets of microbial

genomes are the ribosomal DNA loci (16S/18S rDNA in Bacteria, D1/D2 – 28S

rDNA in Fungi) or internal transcribed spacer (ITS) regions. By targeting loci

with both conserved and variable regions/sites, researchers can target particular

subsets of microbial communities (such as bacteria or fungi) and, using a reference

database, estimate the relative abundances of the different sequences belonging to

different taxa.

ese modern approaches are far from perfect however, and have their own

limitations for studying microbial biodiversity. In PCR-based approaches, a num-

ber of things may act to erroneously skew community diversity estimates. To begin

with, the choice of DNA extraction techniques has been shown to significantly af-

fect diversity estimates and community structure (Ínceošlu et al., 2010; Tedersoo

et al., 2010; Kennedy et al., 2014). ere may be amplification bias across differ-

ent sequences which in turn can influence diversity by under or over-representing
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sequences from particular species (Birtel et al., 2015; Pawluczyk et al., 2015). e

number of copies of a target locus may also differ between species and so may in-

fluence diversity estimates by skewing community structure towards species with

higher copy numbers. Non-specific primer binding, reagent contamination, and

creation of chimeric sequences can all introduce non-target sequences during the

PCR step and can affect diversity estimates and reduce the number of useable reads

for downstream analysis.

Another restriction of surveying microbial diversity using genomic markers or

sequencing approaches is that they provide no functional information about the

organisms they derive from. Using molecular markers to determine a microbes

identity depends on the distinctiveness of that molecule compared to those found

in other microbial taxa. Two organisms that may be, to all intents and purposes,

considered the same species may have sufficiently different molecular markers to be

classified as different species. Conversely, microbes whose genomes or phenotypes

differ enough to be considered different species may have identical sequences at a

molecular marker site and so erroneously are grouped together.

An alternative to diversity profiling of PCR amplicons is through metage-

nomics. Here microbial DNA is sequenced following direct DNA extraction from

the environmental sample. As this method does not involve a PCR step using

targeted primers, it avoids many of the restrictions that face diversity profiling ap-

proaches. One major advantage of these methods is that they can achieve a high

level of taxonomic resolution – from kingdom and phyla to the species and strain

level. However metagenomic approaches are comparatively expensive per sample

and are computationally demanding. As such, they are often inappropriate for

larger studies with higher sample sizes.

e choice of sequencing platform is an important step in elucidating micro-

bial diversity. e variety and capacity of next-generation sequencing platforms

has changed a lot over the last decade and is still undergoing rapid development.

Aside from differences in sequencing chemistry, the main things that distinguish

different sequencing platforms are: number of DNA fragments sequenced, the

length of the sequenced fragments, and the rate of sequencing errors.
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In general, the longer the length of the sequenced fragment the better for both

diversity profiling and metagenomic approaches. It is particularly important for

diversity profiling studies as the longer the length of the sequenced DNA, the

greater the capacity to resolve between closely related taxa. If the targeted loci is

highly conserved, platforms yielding smaller read length may completely fail to

discriminate between any sequences.

e number of reads sequenced – read depth – varies considerably across dif-

ferent sequencing platforms. While it is important to have sufficient read depth

for both diversity profiling and metagenomic approaches, how many are needed

really depends on the approach, and how many samples you have.

e sequencing error rate does vary across platforms but is generally high in

all of them. High error rates during sequencing leads to artificially inflated diver-

sity estimates if not accounted for. is spuriously inflates the ’long-tail’ of rare

sequences which make up the vast majority of species richness in most samples

(Kunin et al., 2010). A number of algorithms have been developed to handle this

and ameliorate the effect of high sequencing errors on microbial diversity estimates

(Quince et al., 2011; Schloss et al., 2011; Mysara et al., 2015).

Together, these limitations present serious challenges to using molecular pro-

filing to estimate microbial species diversity and must be taken into consideration

when interpreting the results of molecular profiling methods. Species assignments

should therefore always be considered provisional and simply a best guess of what

is a species. To denote this, species estimates are referred to as ‘operational taxo-

nomic units’ (OTUs).

Despite the drawbacks of next-generation sequencing methods, they are still

incredibly powerful research aids and have opened up new frontiers of research

that wouldn’t be possible without them. In recent years the amount of microbial

diversity research has exploded as modern sequencing costs plummet. By using

both modern sequencing and culture-based techniques we are only just beginning

to unravel the vast complexity of microbial ecosystems.
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1.5 What have we learned so far?

Early investigations have revealed a staggering amount of biodiversity even in ap-

parently barren environments (Sogin et al., 2006). Many species are relatively ubiq-

uitous and can be found in a wide range of habitats and large global distributions

(Finlay et al., 1999; Bass et al., 2007; Lozupone and Knight, 2007). Some mi-

crobial taxa – mainly certain marine microbes – appear to be globally distributed

(Finlay, 2002; Fenchel and Finlay, 2004). Similarly, microbes capable of forming

spores have even been observed to have geographic distributions decoupled from

environmental parameters (Bissett et al., 2010). Other microbes have much more

restricted distributions, only appearing in certain habitats and occupying specific

niches such obligate parasites and others dependent on plant and animal tissues

for survival (Peterson et al., 2010).

Overall, studies of terrestrial ecosystems have contributed a wealth of data indi-

cating that many microbial communities are not homogeneous through space and

show structured biodiversity like plant and animal communities (Martiny et al.,

2006; Hanson et al., 2012; Nemergut et al., 2013). Overwhelmingly, studies re-

porting structured microbial diversity are examining bacterial communities (Fierer

and Jackson, 2006; Bryant et al., 2008; Fulthorpe et al., 2008; Lauber et al., 2009;

Knief et al., 2010; Ghiglione et al., 2012). Eukaryotic microbes, such as fungi,

have received far less attention but have also been found to have structured diver-

sity through space and time (Dumbrell et al., 2010; Scheckenbach et al., 2010;

Bokulich et al., 2014; Taylor et al., 2014).

ere are certainly many studies that find or report similarities between the

patterns of microbial and macrobial diversity (Martiny et al., 2006; Astorga et al.,

2012). Species-area relationships of macrobes and microbes appear to be simi-

lar (well established in macrobes) where sampling larger areas yields higher esti-

mates of species diversity – this has been observed in fungi, bacteria, and archaea

(Horner-Devine et al., 2004; Green et al., 2004; Bell et al., 2005b; Bryant et al.,

2008). Microbial communities, like macrobial communities, also exhibit ‘distance

decay’ whereby communities are more likely to be dissimilar with increasing spatial

distance (Bryant et al., 2008; King et al., 2010). Distance decay of microbial com-
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munities may also occur through time. is pattern has been observed in leaves and

activated sludge (Adler and Lauenroth, 2003; Van Der Gast et al., 2008; Redford

and Fierer, 2009; Ayarza and Erijman, 2011).

One notable biogeographic pattern that does not hold for microbes is the

relationship between diversity and latitude/altitude. In macrobial communities,

species diversity declines with increasing latitude or altitude (Gaston, 2000; Hille-

brand, 2004) but this has not been clearly observed in microbial diversity (Fenchel

and Finlay, 2004; Fierer and Jackson, 2006; Fuhrman, 2009).

Arguably, the most common finding from studies examining microbial diver-

sity is that diversity can vary depending on the physical or chemical environment.

is suggests that, for the examined communities at least, natural selection plays

an important role in driving community structure/assembly (Martiny et al., 2006;

Fierer and Jackson, 2006; Lozupone and Knight, 2007; Logue and Lindström,

2010; Nemergut et al., 2010).

A number of studies have gone on to show this experimentally by observing

that microbial community structure can shift after deliberate changes to the phys-

ical/chemical environment (Allison and Martiny, 2008; Lozupone et al., 2012;

Griffiths and Philippot, 2013). Like plant and animal communities, the degree to

which microbial communities respond to disturbance can vary depending on the

type, intensity, timing, and duration of disturbance (Allison and Martiny, 2008;

Lozupone et al., 2012; Griffiths and Philippot, 2013).

Microbes themselves can also shape the types and abundances of species around

them. Some species perform essential ecosystem services such as decomposers and

denitrifiers which affect the availability of essential nutrients in an environment

that can in turn sustain a wealth of other microbes. Other microbes may influence

their communities around them by significantly modifying their physical/chemi-

cal environment. Saccharomyces cerevisiae is an excellent example of such a ‘niche

constructing’ species, which grows in fallen fruit and produces so much heat and

ethanol that it greatly reduces the survival of other microbial species around it

(Goddard, 2008).

Microbial communities can also be influenced by specific interactions between
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species. Microbes producing antimicrobial compounds significantly affect local

community structure by greatly reducing the growth or survival of particular species

around them. Interactions between species can have a huge effect on the fitness

of interacting species, and when one of those species is a keystone species or niche

constructor, that interaction can affect the fitness of all species whose fitness is tied

to vital species (Barraclough, 2015; McNally and Brown, 2015).

1.6 Vineyards – a model system

A major challenge to studying the processes shaping microbial biodiversity is that

increasing the physical distance between any two samples generally increases the

chance of sampling from different ecosystems – different physical and biological

environments. If there is a difference between two communities that are far away

from each other, are they different because of low dispersal rates between them or

are they different because they are in totally different physical/chemical environ-

ments that select for different species?

e research presented in this thesis uses the artificially managed vineyard

ecosystem to explore microbial diversity across different habitats and spatial scales.

Vineyards are highly conserved and carefully managed areas that comprise

evenly spaced grapevines usually as a mono-culture of a single cultivar of Vitis

vinifera. e aim of vineyard design is to make growing conditions as uniform as

possible within vineyard blocks to ensure synchronised ripening and reliable fer-

ment properties. Plant and animal communities within vineyards are both man-

agement targets in viticulture which act to constrain the types and abundances of

species present in vineyards. Pesticides such as fungicides and herbicides are used

to varying degrees in modern wine-making, but as a rule tend to conform with

standards imposed by governmental regulatory bodies. e impacts of pesticides

on biodiversity is the subject of on-going research and whose impacts vary across

taxa and between types of fungicide (Čadež et al., 2010; Comitini and Ciani, 2008;

Martins et al., 2012; Barata et al., 2012; Martins et al., 2014; Perazzolli et al., 2014;

Schmid et al., 2011). As the cultivation and planting of grapevines is regular and

deliberately conserved within and across vineyards, we can reduce the confounding
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effect of sampling across ecosystems when sampling through space.

Microbial species play an integral role in viticulture and winemaking. More

than just sources of disease in grape vines, microbial communities perform essen-

tial functions in all ecosystems and play a role in directly modulating plant health,

productivity, and development (Panke-Buisse et al., 2015; Lau and Lennon, 2012;

Sugiyama et al., 2013). Fungi in particular also play a crucial role in the winery

by mediating the actual production of wine from grape juice. Here single celled

fungi – or yeasts – proliferate in the juice of pressed grapes where they convert

plant-derived sugars into alcohol and other flavour and aroma compounds (Zott

et al., 2010, 2011; Barata et al., 2012; Bokulich et al., 2014). e most important

of these are members of the Saccharomyces genus which come to dominate micro-

bial biomass in ferments by competitively excluding most other microbial species

through the production of heat and ethanol (Goddard, 2008).

As the process of winemaking has been carried out for thousands of years, it

has been suggested that the most commonly used yeast species, Saccharomyces cere-

visiae, may in fact be the first domesticated microbe (Martini, 1993). Bizarrely,

Saccharomyces spp. are very rarely detected on grapes and appear to be present in

very low frequencies (Davenport, 1973, 1974). It has been suggested that these

fermentative yeasts (i.e Saccharomyces spp.) may originate from other ecosystem-

s/environments (Goddard et al., 2010; Knight and Goddard, 2015b).

So far, a number of other fungal species have been recovered from vineyards us-

ing culture-based techniques [reviewed in (Mortimer and Polsinelli, 1999; Barata

et al., 2012)]. Next-generation sequencing has also uncovered a breadth of bacte-

rial and fungal diversity within vineyards (Taylor et al., 2014; Bokulich et al., 2014;

Pinto et al., 2014; Martins et al., 2013). Many of these vineyards species have also

been recovered from commercial ferments (Ciani et al., 2010; Barata et al., 2012)

as well as habitats outside of vineyards (Liti et al., 2009; Zhang et al., 2010; God-

dard et al., 2010; Knight and Goddard, 2015b) A growing body of evidence –

including data presented in this thesis – suggests that microbial diversity within

vineyards is non-random and structured over the surface of grapevines and across

vineyards at scales ranging from hundreds to thousands of kilometres (Gayevskiy
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and Goddard, 2011; Taylor et al., 2014; Bokulich et al., 2014; Morrison-Whittle

and Goddard, 2015).

Wine making and viticulture is an important industry for the New Zealand

economy, with a growing export value of over $1.5 billion NZD. Currently, 85.6%

of the total exported volume comes from a single grape variety – sauvignon blanc.

To promote the growth and success of the wine industry, the New Zealand gov-

ernment has invested in research. Recent work born out of this investment has

uncovered the existence of regional structure of Saccharomyces strains which in turn

accounts for a significant fraction of regional differences in the flavour and aroma

profiles of wine (Knight and Goddard, 2015a). is evidence of a ‘microbial ter-

roir’ demonstrates the importance and value of understanding biogeography of

microbes surrounding an economically valuable crop.

1.7 esis aims

is thesis aims to elucidate the biogeography of New Zealand fungal species

and test ecological and biogeographical concepts using human-managed vineyard

ecosystems. To do this I use next-generation sequencing to characterise fungal

diversity within and across vineyard ecosystems, quantify the natural and artificial

processes shaping this diversity, explore the relationship between vineyard and win-

ery diversity, and explore their implications for winemaking. is thesis goes on

to explore the potential of coevolution and microbial interactions operating within

these communities to modify the sensory properties of wines seeded with interact-

ing yeasts.

1.8 Sampling Plan

In 2011, we carried out a concerted sampling effort of New Zealand vineyards,

wineries and uncultivated areas. From these samples, I used 454-pyrosequencing

of PCR amplicons generated using 26S rDNA primers to estimate the community

structure of fungal assemblages associated with New Zealand vineyards, wineries,
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and native environments. e community profile data generated from this sam-

pling would form the basis of this thesis and pertain to chapters 2, 3, and 4.

Prior to sampling we approached New Zealand wine growers about possible

research collaboration. Of the companies which volunteered to participate in our

research, we selected 24 companies across the six largest wine growing regions of

New Zealand: Hawkes Bay, Martinborough, Nelson, Wairau Valley, Awatere Val-

ley, and Central Otago. Companies using conventional viticulture to grow sauvi-

gnon blanc grapes were selected so as to maximise the possible spread of sampling

within each region. Sampling was restricted to this most commonly grown grape

variety in New Zealand, as previous research had indicated that microbial commu-

nity structure can significantly vary between different grape varieties (Gayevskiy

andGoddard, 2011; Bokulich et al., 2014). Six conventionally managed sauvignon

blanc blocks were sampled from each region. To investigate the effects of human

agricultural practices, seven biodynamically managed vineyards were also sampled

in the Wairau Valley, Marlborough in addition to the six conventionally sampled

blocks from that region.

1.8.1 Vineyard sampling

In order to sample vineyards at the same stage of grape ripening, samples from each

region were collected approximately two weeks before the predicted harvest date.

reemicrobial habitats were examined within vineyards: vine-bark, soil, and fruit.

Samples were collected asceptically and comprised three pooled subsamples taken

from three individual plants. ese three sampled vines were selected from the

approximate centre of vine rows to avoid edge effects and spaced evenly across

the vineyard block. Fruit samples comprised of whole grape bunches that were

collected and stored in clean snap-lock bags. Bark samples were taken from the

trunk of the vine approximately halfway between the base of the canopy and the

soil. Soil samples were taken from the surface of the topsoil (>3cm in depth)

directly under the vine canopy and 50cm from the base of the vine. All samples

were immediately stored and transported on ice until they could be processed in

the laboratory in Auckland.
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1.8.2 Native sampling

In each of the six wine growing regions sampled, we collected material from na-

tive plants in uncultivated areas. ese uncultivated areas consisted of council land,

or native reserves managed by the Department of Conservation. All appropriate

permits and permissions for sampling were obtained from the Department of Con-

servation and local iwi. In each sampling site, six native plants that were fruiting

at the time of vineyard sampling were selected for sampling. Native plant species

sampled included: Coprosma sp., Coriaria arborea, Pittosporum tenuifolium, Mel-

icytus ramiflorus, and Ripogonum scandens. Fruit and topsoil at the base of each

plant was collected asceptically then stored and transported on ice until it could be

processed in the laboratory in Auckland.

1.8.3 Winery sampling

In addition to the soil, bark, and fruit samples taken from each vineyard block,

we coordinated with participating winemakers to secure samples of juice derived

from each of the vineyard blocks sampled. When each of the vineyard blocks

were harvested, 10L of the collected juice was aliquoted into clean 10L jerry cans.

ese were then couriered on ice to Auckland where they were received and pro-

cessed immediately. Upon reception, the juice was mixed thoroughly and a 50ml

sample was collected and stored at −20 ◦C for later DNA extraction. One-way

airlocks were then added to jerry cans and the 10L of juice was then allowed to

ferment at 15 ◦C for five days. Previous research had indicated that the potential

abundance of non-Saccharomyces species peaks at around 5 days after the start of

fermentation (Goddard, 2008). After this, species diversity of ferments collapses

with the growth and proliferation of Saccharomyces species which competitively ex-

clude other microbes through production of heat and ethanol. To capture the pe-

riod of peak non-Saccharomyces growth, each fermenting juice was sampled again

five days after reception and initial sample collection.
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1.9 Chapter aims

1) In the second chapter I test broad biogeographical theory and examine if both

neutral and selective biogeographic processes – both important in shaping mac-

robial communities – structure microbial diversity across New Zealand vineyards.

Here I use next-generation sequencing to characterise fungal community structure

of three closely associated microbial habitats: soil, vine-bark, and grape bunches

from vineyard blocks across six wine growing regions of New Zealand. Sampling

the same three vineyard habitats within artificially conserved ecosystems across

multiple regions allows me to systematically test whether a community’s habitat

or position in space is more important in determining community structure. If

selection dominates, then communities will tend to differ more greatly between

vineyard habitats regardless of distance; if neutral processes dominate, then com-

munities will tend to differ more greatly by distance regardless of habitat.

2) In the third chapter, I explore the vineyard ’fruit’ niche of ripe grapes. Since

ripe fruit are a rich source of sugar, they are colonised by a number of microbial

species as plant tissues weaken. As this habitat is ephemeral and cannot sustain a

stable community of microbes, colonising species must come from the wider envi-

ronment with each new crop. In this chapter I attempt to quantify the connection

between communities within winery ferments and potential source communities

within vineyards and surrounding uncultivated areas. To achieve this I use next-

generation sequencing to characterise the community structure and regional diver-

sity of commercial winery ferments at two time points: freshly pressed juice and

ferment after five days. I then compare these communities to those present in

vineyard habitats (in soil, bark, and fruit) as well as those associated with native

plants in uncultivated areas (in soil and fruit). is chapter aims not only to evalu-

ate whether there is a connection between microbial communities in these various

habitats, but also quantify these connections and thus estimate the relative con-

tributions of fungal communities in environmental niches to those that conduct

fermentation in the winery, and thus directly address the question concerning the

origin of these microbes.
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3) In the fourth chapter, I examine the role of human management practices in

shaping vineyard diversity by comparing fungal diversity in vineyards and winer-

ies under two contrasting agricultural philosophies. Here I characterise the fungal

communities present in soil, bark, fruit, and pressed juice of seven ’biodynami-

cally’ managed vineyards and six ’conventionally’ managed vineyards within the

Wairau Valley of New Zealand. I go on to examine whether management differ-

ences translate to sensory properties of finished wines by quantifying the relative

abundance of keymetabolites in wines produced under biodynamic or conventional

viticulture. By quantifying community structure across multiple vineyard habitats,

and key microbe-derived compounds in wine, we can more powerfully assess the

ecosystem-level effects of management approach that would not be possible by

characterising one habitat or aspect of the ecosystem in isolation.

4) In the fifth chapter, I examine how co-evolution and the generation of interac-

tions between yeast species in commercial ferments can impact upon the products

of commercial winery fermentation. In this chapter I reapply the experimental de-

sign of Lawrence et al. (2012) to generate co-evolved strains through serial trans-

fers of polyculture of Candida glabrata and Pichia kudriavzevi to fresh growing

media. After ∼65 generations, I explore the nature of these interactions and test

for the presence of mutualistic cross-feeding through analysis of growth rates and

cell densities using Bioscreen CTM spectrophotometry. As many of the key sen-

sory metabolites in wine are microbially derived, I test whether co-evolution and

its impact on microbial metabolism significantly affects the metabolite profiles of

wines inoculated with evolved strains.
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. Quantifying selective and neutral community assembly

2.1 Abstract

We have a limited understanding of the relative contributions of different processes

that regulate microbial communities, which are crucial components of both natural

and agricultural ecosystems. e contributions of selective and neutral processes

in defining community composition are often confounded in field studies because

as one moves through space, environments also change. Managed ecosystems pro-

vide an excellent opportunity to control for this and evaluate the relative strength

of these processes by minimising differences between comparable niches separated

at different geographic scales. We use next-generation sequencing to character-

ize the variance in fungal communities inhabiting adjacent fruit, soil and bark in

comparable vineyards across 1000 kms in New Zealand. By compartmentalizing

community variation, we reveal that niche explains at least four times more com-

munity variance than geographic location. We go beyond merely demonstrating

that different communities are found in both different niches and locations by

quantifying the forces that define these patterns. Overall, selection unsurprisingly

predominantly shapes these microbial communities, but we show the balance of

neutral processes also have a significant role in defining community assemblage in

eukaryotic microbes.

2.2 Introduction

Disentangling the processes regulating species’ distributions makes a significant

step towards achieving an integrated understanding of natural andmanaged ecosys-

tems (Gaston, 2000). A better understanding of the factors underpinning commu-

nity structure also ensures greater accuracy for predictions concerning both species

conservation and communities’ fates under various environmental change scenarios

(Fierer et al., 2003; Lennon and Jones, 2011; Ferrenberg et al., 2013). Differences

in the types and abundances of species in space may arise through both natural

selection driven and non-selection driven processes, which are directly analogous

to classic population genetic processes operating within species (Nemergut et al.,

2013). Selective processes may drive differences between communities through
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species sorting in response to local conditions (Fierer and Jackson, 2006; Hughes

et al., 2008); non-selective processes may generate variation through a combina-

tion of other assembly processes including dispersal limitation, community drift

and speciation (Fierer et al., 2003; Vellend, 2010; Hanson et al., 2012; Nemergut

et al., 2013). ese non-selective processes – which we define here as ‘neutral’ pro-

cesses – are considered in ecological neutral theories (Bell, 2001; Hubbell, 2005)

and are predicted to produce variation in community structure through space with-

out needing to invoke the actions of selection.

While we have a limited understanding of processes that drive broad commu-

nity patterns for macrobes (Gaston, 2000; Wiens, 2011), we have far less data on

how these translate to microbial communities, which are crucial components of

natural, agricultural and biotechnological ecosystems (Bardgett et al., 2008; Van

Der Heijden et al., 2008; Fuhrman, 2009; Hanson et al., 2012). Due to their

cryptic nature, it is relatively more challenging to examine patterns in microbial

than macrobial communities. Massively parallel next-generation sequencing tech-

nologies have allowed significant leaps forward in the power with which we may

sample microbial communities. ese methods do not have the constraint of hav-

ing to culture species to analyse them, but instead evaluate DNA directly isolated

from the substrate of interest (Su et al., 2012; Kautz et al., 2013; Bokulich et al.,

2014; Taylor et al., 2014). So far, studies utilising these techniques are provid-

ing increasing evidence that many microbial communities are not homogenised

through space, but display significant structure just like many plant and animal

communities do (Martiny et al., 2006; Hanson et al., 2012; Nemergut et al., 2013).

ese findings have principally been based on studies examining bacteria (Fierer

and Jackson, 2006; Bryant et al., 2008; Fulthorpe et al., 2008; Lauber et al., 2009;

Knief et al., 2010; Ghiglione et al., 2012); the relatively fewer studies examining

eukaryotic microbes also show differential patterns of community composition in

space (Dumbrell et al., 2010; Scheckenbach et al., 2010; Bokulich et al., 2014;

Taylor et al., 2014).

Early speculations concerning the forces that regulate microbial community

composition are represented by the classic Baas Becking hypothesis ‘everything is
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everywhere but the environment selects’. is suggests that, due to small individual

sizes but large populations, dispersal is not limiting and that only selection due to

environmental gradients accounts for differences in community structure (De Wit

and Bouvier, 2006). is idea directly informs a pervading view which implicitly

assumes that the actions of natural selection dominate, and many microbial com-

munity ecology studies have correspondingly only attempted to evaluate the role

of selection in community assemblage. Overall there has been less focus on testing

whether microbial communities may become differentiated as a consequence of

various neutral processes (Hanson et al., 2012; Nemergut et al., 2013). While it is

unrealistic to imagine that only one or the other of these ‘selective’ or ‘neutral’ pro-

cesses are at play, it is not clear how important each process is in influencing any

structure we observe. Consequently, without accounting for relative contribution

of neutral processes we cannot assume the dominance of selection without empiri-

cally testing this first. In some sense the field could be considered in an analogous

position to evolutionary biology before Gould and Lewontin’s classic ‘Spandrels’

paper (Gould and Lewontin, 1979) which suggested that organisms’ traits must

be proved to have arisen via natural selection rather than assume they have.

e scant data attempting to disentangle these two drivers of microbial com-

munity composition are conflicting, and primarily come from studies with bacteria

(Hanson et al., 2012). Studies examining gastrointestinal and soil subsurface bac-

terial communities show the primacy of selection, but also indicate that neutral

processes have a secondary role (Jeraldo et al., 2012; Stegen et al., 2012, 2013;

Wang et al., 2013). In contrast bacterial communities in wastewater plants appear

primarily defined by neutral community assemblage (Ofiţeru et al., 2010), and neu-

tral effects primarily influence desert photosynthetic bacterial assemblages (Caruso

et al., 2011). Dumbrell et al. (2010) evaluated the processes regulating the forma-

tion of soil arbuscular mycorrhizal fungal communities sampled less than 20 m

apart, and showed these communities are shaped primarily by selection, but there

was also a contribution from underlying neutral processes. However, we are un-

aware of any study that has tested and quantified the relative role of selection in

defining eukaryotic microbial communities over larger scales, where processes like
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dispersal limitation and community drift may become increasingly important.

e difficulty facing studies attempting to separate and quantify the effects of

neutral and selective processes as regulators of community structures is that as dis-

tance increases, environmental similarity often decreases. us, studies that sample

across reasonable distances tend also to sample different environments, confound-

ing one’s ability to determine whether neutral or selective processes largely define

any observed differences in communities (Bell, 2001; Chase andMyers, 2011; Ran-

jard et al., 2013). So far statistical treatments have been developed to attempt to

overcome this problem separating these effects (Dumbrell et al., 2010; Chase and

Myers, 2011; Stegen et al., 2012, 2013). Here we employ a complimentary but

alternative approach and experimentally evaluate community diversity in three ad-

jacent niches, within artificially managed ecosystems (vineyards), replicated across

a range of spatial scales.

Vineyards naturally harbour a range of microbial taxa including diverse fungal

communities (Bokulich et al., 2014; Pinto et al., 2014; Taylor et al., 2014). e

conserved design and management of vineyard ecosystems (which comprise the

same clone of plant, with comparable associated habitats and niches) across large

distances provide a powerful system to separately estimate the impact of selective

and neutral processes. Within any one vineyard, there are no apparent barriers to

prevent the mixing of species across physically adjacent niches through, for exam-

ple, insect mediated dispersal (Buser et al., 2014). At the same time, these niches

are separated ecologically by multiple environmental gradients that provide an op-

portunity for selection to influence community composition. Such habitat compar-

isons are rarely possible using unmanaged ecosystems, which vary more greatly in

space, and frequently compound extreme barriers to dispersal and environmental

gradients.

Here, we use next-generation sequencing to evaluate 106 contemporaneous

fungal communities inhabiting adjacent soil, bark and fruit niches across six New

Zealand regions spanning a thousand kilometres. Using this design, we empirically

test and compare the effect of both selective and neutral processes on community

structure using permutational multivariate ANOVA of community dissimilarities.
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If selection dominates then communities will tend to differ more greatly between

niches regardless of distance, and if neutral processes dominate then communities

will tend to differ more greatly by distance regardless of niche. Here, we attempt a

major step forward by not just robustly estimating whether any microbial commu-

nity patterns exist, but going on to experimentally quantify the relative contribu-

tions of selective and neutral processes in defining community composition (Chase

and Myers, 2011; Hanson et al., 2012).

2.3 Materials and methods

2.3.1 Sampling and extraction

Approximately 30 g of vine bark, soil and ripe fruit were aseptically sampled from

Vitis vinifera var. Sauvignon blanc vineyards across six regions of New Zealand:

Hawkes Bay, Martinborough, Nelson, Central Otago and the Wairau and Awa-

tere valleys in Marlborough. ese regions span approximately 38 ◦ – 45 ◦S and

168 ◦ – 177 ◦E, around 1000 km NE to SW gradient (Figure 2.1B). Six vineyards

were selected in each region, and three sub-samples were taken evenly across each

vineyard for each niche and pooled for a total of 108 samples (three niches sampled

across 36 vineyards). All samples were taken at least 5 m from row ends to avoid

edge effects. Soil samples were taken from directly under vines 50 cm away from

the central trunk. All samples were taken approximately 2 weeks before harvest

in April 2011 and transported to the laboratory in sterile containers on ice. Fruit

samples were washed with 300ml of sterile water to remove epiphytes and then cen-

trifuged; the resulting pellet was re-suspended in 500 µl of sterile water. Before

DNA extraction, all samples were stored at −20 ◦C. DNA was extracted from all

samples using the Zymo Research Soil Microbe DNA MiniPrep kits (Irvine, CA,

USA). We empirically determined this procedure was sufficient to extract DNA

from fruit and bark samples as well as soil (data not shown). e 600-bp D1/D2

region of the 26S ribosomal RNA locus was amplified using the NL1 and NL4

fungal- specific primers (Kurtzman and Robnett, 2003). is locus provides a

readily aligned homogeneous PCR product and also provides good signal for com-
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munity differentiation (Taylor et al., 2014). irty-six different multiplex identi-

fiers were added to the primers to bioinformatically distinguish between samples.

Two fruit samples failed to amplify from raw DNA extractions, reducing the total

number of samples to 106. PCR products were cleaned with AmpureXP beads

to remove all primer dimers, and their quality confirmed with Agilent DNA1000

chips (Santa Clara, CA, USA). PCR products were uni-directionally sequenced

on a full plate of a 454 Life Sciences GS FLX instrument by Macrogen (Seoul,

Korea).

2.3.2 Data analysis

Sequence handling and processing was conducted with Mothur v. 1.30 (Schloss

et al., 2009). Raw sequences for each sample are present in GenBank (accession

number: SRP048520). Initially primers and reads ∼200bp were removed, and

then low-quality reads and homopolymer errors were identified and removed us-

ing the pyronoise algorithm. PCR chimeras were identified and removed using

the uchime algorithm. Individual sample identifiers were assigned to the result-

ing good quality reads, which were then merged and analysed together. Unique

sequences were identified and compared with a fungal reference database, and

those not assigned to Fungi (6.76% of all unique sequences, 5.75% of reads) were

removed. While there will likely be differential genetic diversity within fungal

species, empirical studies suggest that multiple species of Ascomycota and Basid-

iomycota differ by less than 2% at the 26S rDNA gene (Kurtzman and Robnett,

2003; Romanelli et al., 2010). us, the remaining 486 279 reads were aligned

against a fungal reference database and clustered into groups that share 498% iden-

tity. ese are considered as the lowest level of molecular operational taxonomic

units (MOTUs) and approximate species. We conservatively removed any ‘single-

ton? MOTUs, those represented by just a single read, from all further analyses.

An unequal number of reads were obtained across samples (ranging from 1257 to

8007), and so we re-sampled (rarefied) each community down to the sample with

the lowest number of reads to produce a data set with equivalent sampling effort

for all communities, and this totalled 133 454 reads. MOTUs were compared with
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a fungal taxonomic database using a Bayesian approach, and each was classified to

all levels above genus with the ‘classify. seqs’ command in Mothur. Consensus

sequences that matched less than 70% at any one taxonomic level were listed as

unclassified; the final data set is provided in Supporting files 2.7.

2.3.3 Statistical analysis

Following Crist et al. (2003) we employed null models to test whether there is evi-

dence to support the idea that any variance in observed species richness is no more

than we would expect to see by chance given a random distribution of individu-

als across our samples. Species richness can be partitioned into α-diversity (the

average number of species per sample unit), β-diversity (species richness differ-

ence between the average sample unit and the overall species pool) and γ-diversity

(the total number of species observed in a defined area). α- and β-diversity was

analysed for all three niches across all vineyards independently and compared with

α- and β-diversity measures predicted by randomisation simulations. Community

null models are typically employed to analyse variation within niches and to our

knowledge no analytical tools have been designed to allow inclusion of multiple

niches. To verify whether within-niche regional patterns of richness held for over-

all vineyard richness, we additionally tested whether overall vineyard richness was

randomly assembled by pooling species presence from each of the three vineyard

niches. Our experimental design, sampling replicate vineyards in replicate regions,

allows comparisons of average species richness between vineyards and both their

regional and national species richness.

To more comprehensively analyse the effects of niche and geographic loca-

tion on both community composition (species richness) and community struc-

ture (species abundances), we conducted a two-way permutational multivariate

ANOVA (Permanova) using a Jaccard (metric Bray-Curtis) community dissimi-

larity metric (PERMANOVA; Anderson, 2001). ese comparisons were then

replicated using a number of other metrics (Bray-Curtis, Euclidean and Manhat-

tan). Permanova tests were also conducted separately with both niche and region

as fixed effects, and the Benjamini-Hochberg multiple test correction (Benjamini
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and Hochberg, 1995) was employed to evaluate the suite of results. Variance in

community structure described by Jaccard dissimilarities was visualised using prin-

cipal coordinate analysis in R (R Core Team, 2016) and graphed using JMP (SAS

Institute Inc, 1989-2007). Mantel tests testing for correlations between commu-

nity dissimilarity and geographic spatial separation were conducted for each niche

separately. In addition, since we have sequence data for all taxa, we evaluated

communities using weighted-unifrac analysis (Lozupone et al., 2006). is anal-

ysis accounts for species abundances as well as phylogenetic relatedness and uses

randomisation to assess the degree to which observed community phylogenetic dis-

similarity differs from those expected randomly. All statistical testing was carried

out using the vegan package (Dixon, 2003) in R with the exception of weighted-

unifrac analysis that was performed in Mothur v. 1.30.

2.4 Results

2.4.1 Overall fungal diversity

Analyses of the sequences from the replicate soil, vine bark and fruit samples re-

vealed the presence of 3583 fungal MOTUs (herein called species). Taxonomic

assignment of representative sequences for each species, by comparison with a fun-

gal reference database, reveals members from five fungal phyla, 24 classes, 59 or-

ders, 104 families and 166 genera (see Supporting files 2.7). e Ascomycota

dominated comprising 45.3% of all MOTUs, followed by the Basidiomycota with

9.6%. Table 2.1 shows species richness (i.e., presence/absence) broken down by

both niche and region. Species richness significantly differed by niche but not by

region (two-way ANOVA, F[2, 89] = 662.471, P<0.0001 and F[5, 89] = 0.942, P =

0.457, respectively). In contrast to evidence for latitudinal patterns in animal com-

munities (Gaston, 2000), there was no significant correlation between latitude and

species richness for our sampled fungal communities in bark, fruit or soil (Bark:

P<0.117 and r<0.266, Fruit: P<0.095 and r<0.291, Soil: P<0.954 and r<0.010).

While the total number of species in each region was approximately similar (averag-

ing around 1100), there were 9-fold and 4-fold more species in soil and bark than

27



. Quantifying selective and neutral community assembly

in fruit, respectively. Just 2.1% (76 species, Figure 2.1A) of species were found in

all three adjacent niches and accounted for 55.1, 93.7 and 37.1% of all reads in bark,

fruit and soil communities, respectively. If the number of reads assigned to each

species is reasonably assumed to represent taxa abundance, then species abundance

approximately follows the typical power law decay distribution seen in communi-

ties generally (Bell, 2001). A breakdown of the abundance of major phyla in all

three niches is shown in Figure 2.1C, and the breakdown over all taxonomic levels

is shown in (see Supporting files 2.7). Approximately 84, 72 and 87% of species

are unclassified at the genus level in bark, fruit and soil, respectively, indicating the

relative extent of uncharacterised fungal diversity in these niches. e diversity of

fungal species relative to sampling effort reported here is approximately in line with

the only two other studies that employed next-generation sequencing approaches

to analyse fungal communities associated with fruit in vineyards: 253 MOTUs in

Taylor et al. (2014) and 158 MOTUs in Bokulich et al. (2014). However, fungal

diversity in these 36 NZ vineyard soils appears much greater than estimates from

just two Italian vineyards with around 300 MOTUs in Orgiazzi et al. (2012), but

one might expect greater diversity with a greater sampling area. Previous reports of

fungal diversity found on vine bark derived from live culture only and yielded just

five species (Sabate et al., 2002); however, next-generation sequencing of fungal

communities from vine leaves reveals around a thousand MOTUs and is thus in

line with our inferences from bark here (Pinto et al., 2014).

2.4.2 Testing for patterns of community differences

Our aim was to quantify the relative roles of selective and neutral processes in

defining differences in communities, but this aim critically requires that differ-

ences exist. We first tested whether any patterns in community composition were

evident in these data. e results of our additive diversity partitioning hierarchical

null model test revealed that both average vineyard and average regional diversity

were significantly lower than expected under a random species distribution across

these New Zealand sample sites (P<0.0001; see Appendix A.1). Consequently,

both regional and national β-diversity were significantly different than predicted
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from randommodels (P<0.0001; see Appendix A.1). Average national β-diversity

(11.1) is approximately three times greater than average regional β-diversity (3.6),

which shows individual communities on average tend to be more similar to other

communities within their region than to those of other regions. ese patterns

of α- and β-diversity hold for each niche separately and for overall vineyard di-

versity. Together, these results provide support to reject the concept that these

communities are assembled randomly, at least in terms of species presence and ab-

sence. Permanova analyses also accounting for species abundances revealed that

both geographic location and niche significantly affect both community diversity

and composition (see Table 2.2). e significance of these effects and their relative

R2 values were stable when this analysis was conducted using a range of different

community dissimilarity measures (Bray-Curtis, Euclidean, Manhattan; see Ap-

pendix A.2). ese effects can be visualised in the first two dimensions of classic

multidimensional scaling of Jaccard dissimilarities, and this is shown in Figure 2.2.

Reducing the data to include only those species found in all regions (i.e., region-

specific species removed) did not greatly affect the P or R2 values (P<0.0001, R2

= 0.070), indicating that regional differentiation is not purely a product of region-

specific species, but differences in the proportion of shared species. e results of

permanova also revealed a significant interaction between both niche and region

(see Table 2.2). To dissect this interaction, we explored the 63 possible compar-

isons of communities between niches within regions, and between regions for each

niche. Once multiple-testing correction had been applied, these unsurprisingly re-

vealed differential patterns of regional delineations for niches (see Appendix A.1),

with soil communities displaying the greatest number of significant regional dif-

ferences. e results of weighted-unifrac analysis also reveal a significant effect

of both niche and location on community composition (average niche comparison

W-score = 1, P<0.001; average regional comparison W-score = 0.65, P<0.001; see

A.3). Together, these various tests converge to reveal a significant effect of both

niche and geographic location on fungal community composition.
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Table 2.1: Species richness by region and niche. e numbers of species in all re-
gions and niches are not the sum of the rows and columns as many species are
present in more than one niche and location.

Bark Fruit Soil All Niches

Hawkes Bay 402 82 830 1202
Martinborough 441 88 849 1214
Nelson 411 57 808 1171
Wairau 394 90 858 1217
Awatere 297 92 752 1037
Central Otago 334 99 845 1131
All Regions 1178 281 2595

2.4.3 e effect of geographic distance on ecological dissimilarity

Mantel correlations between Jaccard community dissimilarities and geographic dis-

tance matrices carried out for each niche independently revealed no effect of dis-

tance on bark communities, a borderline-significant correlation for fruit, and a

significant correlation for soil communities (bark: P>0.111, r = 0.103; fruit: P =

0.050, r = 0.148; soil: P<0.0001, r = 0.355). Within-region mantel tests exam-

ining correlations between community and geographic distance for both soil and

fruit niches show this relationship breaks down at smaller distances. e average

distance between sites within regions is 12 km, and the maximum is around 100

km (see Appendix A.4). After multiple pairwise test correction, only one of the

18 within region niche-specific community mantel tests reported a significant re-

lationship. is result suggests that 100 km is the cutoff for similarity of fungal

communities inhabiting soil and possibly fruit niches.

2.4.4 Quantifying the effects of selection and neutral processes

Having demonstrated the significant effects of both niche and geographic location

on fungal community composition, we went on to quantify the relative amount of

observed variance in community diversity and composition explained by these fac-

tors. eR2 values derived from permanova analyses allow us to assess this directly.

Using community distance metrics based on only the presence/absence of species,
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geographic location explains an average of 6.1% of the variance in community di-

versity, but niche explains 27.1% (evaluated using both binary Bray-Curtis and

Jaccard). When species abundances are taken into account, the average propor-

tion of the total variation explained by niche was 31.9%, approximately four times

the proportion of variation explained by region at just 7.2%. us, while both loca-

tion and niche, and their interaction, appear to have a significant role in defining

differences in eukaryotic microbial community diversity and composition, niche

of isolation appears to explain at least four times more of the community variance

than geographic location. Given this experimental design and analysis this shows

that both selective and neutral effects have a role in defining fungal communities,

but that selective effects are approximately four times stronger.

Hawkes Bay
Martinborough

Nelson
Wairau

Awatere
Central OtagoBark      Fruit      Soil       

Figure . : First two dimensions of classic multidimensional scaling of Jaccard
distances between samples from different niches and regions.
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Table 2.2: Results of Permutation ANOVA of Jaccard dissimilarities between fun-
gal communities found in New Zealand vineyards (9999 permutations).

Effect df SS MS Pseudo− F R2 P

Region 5 3.017 0.603 2.211 0.07 <0.001
Niche 2 11.125 5.562 20.383 0.257 <0.001
Interaction 10 5.144 0.514 1.885 0.119 <0.001
Residuals 88 24.014 0.273 0.555

2.5 Discussion

We sampled fungal communities from three different adjacent niches that are rel-

atively conserved at scales of metres to thousands of kilometres with the aim of

quantifying the relative degree to which selective and neutral processes define com-

munity composition. Direct sequencing of DNA from these niches reveals approx-

imately the same extent of fungal diversity recovered from similar niches in the

handful of other studies that have used this approach (Bokulich et al., 2014; Pinto

et al., 2014; Taylor et al., 2014). ese communities are not homogenous; they sig-

nificantly vary in terms of species richness and community composition, and both

niche and geographic location affect this variance. In addition, there is a signifi-

cant interaction between these main effects, and this is likely driven by the fact that

while communities in each niche demonstrate geographic differences overall, the

nature of these geographic patterns is slightly different within each of these three

niches (see Appendix A.1). While the extent of latitude covered is relatively small,

these data show no significant correlation between species richness and latitude

for communities in any niche. is finding aligns with the lack of evidence for lat-

itudinal patterns reported for microbes (Fierer and Jackson, 2006), and contrasts

diversity patterns of macro-organisms (Gaston, 2000; Hillebrand, 2004). Further,

we provide evidence that there is significant distance decay between fungal com-

munities, within at least soils, over distances of about 100 km. is overall result

nicely recapitulates patterns revealed from the population genetic analyses of just

one species in this community sourced from these same samples: Saccharomyces

cerevisiae (Knight and Goddard, 2015a). e recovery of the same patterns at
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both the species and community level lends confidence to the ability of these data

to reveal underlying biological signals.

By estimating the relative strength of selective and neutral processes in gen-

erating variation in community structure, these results go beyond merely demon-

strating that different species are found in different places (either by niche or by

geography). Given the individually conserved adjacent niches sampled over vary-

ing distances, these data show that communities tend to be more similar by niche

than by distance. Selective forces will drive similarities between niches regardless

of distance, and a range of neutral forces will drive similarities between geographic

locations regardless of niche. Crucially, this means that niche effects may explain

approximately one-quarter of the variance in community composition, but only

one-twentieth of the variance, four-fold less, may be explained by geographic lo-

cation. While regionally structured communities have been observed in vineyard

communities before (Gayevskiy and Goddard, 2011; Bokulich et al., 2014; Taylor

et al., 2014), this is the first study to estimate the relative strength of selective and

neutral processes in defining microbial communities across regional scales for this

managed ecosystem. Currently, there are no studies examining whether this pat-

tern holds more broadly across other ecosystems, or at larger scales. us, these

data start to fill the gap in our understanding of the relative magnitude of the

forces that regulate community composition for eukaryotic microbes, which are

crucial components of both natural and agricultural ecosystems. While our data

show selection is influencing community structure to a greater degree than the

neutral processes are, we show the balance of neutral forces is significant. In prin-

ciple any of the neutral forces of differential speciation, community drift, dispersal

limitation or their interaction might underlie the neutral component defining com-

munity difference in this system. Our experiment was not designed to tease these

apart, and our data do not allow us to do this. Instead here we evaluate the net

effect of these processes (within niche variation) compared with selective processes

(between niche variation).

Our experimental design aimed to capture and control for variation in com-

munity structure in response to two separate and frequently co-varying and po-
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tentially confounding niche and distance effects. In our attempt to disentangle

these effects, we make an assumption that communities residing in the same niche

across different locations were exposed to approximately equivalent selection pres-

sures. While vineyard ecosystems are managed and conserved by human design,

these are ultimately open ecosystems. It is therefore unlikely that our assumption

of ecological equivalence of the various niches across distances was fully satisfied.

Of the three niches, soil likely differs most across NZ (Ranjard et al., 2013). Soil

chemistry and physical properties were not controlled for in our sampling design,

all of which have been implicated in microbial turnover (Dumbrell et al., 2010;

Ranjard et al., 2013). As a consequence, it is reasonably likely that some of the

differences between soil communities in different locations originate as a product

of selection, not neutral effects. It seems reasonable that this effect will be lesser

for the communities inhabiting bark and fruit as all samples originated from the

same clonal variety of plant species. However, selective effects are unlikely to be

entirely absent as different soils will likely translate into different plant phenotypes.

We also acknowledge that region-specific variation may also have clearly arisen in

all niches from climatic differences between regions. A number of environmental

gradients exist across New Zealand’s regions, such as temperature (although this

varies just 2-3 degrees), precipitation rates and UV radiance. However, we feel

these considerations do not prevent us from reaching meaningful inferences about

the relative strength of the forces regulating these communities overall: if intra-

niche community variation is jointly influenced by neutral processes and natural

selection to undetected environmental variance, then intra-niche variationwill sim-

ply represent the maximum limit of the influence of neutral processes. is means

we can refine our summary by concluding that the influence of selection is at least

four times stronger than neutral forces.

Very little work has been conducted to examine the relative balance of selection

and neutral effects on regulating microbial community structure, and this has been

largely focused on bacterial communities. However, our findings are in line with

previous work by Stegen et al. (2012, 2013), who showed selection is the dominant

effect shaping subsurface soil bacterial communities over small distances (<53 m)
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while neutral forces also have a role; and Bell (2010) who concluded that disper-

sal limitation had a minor role over distances of under 1 km. Our findings are

nicely in line with Dumbrell et al. (2010) who examined arbuscular mycorrhizal

fungal communities less than 25 m apart, and concluded that niche partitioning

was the primary mechanism regulating the composition and diversity of commu-

nities, but these communities are also influenced by neutral processes. Our results

are also consistent with studies of larger plants and animals that indicate the in-

fluence of both selection and neutral effects on community composition (Turnbull

et al., 2005; Farnon Ellwood et al., 2009). Broadly speaking then, along with other

work, our results suggest the primacy of selection as the consistently strongest ef-

fect on community regulation over large scales, but show that balance of neutral

effects is also important. How this balance changes across different ecosystems for

different microbial taxa remains to be seen. While we know that neutral processes

can generate variation, we do not know a priori how great this variation is in any

ecosystem, and must be measured, not assumed.

e primacy of selection in shaping communities generally gives rise to the pre-

diction that environmental change will have a greater effect on community com-

position than if neutral forces were the dominant driver of community structure.

Human-mediated habitat change and irregular weather events with greater ex-

tremes of conditions predicted under climate change models will likely manipulate

the nature of selective forces and thus affect macrobial and microbial communities

in both natural and managed agricultural ecosystems. However, the absolute speed

with which species within these communities adapt to these changes will likely be

greater for microbes due to their faster generation times and larger population sizes

(Goddard and Bradford, 2003).
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. The origins of microbial diversity in wine

3.1 Abstract

Humans have been making wine for thousands of years and microorganisms play

an integral part in this process as they not only drive ferments, but also significantly

influence flavour, aroma, and quality of finished wines. Since fruits are ephemeral,

they cannot comprise a permanent habitat; thus, an age-old unanswered ques-

tion concerns the origin of fruit and ferment associated microbes. Here we use

next-generation sequencing approaches to examine and quantify the roles of na-

tive forests, vineyard soil, bark, and fruit habitats as sources of fungal diversity in

ferments. We show that microbial communities in ferments varies significantly

across regions, and that while vineyard fungi account for a sizeable fraction of the

source of this diversity, uncultivated ecosystems outside of vineyards also prove a

significant source. We also found that species richness and community structure

significantly shifts over the course of the ferment, and while communities initially

resemble those found on grapes, these increasingly resemble fungi present on vine

bark.

3.2 Introduction

Many different species of fungi and bacteria are found naturally associated with

fruits and their spontaneous fermentation (Zott et al., 2010; Barata et al., 2012;

Bokulich et al., 2014; Taylor et al., 2014), and these play a crucial role influenc-

ing the flavour, aroma, quality, and thus value of commercial wines and other fer-

mented beverages (Ciani et al., 2010; Knight et al., 2015). Despite being the focus

of commercial and scientific interest, we know little about the ecology of most mi-

crobial species generally associated with vines and wines other than a handful of

pathogens (Goddard and Greig, 2015). Many fungal species have been reported

from vineyards (Mortimer and Polsinelli, 1999; Barata et al., 2012), but they don’t

appear specific to the vineyard habitat, as many may also be found outside of viti-

cultural environments (Knight and Goddard, 2015b; Liti et al., 2009; Goddard

et al., 2010; Zhang et al., 2010). Grapes are ephemeral, and thus the classic unan-

swered question concerning the origins of the vast majority of microbial species
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found associated with grapes and their ferments arises: where do they come from?

As vineyards produce the primary substrate for fermentation they, and other sur-

rounding habitats, are clearly considered the most likely origin of these microbial

communities, and these species are thought to contribute to ferments once fruit

is brought into the winery. An alternate hypothesis suggests that ferments are

seeded and conducted by microbes not from the immediate local environment,

but inoculated by humans inadvertently, or that they are derived ‘from the cellar’:

i.e. that there is resident microbial community in the winery that swamps species

on fruit. One logical inconsistency with the cellar population idea is the lack of

substrates for microbial growth outside of vintage. While there is evidence that

the main species driving fermentation, Saccharomyces cerevisiae, may be sourced

from the surrounding environment (Goddard et al., 2010; Knight and Goddard,

2015b), the question of the origin of the rest of the fruit and ferment-associated

microbial community has not been properly addressed. To date, we are aware of no

study that has evaluated any hypotheses regarding the origin of fruit and ferment

microbial communities, let alone quantified the microbial connection between the

surrounding environment, vineyards, their fruit, and the resulting spontaneous fer-

ments.

Recent work in both the USA and New Zealand shows the microbial com-

munities associated with vines and their fermentation differs at scales of hundreds

to thousands of kilometres (Gayevskiy and Goddard, 2011; Taylor et al., 2014;

Bokulich et al., 2014; Morrison-Whittle and Goddard, 2015), and that some com-

ponents of these different fungal communities may go on to tangibly affect wine

aroma and taste properties(Knight et al., 2015). ese results support the idea

that there might be a ‘microbial aspect to terroir’: where regional differences in the

sensory properties of wine (or other product) may be partly explained by regional

differences in microbial communities. is is a crucial fact to bear in mind as any

microbial links between the surrounding environment and winery might be region-

specific and thus obscured if data from many regions were simultaneously analysed

en-masse. Describing and quantifying the microbial connections between different

habitats surrounding wineries, the communities driving ferments in wineries, and
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any region specificity of these properties that may exist, thus also serves to further

demystify the concept of terroir.

Here we evaluate these hypotheses, including testing for region-specificity, and

go on to quantify the microbial links between various environmental and winery

habitats by taking samples from: surrounding unmanaged native forests; the soil,

bark, and ripe fruit of vineyards; juice once in the winery; and the commercial spon-

taneous fermentation of fruit derived from these vineyards. We sample across six

major wine regions in New Zealand and employ next generation DNA sequencing

to estimate fungal communities found in these samples in order to: (1) test whether

regional differences exist between fungal communities in commercial winery fer-

ments; and (2) go on to test hypotheses regarding the origin of winery microbes.

We do this by evaluating connections between fungal communities in native forests,

three vineyard niches (bark, soil, and fruit), juice prior to fermentation, and after

five days of ferment. is study goes on to not just evaluate whether there is a con-

nection between microbial communities in these various habitats, but also quantify

these connections and thus estimate the relative contributions of fungal commu-

nities in environmental niches to those that conduct fermentation in the winery,

and thus directly address the question concerning the origin of these microbes.

3.3 Methods

3.3.1 Sampling

Twenty collaborating companies who described themselves as practicing conven-

tional viticultural andwinemaking practices generously provided access to 36 Sauvi-

gnon blanc vineyards dispersed across six major wine growing regions in New

Zealand: Hawkes Bay, Martinborough, Nelson, Wairau Valley, Awatere Valley,

and Central Otago, and the resulting commercially gathered juice. e maximum

geographic distance between any two sampled vineyards spanned 38 ◦ – 45 ◦ S

and 168 ◦ – 177 ◦ E. e minimum distance between samples of different regions

is ∼15 kms and the maximum ∼885 kms; the average distance between vineyards

within regions is ∼15 kms. All vineyards and wineries are commercially operated.

42



3.3. Methods

3.3.2 Viticultural habitats

Approximately two weeks before harvest, soil, vine bark, and ripe fruit were asep-

tically collected from each vineyard. ree sub-samples were taken across each

block and pooled for each niche, and the pooled sample was ∼30g. All samples

were taken at least 5m from the edge of vineyards. Soil samples were taken from

the topsoil at a depth of< 5 cm, 50cm away from a grapevine trunk. Bark samples

were taken at least 30 cm up the trunk adjacent to the soil sample. Whole bunches

of fruit were aseptically removed and placed into sterile bags. All samples were

immediately transported to the laboratory on ice for processing. Epiphytic fungi

were washed off fruit samples by being immersed in sterile water and rocked for 30

minutes. e resulting wash was then collected and pelleted down by centrifuga-

tion at 3000rpm. e pellet was re-suspended in 500 µl of sterile water. Soil and

bark samples were homogenised mechanically using aseptic technique to increase

surface area for DNA extraction. Before DNA extraction all samples were stored

at −20 ◦C. In total 108 vineyard samples were collected and processed.

3.3.3 Native forests

Six samples of each of soil and fruit from different species were similarly sam-

pled aseptically from local native New Zealand conservation reserves in each of

the six regions. On average these reserves were ∼20 kms from the vineyard sam-

ples. Sampled plants were those that were fruiting at the time of harvest, and the

species include: Coprosma sp., Coriaria arborea, Pittosporum tenuifolium, Melicytus

ramiflorus, Ripogonum scandens. In total we collected 36 fruit samples and 36 soil

samples associated with native ecosystems across New Zealand.

3.3.4 Juice and ferments

All fruit was commercially harvested and each vineyard’s fruit was commercially

crushed separately. Ten litres of juice was transferred from the settling tanks in

the wineries into sterile containers and immediately transported on ice to our lab-

oratory, and 50ml of juice was sampled as soon as received. Containers were fitted

43



. The origins of microbial diversity in wine

with an air lock, and juices were allowed to spontaneously ferment at 15 ◦C, and

after five days another 50ml of juice was taken; we defined this as the ‘midferment’

sample. All samples were centrifuged at 3000 rpm and the resulting pellets resus-

pended in 500 µl of sterile water and frozen at −20 ◦C prior to DNA extraction.

3.3.5 DNA extraction and sequencing

DNAwas extracted from all samples using the ZymoResearch SoilMicrobeDNA

MiniPrep™ kits. Fungal communities were characterised and enumerated by 454-

sequencing of the D1/D2 region of 26S ribosomal RNA. is locus was amplified

by PCR directly from whole DNA extractions using NL1 and NL4 primers de-

scribed in Kurtzman and Robnett (2003). Sequencing this locus provides an ef-

fective method for quantification and identification of fungal communities (Taylor

et al., 2014). Individual samples were bioinformatically separated using 36 unique

multiplex identifiers that were attached to the appropriate primers. One juice, two

fruit, and 17 native samples failed to amplify and so their sample numbers had

reduced to 35, 34, and 19 respectively. All PCR products were cleaned using Am-

pureXP beads and their quality checked byAgilentDNA1000 chips. Juice samples

were uni-directionally sequenced on a 454-junior instrument by New Zealand Ge-

nomics Limited. All remaining samples were sequenced on a full plate of a 454

Life Sciences GS-FLX instrument by Macrogen (Korea).

3.3.6 Bioinformatic processing pipeline.

Sequence processing was carried out using Mothur v.1.30 (Schloss et al., 2009).

Primers and sequences <200bp were removed. Low quality reads, including ho-

mopolymer errors, were removed using the pyronoise algorithm. Chimeric se-

quences produced during PCR were identified and removed using the uchime al-

gorithm. e remaining high-quality sequences were bioinformatically assigned

unique labels, merged to form one data set, and analysed. Unique sequences in this

dataset were compared to a reference database of fungal sequences. Sequences that

were not identified as fungal were removed (6.4% of all unique sequences, 4.9% of

all reads). e remaining 36 698 unique fungal sequences were then aligned using a
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freely available fungal reference database and clustered into groups that contained

>98% identity. e 98% identity threshold has been empirically determined to

sufficiently approximate differences between many fungal species (Kurtzman and

Robnett, 2003; Romanelli et al., 2010). Such>98% identity groups are commonly

referred to as molecular operational taxonomic unit (MOTU) and approximate

species: hereafter we refer to MOTUs as species. Any species represented by a

single read was conservatively removed from the dataset. Lastly, before analyses,

we randomly sub-sampled (rarefied) DNA sequences from each community to

match the sample with the least number of sequences: this produces a data set

with an equivalent sampling effort for all communities for all samples. e final

dataset totaled 88 200 sequences equally distributed across samples. A represen-

tative sequence was then determined for each species as the one with the greatest

similarity to all others in that species, and these were compared to a fungal taxo-

nomic database using a Bayesian approach. Each species was classified to genus,

and all taxonomic levels above, using the ‘classify.seqs’ command in Mothur. Any

sequences that matched 70% or less to a taxonomic classification with the Bayesian

approach were listed as unclassified at that particular taxonomic level.

3.3.7 Statistical analysis.

Weutilised three approaches tomeasure and analyse community diversity. e first

analyses species richness, or the total number of species present in a community.

Here we tested whether the total number of species significantly differs by habitat

and/or region by using two-way ANOVA for communities isolated from juice and

midferment samples from six different regions. One-way ANOVA tests on species

richness were carried out to test the effect of region separately for juice and midfer-

ment communities. Secondly, we analysed the relative richness of different fungal

species across samples. Here we considered the differential presence or absence

of fungal species (binary Jaccard dissimilarity metric) across different samples and

whether these significantly vary by habitat or region. Here we used a two-way

full factorial permutational multivariate ANOVA (permanova) (Anderson, 2001)

on binary Jaccard dissimilarities between communities from juice and midferment
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communities taken from six different regions. One-way tests were conducted on

both juice and midferment communities to quantify the effect of region on juice

and midferment communities separately. To test whether the distribution of fer-

ment species was randomly distributed across the six regions, we implemented

an additive diversity partitioning hierarchical null model test (Crist et al., 2003)

for juice and midferment species separately. Our third approach analysed fungal

community composition. Here we defined structural differences between com-

munities as a combination of the differential presence/absence of species as well as

their relative abundances across different samples (non-binary Jaccard dissimilarity

measures) – corresponding to the read-depth of species in each community. All sta-

tistical testing was conducted using the vegan package (Dixon, 2003) in R (R Core

Team, 2016). Differences in community structure across samples were visualised

using classical multidimensional scaling of Jaccard dissimilarities. Differences in

the overall structure of juice and midferment communities were visualised using

Cytoscape software package (Shannon et al., 2003).

3.4 Results

3.4.1 Fungal diversity in juice and midferment samples

Sequencing revealed a total of 154 species across all juice and mid-ferment sam-

ples. e raw sequences for all samples are present in GenBank (accession number:

SRP116986). Ascomycota comprised 74.0% of species, with most of the remain-

ing species identified as Basidiomycota or unclassified (13.0% and 13.0% respec-

tively). In terms of abundances, Ascomycota alonemade up 92.1% of all sequences,

revealing it as the most abundant phylum in winery habitats. 7.5% of the remain-

ing sequences were unclassified, with Basidiomycete species observed very rarely

at 0.4%. Overall, we identified 2 phyla, 11 classes, 14 orders, 23 families, and

34 genera, and 154 species in these winery habitats. When juice and midferment

communities from the same winery were combined we found an average of 18.4

(±1.3) species per winery.
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3.4.2 e change in fungal diversity as ferment initiates

We observed a pronounced shift in fungal diversity from freshly pressed juice to

midferment samples across different measures of biodiversity. Species richness of

each sample significantly decreased as fermentation progressed, going from an av-

erage of 16.9 (±1.2) species per juice sample to 4.8 (±0.5) species per midferment

sample (F1,67 = 80.1, P < 0.0001). e relative richness and composition of fun-

gal communities also significantly differs between juice and midferment commu-

nities as indicated by a significant effect of ferment stage in two-way permanovas

(shown in Table 3.1) for both binary (R2 = 0.176, P< 0.0001) and non-binary (R2

= 0.159, P < 0.0001) measures of Jaccard dissimilarity. As the ferment progresses,

Ascomycete fungi account for a larger fraction of all ferment species (71.7% of

juice species to 83.9% of midferment species) and become more abundant (86.3%

of juice reads to 98.3% of midferment reads). is shift in the presence/absence

of different species is shown in Figure 3.1 which illustrates a clear separation of

juice and midferment communities as measured by MDS of binary Jaccard dis-

similarities (see Figure 3.1). is change in community structure from juice to

mid-ferment results from the fermentative actions of Saccharomyces species as these

manipulate the environment and competitively exclude non-Saccharomyces species

(Goddard, 2008).

3.4.3 Regional differences in ferment communities

Ferment community diversity significantly differed among regions for all total rich-

ness, relative richness and community composition measures. For all three tests,

both Region and Ferment stage were significant for two-way ANOVA (Region:

F5,67 = 2.41, P = 0.0473; Ferment stage: F1,67 = 80.1, P < 0.00001), permanova

of relative richness (binary Jaccard dissimilarities) (R2 = 0.094, P = 0.0093), and

permanova of community composition (non-binary Jaccard dissimilarities) (R2 =

0.169, P < 0.0001) respectively. No significant interaction was detected for any

of the three two-way tests. Ferment stage was twice as effective as Region in ex-

plaining variation (R2) in the relative richness of fungal communities (17.6% vs

9.4% respectively – see Table 3.1). However, when species abundance is included
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Figure . : Binary Jaccard dissimilarities of juice (n=35, red points) and mid-
ferment (n=33, blue points) samples across the six wine making regions of New
Zealand

(community composition measures), this difference is removed (16.9% vs 15.9%

respectively – see Table 3.1).

To gauge the effects of region on different stages of ferment communities, one-

way tests were carried out for juice andmidferment communities separately. While

region appeared to significantly affect overall community richness across all sam-

ples, this effect collapsed when the two stages of fermentation were analysed sep-

arately ( Juice: F5,29 = 1.25, P = 0.3121; Midferment: F5,27 = 1.87, P = 0.1325).

One-way permanova tests of relative richness and community composition (binary

and non-binary Jaccard dissimilarities respectively) indicated that the strength of

the region effect differed between juice and midferment communities. While the

relative richness of juice communities (R2 = 0.216, P < 0.0001) still significantly

differed across regions, this effect was not observed in midferment communities

(R2 = 0.154, P = 0.4954). By contrast, region still significantly affected community

composition of both juice (R2 = 0.261, P < 0.0001) and midferment communities
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Table 3.1: Results of Permutation ANOVA of Jaccard dissimilarities between fun-
gal communities found in juice (n=35) and midferment communities(n=33) (9999
permutations).

Effect df SS MS F pseudo R2 P

Binary

Region 5 2.0590 0.4118 1.5823 0.09415 0.0093
Ferment stage 1 3.8567 3.8567 14.8189 0.17635 0.0001
Interaction 5 1.3799 0.2760 1.0604 0.06310 0.3315
Residuals 56 14.5744 0.2603 0.66641
Total 67 21.8701 1.00000

Non-Binary

Region 5 3.7822 0.7564 3.1730 0.16892 0.0001
Ferment stage 1 3.5536 3.5536 14.9060 0.15871 0.0001
Interaction 5 1.7038 0.3408 1.4293 0.07609 0.0765
Residuals 56 13.3504 0.2384 0.59627
Total 67 22.3900 1.00000

(R2 = 0.335, P = 0.0044).

Additive diversity partitioning and hierarchical null model testing (see Table

3.2) analyses provide another approach to test for unequal species distributions by

comparing observed community differences to those generated when species are

randomly assigned to communities. We found that the average species richness of

vineyards and regions (α1- and α2- diversities respectively) for both juice and mid-

ferment communities were significantly lower than those predicted under random

models (see Table 3.2), indicating that vineyards and regions tended to have fewer

species than expected by chance. Moreover, species turnover at the national level

(β2-diversity) was 2-fold and 3-fold greater than species turnover within regions

(β1-diversity) for juice and midferment communities respectively, indicating that

individual communities were more similar to communities within their own region

than to those from other regions. Individual juice communities tended to be more

similar to other juice communities from their own region than those from different

regions as shown in Figure 3.2. As ferments progressed, midferment communities

tended to be more similar to both midferment and juice communities of their own

region compared to samples taken from different regions (see Figure 3.2).
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Figure . : Similarity of community composition of juice and midferment sam-
ples from the same region and from different regions

Table 3.2: Results of additive diversity and null model testing of juice (n=35) and
midferment (n=33) communities (9999 permutations).

α1 α2 β1 β2 γ

Juice
Observed 16.89 47.17 30.28 79.83 127
Simulated 32.44 67.71 35.28 59.29 127
P -values 1e-04 1e-04 1e-04 1e-04 1

Midferment
Observed 4.85 16.33 11.48 39.67 56
Simulated 11.73 23.85 12.12 32.15 56
P -values 1e-04 1e-04 0.1553 1e-04 1

3.4.4 On the origin of fungi in winery juice and ferments

To test the hypothesis that fungi in juice and spontaneous commercial ferments

are environmentally derived, we compared the communities in each of the habitats

we sampled (native forest, vineyard bark, soil, and fruit) to the juice and five day

ferment winery compartments. Without accounting for regional differences, the

overall species diversity of winemaking habitats showed a substantial overlap with
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environmental habitats generally (see Figure 3.3). Of the 154 species appearing in

winemaking habitats (both juice and mid-ferment), 64 (41.6%) were also identi-

fied in vineyard habitats (fruit, bark, soil). Figure 3.4 shows the relative frequency

of the most abundant ferment taxa in vineyard habitats. Of all species identified in

ferments, 49 of them (31%) were also identified in native forest habitats; of these,

only 3 species in ferments were found only in native forest habitats. Of the 127

species present in bark, fruit, and soil habitats, each shared the same number of

species (36, representing 28.3% of all juice species) in common with juice habi-

tats. Native fruit and soil communities had 32 and 28 species in common with

juice communities (representing 25.2% and 22.0% of all juice species) respectively.

Midferment samples contained 56 species: bark habitats shared the most species,

with 17 (30.4%) species present; soil had 13 (23.2%); fruit contained 10 (17.9%);

native soil had 9 (16.1%); finally, native fruit contained 8 (14.3%) overlapping

species.

Many species found in winery habitats were observed in more than one vine-

yard habitat. Around 14.6% of winery species were only found in one habitat,

12.3% of species in juice were found in two habitats, and 13.0% of species were

found in all three. On average, 34.1% of species found in any one ferment were

also found in the vineyard from which the fruit originated.

When communities of pressed juice were compared to soil, bark, and fruit

communities in the vineyard from which they were harvested, juice communities

shared the greatest fraction of their species with fruit communities (see Figure

3.5). As ferments progressed, ferment samples showed greater similarity to fungi

present on the bark of their respective vineyards than either fruit or soil (see Figure

3.5). While a considerable number of winery fungi have their origins potentially

accounted for in vineyard and native habitats, this still leaves 87 species or 56.5%

of all juice and mid-ferment species unaccounted for. While over 50% of species

are not accounted for in vineyard habitats, these species only account for 14.5% in

terms of abundance.
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Figure . : Ternary plot of juice (n=35) and midferment samples (n=33) and their
% overlap with their local bark, fruit, and soil vineyard communities

3.5 Discussion

We found that fungal communities in freshly harvested juice significantly differ

across regional scales and are substantially connected to vineyard communities.

While this seems obvious, this has not been robustly shown before. Vineyard fungi

found in winery ferments account for a sizeable fraction of overall diversity, and

include the most abundant species in both juice and midferment. Furthermore,

we show that ferment diversity shifts over the course of a ferment with decreasing

richness and significantly altered community structure. While the fungal commu-

nities present in juice initially resemble those found on grapes, surprisingly over the

course of fermentation these communities increasingly resemble those present on

the bark of local grapevines. Notably, we also show a significant number of species

that are present in juice and ferments but not found any environmental habitat.

However, these species tend to be the rarer ones, and thus may be a result of insuf-

ficient environmental sampling. e process of harvesting grapes and generating

juice, and the resulting ferment, effectively homogenises microbial communities
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present on very large numbers of grapes. On the other hand, environmental sam-

ples are comparably much smaller given the sizes of the habitats they are drawn

from, which are not homegenised.

is study not only supports the notion that microbial communities exhibit

non-random differences in community structure through space, but also suggests

how these differences may emerge in ferments from the diversity of closely asso-

ciated microbial communities in the environment. As far as we are aware, this is

the first study to analytically quantify the connectivity of communities between

multiple microbial niches in the wider environment and human industrial environ-

ments; it is also the first study to demonstrate the significant regional differences in

microbial communities in commercial wine ferments as a function of those commu-

nities in local ecosystems. It seems that the most obvious explanation for finding

regionally distinct ferment communities is that winery communities are shaped by

resident vineyard diversity, which will be a function of local microbial diversity in

native ecosystems. Given we show that vineyard communities act as a source of

ferment diversity and structurally differ across regions, it follows that some of this

signal translates to differences between ferments of different regions.

It is important to note that finding overlapping diversity between two environ-

ments does not constitute empirical demonstration of source-sink relationships be-

tween those two communities. Empirically demonstrating this connection would

require artificial seeding and recovery of molecularly labelled organisms. e con-

nection we found between multiple vineyard diversity and winery niches is not

surprising considering the scale and process of mechanical harvesting. It seems rea-

sonable to suggest that during the harvest of grape bunches that a certain amount

of soil and bark material will be inadvertently collected and transferred to tanks. In

addition, it is also possible that microbial communities in different vineyard niches

may be indirectly connected to winery niches through animal vectors. Humans are

likely candidates for connecting vineyards to wineries given the overlap in labor and

tool use between these two environments. Insects could also connect vineyards to

wineries as they are not only known to carry ascomycete fungi (Stefanini et al.,

2012), but appear to have evolved mutualistic relationships with some species; this
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could explain why fungi produce olfactory attractants during fermentation in the

first place (Buser et al., 2014). Our findings of regionally structured winery com-

munities support the recent findings of Bokulich et al. (2014), and Taylor et al.

(2014). ese results fall broadly in line with other microbial biogeographic stud-

ies that have detected non-random patterns of microbial diversity within vineyards

(Gayevskiy and Goddard, 2011; Morrison-Whittle and Goddard, 2015) and other

terrestrial environments (Martiny et al., 2006;Hanson et al., 2012; Nemergut et al.,

2013). e connection we found between vineyard and winery diversity supports

the qualitative connection found in previous research where certain fermentative

species (Saccharomyces spp.) as well as grapevine pathogens were found in both

vineyard and winery environments (Mortimer and Polsinelli, 1999; Barata et al.,

2008, 2012), as well as quantitative connections showing the same genotypes of S.

cerevisiae are present in the local environment and ferments(Goddard et al., 2010;

Knight and Goddard, 2015a).

Our results confirm the importance of vineyard diversity in shaping ferment di-

versity, but challenges the notion that fruit-associated fungi are the most pertinent

to elucidating ferment/wine ecology. Our data indicates a substantial fraction of

ferment diversity appears to inhabit soil or bark habitats. Despite the fact that

neither soil nor bark material appear to contribute much in the way of biomass

to commercial ferments, it appears that microbes from these habitats constitute

a disproportionate fraction of ferment diversity which increases over the course

of the ferment. Moreover, the contributions of species from uncultivated habi-

tats appears to be small but present. is suggests we need to better understand

how different agricultural and native ecosystem management methods might af-

fect these microbial communities and thus their flow-on effects in terms of fer-

mentation, wine style, and quality. e regular presence of soil and bark species

in ferments has commercial implications as the composition of microbial species

present in juice is known to significantly influence the sensory properties of wine

(Ciani et al., 2010). As well as influencing the physiology of grapevines, vineyard

soil and bark could also represent important management targets for influencing

the types and abundances of fungi being seeded into tanks, and the regional speci-
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ficity of these – particularly for practitioners of ‘spontaneous’ ferments.

Our study not only answers the classic question regarding the origin of wine

microbes, but also advances our understanding of complex microbial landscapes

and represents an important advance in understanding the nature and connection

of various natural microbial communities in a landscape, and how agricultural prod-

ucts and processes might be affected. Improving our understanding of this cryptic

relationship will not only lead to improved management techniques, but also open

the door for us to harness and engineer complex microbial ecosystems for more

sustainable use.
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4.1 Abstract

ere is increased need to identify sustainable agricultural methods which avoid

environmental degradation. Previous studies focused on the effect of specific agri-

cultural interventions on large organisms, but we have fewer data evaluating how

microbes, which are key components of ecosystems, might be affected. Previous

studies have been constrained as they only examined one habitat in an ecosystem

and have not gone on to evaluate the effect of agricultural approach on harvested

crops. Here we take an ecosystems approach and evaluate the net effect of conven-

tional versus biodynamic management on agricultural ecosystems by quantifying

fungal communities in multiple habitats using diversity profiling. We go on to

measure biodiversity in the crop and key chemical quality parameters in the prod-

uct consumed by humans. We find that the method of management significantly

affects communities in soil, on plant structures, and on the developing crop in

subtle but importantly different ways in terms of number, type, and abundance of

species. However, management approach has no effect on communities in the final

harvested juice, nor on product traits aligned with quality. is shows that while

management approach affects different habitats in the environment in different

ways, this does not automatically flow onto the harvested crop.

4.2 Introduction

How biodiversity, and the ecosystem services it provides, responds to the way we

manage natural and agricultural ecosystems is a key area of modern ecology; it

impacts both conservation efforts and the cultivation of crop species which pro-

vide essential food resources (Tanentzap et al., 2015). It is commonly asserted

that agriculture conflicts with natural environments, and sustainable approaches to

agriculture are now receiving greater attention (Edwards et al., 2015). While we

may more readily perceive how various human-mediated ecosystem interventions

impact larger plants and animals, we have a poor idea how microbial communi-

ties respond, if they respond at all, to various management approaches. Microbial

communities perform essential functions in all ecosystems and play a role in di-
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rectly modulating plant health, productivity, and development (Lau and Lennon,

2012; Sugiyama et al., 2013; Panke-Buisse et al., 2015). Studies to date have re-

ported that the structure and composition of microbial communities often vary

considerably over different spatial and ecological gradients (Martiny et al., 2006;

Hanson et al., 2012; Nemergut et al., 2013). While the main drivers of microbial

diversity may differ between ecosystems, it is generally held that terrestrial micro-

bial communities are mostly driven by natural selection to specific habitats present

in any particular environment (which would include selection pressures imposed

by agrochemicals), though the significance of stochastic (neutral) effects in defin-

ing microbial community composition should not be ignored (Stegen et al., 2012,

2013; Morrison-Whittle and Goddard, 2015).

Modern agricultural management practices do not involve just one treatment

but instead comprise a range of different biological, physical, and chemical treat-

ments applied to cultivated land to maximize the health, resilience, and produc-

tivity of crop species. ere is significant and seemingly growing public concern

surrounding the use of agrochemical interventions, though the science evaluating

their effects at the ecosystems level is sparse (Edwards et al., 2015; Tanentzap

et al., 2015). Due to concerns about environmental impacts of agrochemicals,

alternative philosophies to agricultural management have emerged. ese alter-

native approaches include “organic” and ”biodynamic” styles of management that,

while very similar to ”conventional” practices, often differ in a few notable ways.

At their core, organic and biodynamic practices are primarily shaped by their philo-

sophical opposition to the use of agrichemical pesticides and herbicides, both of

which are routinely used in conventional practices (Tilman et al., 2001, 2002). In

practice, this can often manifest as differential constraints on what specific treat-

ment decisions can be made for any one site. Organic and biodynamic practices

are constrained in what they may use by local commercial-certification bodies such

as BioGroNZ or DemeterInt. As a part of formal certification from these agen-

cies, companies are required to conform to approved codes of practice which either

heavily restricts or forbids the use of a majority of pesticide and fertiliser products.

e subject of alternative land management philosophies is a popular albeit
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controversial one, and has provoked a considerable shift in many industry prac-

tices globally. It is imperative that we objectively, quantitatively assess whether

different practices differentially affect ecosystems, and the crops and products that

derive from them. As huge areas of the planet have been dedicated to cultivating

plant species, and realizing that these are not completely isolated from surrounding

natural ecosystems, any effect of different management approaches to cultivation

may have significant implications for the diversity and functioning of ecosystems

generally. Fungal communities form a core component of natural and agricultural

ecosystems, and this where we focus here as a first step.

As yet, we have no clear idea whether or not organic/biodynamic or conven-

tional practices actually translate to real variation in microbial communities, nor

their effect on the products deriving from these systems. Many studies have found

that specific agricultural interventions can significantly impact microbial diversity

in agricultural ecosystems (Saison et al., 2006; Čadež et al., 2010; Gomiero et al.,

2011; Martins et al., 2012, 2014; Perazzolli et al., 2014; Hartmann et al., 2015).

However, very few studies have tested whether overall treatments culminate in

detectable differences in biodiversity between different agricultural philosophies.

One recent long-term study found organic farming increased richness, decreased

evenness, and shifted the structure of the soil microbiota compared to conven-

tional approaches (Hartmann et al., 2015). is is an excellent study producing an

important result, but only examines soil: one, albeit important, habitat in agricul-

tural systems. To achieve a more holistic picture of the effects of different manage-

ment approaches on agricultural ecosystems requires examining multiple habitats

in these ecosystems. Importantly, for the consumer, the status of the produce that

is cropped needs evaluation.

Here we take an ecosystems approach and sample multiple habitats in vine-

yard ecosystems, including the harvested juice and wine, and use DNA sequencing

to enumerate the fungal communities in multiple habitats from multiple conven-

tional and “biodynamically” managed vineyards. We test the null hypothesis that

there is no difference in the effect of biodynamic and conventional viticulture on

microbial biodiversity across this agricultural ecosystem. We do this by breaking
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down and analysing different components of microbial diversity in different habi-

tats. Since fungi are the key component that drives the fermentation of juice to

wine, and produce key quality flavour and aroma compounds as they do so, we also

go onto analyse fungal diversity in juice and key fungal-derived quality flavour com-

pounds in the wines: varietal thiols (Masneuf-Pomarède et al., 2006; Anfang et al.,

2009; Harsch and Gardner, 2013; Santiago and Gardner, 2015). By quantifying

community structure across multiple vineyard habitats, and key microbe-derived

compounds in wine, we can more powerfully assess the ecosystem level effects of

management approach that would not be possible by characterising one habitat or

aspect of the ecosystem in isolation.

4.3 Methods

4.3.1 Sampling viticulture ecosystems

Soil, bark, and ripe fruit habitats were sampled from commercial sauvignon blanc

vineyards across the Wairau valley in the Marlborough region on the South Island

of New Zealand, approx. 41 ◦S, 173 ◦E. e experimental design was such that

n=6 for each habitat for each management type; thus, 36 samples were collected

from vineyards. All Biodynamicallymanaged vineyards had achieved BioGro™or-

ganic certification. Approximately two weeks before harvest, around 30g of each

habitat was aseptically collected. Each sample comprised three pooled sub-samples

taken across each vineyard. All samples were taken at least 5m into the vineyard to

avoid edge effects. Soil samples were taken 50cm away from a grapevine trunk at a

depth of ∼10cm. Bark samples were taken from at least 30 cm above the soil, and

whole bunches of fruit were cut into sterile bags. All samples were taken with ster-

ile tools and placed into sterile containers, and transported on ice to the laboratory

for processing. Microbes were washed off fruit samples by immersion in sterile

water with rocking for 30 minutes. e resulting solution was then centrifuged at

3000rpm, and the resulting pellet re-suspended in 500 µl of sterile water. Soil and

bark samples were homogenised mechanically using aseptic technique to increase

surface area for DNA extraction.
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We also collected commercially harvested juice from these same vineyards. Ap-

proximately 10L of juice was transferred into sterile jerry cans at each winery and

transported to the laboratory on ice. 50ml of homogenised juice was centrifuged

at 3000 rpm and the resulting pellets suspended in 500 µl of sterile water. A total

of 12 juice samples, equally drawn from the two management treatments, were

collected. us, in total 48 samples were collected from vineyards and the juice

derived from them.

4.3.2 Extraction and Sequencing

All samples were frozen at −20 ◦C prior to processing. DNA was extracted using

the Zymo Research Soil Microbe DNA MiniPrep™ kits. We empirically deter-

mined this kit was sufficient to extract DNA from all substrates. Fungal commu-

nities were characterised and enumerated by 454-sequencing of the D1/D2 region

of 26S ribosomal RNA, and amplified using NL1 and NL4 primers described in

Kurtzman and Robnett (2003) with unique multiplex identifiers added as appro-

priate. Sequencing this locus provides an effective method for quantification and

identification of fungal communities down to at least genus level (Taylor et al.,

2014; Morrison-Whittle and Goddard, 2015). All PCR products were cleaned

using AmpureXP beads and their quality checked by Agilent DNA1000 chips.

Juice samples were uni-directionally sequenced on a 454-junior instrument byNew

Zealand Genomics Limited. Vineyard communities were sequenced on a full plate

of a 454 Life Sciences GS FLX instrument by Macrogen (Korea).

4.3.3 Sequencing Pipeline

Sequence processing was carried out using Mothur v.1.30 (Schloss et al., 2009).

Primers and sequences <200bp were removed. Low quality reads were removed

using the pyronoise algorithm. Chimeric sequences produced during PCR were

identified and removed using the uchime algorithm. Once the remaining high-

quality sequences were bioinformatically assigned labels based on their multiplex

identifier sequence, they were merged and analysed together. Unique sequences

were compared to a reference database of fungal sequences. Sequences that were
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not identified as fungal were removed (11 105, 7.26% of all reads). e remain-

ing 141 940 fungal sequences were then aligned using a fungal reference database

and clustered at >98% identity. e 98% identity threshold was used to approx-

imate clusters of fungal species (Kurtzman and Robnett, 2003; Romanelli et al.,

2010) and was the lowest level of molecular operational taxonomic unit (MOTU)

in this study. Any MOTU that was represented by a single read (a singleton) was

conservatively removed from the sequence pool. To effect equal sampling effort,

reads were sub-sampled (rarefied) to the sample with the lowest read count, result-

ing in 509 reads per sample. Representative sequences of each MOTU were then

classified against a fungal taxonomic database using a Bayesian approach. Each

MOTU was classified to the genus level and above using the ‘classify.seqs’ com-

mand in Mothur. Sequences were listed as unclassified at any one taxonomic level

if their sequence match fell below 70%.

4.3.4 Winemaking and thiol analyses

No additions were made to juices once they arrived in the laboratory, where they

were fitted with an air-lock and allowed to spontaneously ferment at 15 ◦C, the

standard temperature for sauvignon blanc ferments in Marlborough. Ferment pro-

gression was monitored by weight loss, and once complete the varietal thiols 3MH

and 3MHA were quantified by the standard commercial GC-MS service available

at Hill Laboratories (http://www.hill-laboratories.com).

4.3.5 Statistical Analysis

e effect of vineyard management on total species richness was tested using a two-

way ANOVA with management and habitat as fixed effects followed by Tukey’s

Honestly Significant Differences (Tukey HSD) adjustment of pairwise compar-

isons. Differences in relative species abundance and community structure was

evaluated with two-way full factorial permutational multivariate ANOVA (per-

manova) of Jaccard dissimilarities (Anderson, 2001) with management and habi-

tat as fixed effects. Variation in community structure of bark, fruit, soil, and juice

habitats across conventional and biodynamic vineyards was visualised using clas-
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sic multidimensional scaling of Jaccard community dissimilarities. All statistical

testing was conducted using R (R Core Team, 2016), including tests available in

the ‘vegan’ package (Dixon, 2003). e relative abundance of fungal taxa in bio-

dynamic and conventional soil and fruit was visualised using CYTOSCAPE 3.4

(Shannon et al., 2003). To explore the importance of different fungal taxa in influ-

encing significant patterns of diversity, we examined the effect of removing each

taxa from the dataset. Wherever significant differences in fungal diversity were

found, we repeated the analysis while removing one fungal taxonomic level from

the dataset at a time for each phylum, class, order, family, and genus levels. When-

ever removing a fungal taxonomic level resulted in a test going from significant to

non-significant, we considered that as contributing to the original difference.

4.4 Results

4.4.1 Overview of fungal diversity

e analyses of DNA from the 48 samples spanning four habitats (soil, bark, fruit,

and juice) revealed the presence of 1,496 fungal MOTUs – hereafter referred to

as species. Raw sequences for each sample are available in GenBank (accession

number: SRP106145). Overall we recovered five phyla, 25 classes, 66 orders, 143

families, and 268 genera of fungi. e most diverse and abundant phylum over-

all was Ascomycota, which comprised 55.5% of species and 70.6% of reads, fol-

lowed by Basidiomycota, Chytridiomycota, Glomeromycota, and Blastocladiomy-

cota which comprised 13.1%, 4.0%, 0.2%, and 0.3% of species respectively (19.3%,

1.6%, 0.0%, and 0.1% of reads respectively) – see Figure 4.1. Ascomycota were the

most diverse and abundant phylum in all habitats except fruit, where Basidiomy-

cota were the most diverse (52.2% of all fruit species) and abundant (56.7% of all

fruit reads). Diversity was greatest in soil which contained 927 species, followed

by bark with 521 species, then fruit with 134 species, and least diverse in juice

with 97 species. Analyses of variance revealed that soil communities had signifi-

cantly greater numbers of species than any other habitat (F3,44 = 176.8,P <0.001,

Tukey HSD: P <0.001). e bark habitat harboured significantly greater numbers
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of species than both fruit and juice (Tukey HSD: P < 0.001), and the fruit and

juice habitats contained the lowest numbers of species, which did not numerically

significantly differ from one other (Tukey HSD: P = 0.63). In total only 16 species

(1.1 %) were found across all four habitats with 117 species (7.8 %) found across

at least two habitats. Conversely, 1,363 species (91.1 % of all species) were exclu-

sively found in one habitat only. Of the four habitats sampled, soil had the highest

proportion of habitat-specific species (88.8% of all soil species) followed by bark,

fruit, and juice (79.1%, 56.7%, and 53.6% respectively).
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4.4.2 Evaluating the effect of management on communities

We define three possible types of differences among communities: 1) absolute

species richness: the difference in absolute number of species; 2) relative species

richness: the difference in presence and absence of types of species; and 3) com-

munity composition: the differential abundances of species. e difference be-

tween these is important and using these we may test whether management ap-

proach changes the absolute numbers of species present, the types of species that

are present, the relative abundances of species, or all of these (Figure 4.2).
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tats (bark, fruit, soil, and juice) and across two vineyard management practices
(biodynamic and conventional).
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We first simultaneously analysed the effect of habitat and management ap-

proach on absolute numbers of fungal species using a two-way full-factorial ANOVA.

is revealed habitat significantly affects species numbers (see Table 4.1A), but the

effect of management approach on the number of species was much weaker. We

found no significant interaction between these two main factors, meaning man-

agement does not dramatically differentially affect absolute species richness in the

different habitats. We then analysed how habitat and management approach ef-

fects the types of fungal species present using a 2-way PERMANOVAon a Jaccard

community similarity matrix, and this revealed a similar pattern: that overall, habi-

tat significantly influenced the types of species present (R2 = 0.287, P < 0.001) but

management approach had a much weaker effect (R2 = 0.021, P < 0.087), again

with no significant interaction between habitat and management. Lastly, we anal-

ysed how habitat and management approach affects fungal community composi-

tion, and this again revealed a similar pattern: habitat significantly influenced the

relative abundances of species in fungal communities (R2 = 0.346, P < 0.001) but

management approach did not (R2 = 0.017, P < 0.263), with no significant interac-

tion between habitat and management approach. e relationships between com-

munities deriving from different habitats and management approaches are shown

in Figure 4.3.

e effect of habitat eclipses the effect of management practice in terms of

fungal biodiversity, and this result aligns with our previous findings in terms of

the strong structuring effect of habitat (Morrison-Whittle and Goddard, 2015).

Taking the R2 values, which indicate the proportion of variance explained by a

variable, we estimate that habitat is approximately 17 times stronger than manage-

ment practice in determining the number, type, and abundance of fungal species

across this agricultural ecosystem. However, this does not necessarily mean man-

agement approach has no effect on these fungal communities.
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4.4. Results

Table 4.1: A) Results of two-way full-factorial ANOVA of absolute species rich-
ness for habitat and vineyard management effects. Results of two-way full factorial
PERMANOVA on B) relative richness – binary Jaccard community dissimilarities
(9999 permutations) C) Community composition – non-binary Jaccard commu-
nity dissimilarities (9999 permutations).

Effect df SS MS F P

A) Absolute
Richness

Habitat 3 122420 40806 197.13 < 0.001
Management 1 768 768 3.71 0.061
Interaction 3 1110 370 1.79 0.165
Residuals 40 8280 207

Effect df SS MS F pseudo P R2

B) Relative
Richness

Management 1 0.4 0.4 1.33 0.087 0.02
Habitat 3 5.6 1.9 6.02 < 0.001 0.29
Interaction 3 1.1 0.4 1.19 0.095 0.06
Residuals 40 12.4 0.3 0.64
Total 47 19.5 1.0

C) Community
Composition

Management 1 0.3 0.3 1.14 0.263 0.02
Habitat 3 6.9 2.3 7.87 < 0.001 0.35
Interaction 3 1.0 0.3 1.13 0.217 0.05
Residuals 40 11.7 0.3 0.59
Total 47 20.0 1.0

4.4.3 Effect of management on absolute number of species among

habitats

We went onto examine each habitat independently as the previous analyses show

these differ significantly in terms of biodiversity, and management practices are

not discrete effects and may thus differentially affect habitats (e.g. fungicides are

sprayed on the crop but not usually on soil). First we evaluated the effect of agricul-

tural management on the absolute number of species present. One-way ANOVAs

revealed that management approach only affected the number of species present in

two of the four habitats we analysed. Significantly more fungal species were found

on the bark and fruit of biodynamic than conventionally managed vineyards (Bark:

F1,10 =7.524, P = 0.020; Fruit: F1,10 = 11.56, P = 0.007). However, management

approach did not significantly affect the number of species in either the soil or

juice (Soil: F1,10 = 0.12, P = 0.733; Juice: F1,10 = 0.418, P = 0.533). Overall
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bark communities in biodynamically managed vineyards had 102 or 35.8% more

species than those in conventionally managed ones, and fruit communities 41 or

63.1% more species. ese represent a reasonable fraction of 19.6% and 30.6% of

the total 521 and 134 species in bark and fruit respectively.

We evaluated the potential contributions of different taxonomic groups un-

derpinning the significant differences we observed, and this revealed the signif-

icant differences between biodynamic and conventional bark communities col-

lapsed only when the class Dothideomycetes (largest and most diverse class of

ascomycete fungi) and the order Pleosporales were excluded from analysis.

4.4.4 Effect of management on the types of species among habitats

To examinewhethermanagement approach differentially affects the types of species

in different habitats, we carried out one-way PERMANOVA on binary (pres-

ence/absence) Jaccard dissimilarities for each habitat independently. Management

approach had a significant effect on the types of fungal species in soil and fruit (Soil:

R2 = 0.107, P = 0.003; Fruit: R2 = 0.152, P = 0.005; Table 4.1), but not in bark or

juice (Bark: R2 = 0.095, P = 0.260; Juice: R2 = 0.092, P = 0.420). We evaluated

whether there were any consistent patterns in the types of species that differentiate

soil and fruit fungal communities of biodynamic and conventional vineyards. We

found the significant effect of management on communities in both fruit and soil

habitats was not driven by the differential presence of any one taxonomic group

as significant differences remained even when every individual class, order, family,

and genus was systematically excluded from the dataset.

4.4.5 Effect of management on community composition among

habitats

Lastly, we evaluated the effect of management approaches on the abundance of

species in habitats. One-way PERMANOVAon abundance-based Jaccard dissim-

ilarities revealed that the structure and composition of soil and fruit communities

significantly differed according to the management approach (Soil: R2 = 0.113, P

= 0.013; Fruit: R2 = 0.156, P = 0.046). Again, the bark and juice communities

72



4.4. Results

showed no significant differences between the two management approaches (Bark:

R2 = 0.080, P = 0.566; Juice: R2 = 0.082, P = 0.552). Variation in the structure and

composition of fungal communities is represented by classic multidimensional scal-

ing of non-binary Jaccard measures of community dissimilarity in Figure 4.4. e

significant effect of management on communities in fruit and soil appeared to be

differentially underpinned by various taxonomic groups. In soil, only the removal

of Sordariomycetes (class) disrupted the significant difference detected. However,

differences between biodynamic and conventional fruit communities appeared to

be affected by the differential abundance of five separate genera: Columnosphaeria,

Davidiella, Hanseniaspora, Chalara, and Trichothecium.

4.4.6 Effects of management on fungal-derived quality indicators in

wine

Finally, we evaluated the concentrations of volatile thiols in spontaneously fer-

mented wines deriving from these vineyards. Two volatile thiols are important

in sauvignon blanc aroma and quality, and these are metabolically liberated by

yeasts from aromaless precursors in juice during fermentation (Masneuf-Pomarède

et al., 2006; Anfang et al., 2009; Harsch and Gardner, 2013; Santiago and Gard-

ner, 2015). A simple t-test reveals there was no difference in the concentrations of

3MH and 3MHA in wines deriving from vineyards with different management

approaches: P = 0.053; t-ratio 2.193, 10 d.f.) and P = 0.706 (t-ratio 0.388, 10 d.f.).

In summary, habitat is approximately 17 times more important than manage-

ment practice in determining the number, type, and abundance of fungal species

across this agricultural ecosystem. However, it appears thatmanagement approaches

also subtly effect fungal communities, and the striking observation is that these ef-

fects differ according to habitat in the ecosystem. Communities in all vineyard

habitats are affected by management approach in some way, while communities

in juice are not affected nor are quality parameters in the final wine, and these

differences are summarised in Table 4.2.
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4.5. Discussion

Table 4.2: Summary of fungal community differences across habitats by agricul-
tural management.

Habitat Number of Species Types of Species Abundance of Species

Soil No difference Different Different
Bark biodynamic > conventional Not different Not different
Fruit biodynamic > conventional Different Different
Juice No difference Not different Not different

4.5 Discussion

We have shown that conventional and biodynamic agricultural practices signifi-

cantly differentially influence patterns of fungal diversity in vineyards. Whilst this

is not striking, the fact that biodiversity was affected differentially between habi-

tats is of significance. Perhaps most importantly, these data show no difference in

biodiversity associated with the harvested products from alternate management

systems, and this translated to no effect of management approach for one key

fungal-derived quality component in wine. Exploring the impacts of commer-

cial management on microbial diversity is particularly relevant to the practice of

commercial winemaking, as the process itself hinges on the activity of naturally oc-

curring fungal species that convert sugars to ethanol and other flavour compounds

from harvested grapes (Swiegers et al., 2005; Zott et al., 2010, 2011; Barata et al.,

2012).

is study represents a significant step forward as it both quantifies how bio-

diversity is affected by different agri-management approaches, and evaluates the

flow-through effect on the harvested crop and its microbially-derived products. As

far as we are aware, this is the first study to test these questions. In characterising

diversity across multiple habitats, we are able to show not only that different man-

agement practices for the cultivating plant species can significantly impact resident

microbial communities, but also that these effects are complex and that commu-

nities are differentially affected contingent upon habitat. Additionally, our data

show that while we can observe differences in diversity between different manage-

ment practices, these differences are far less pronounced than differences imposed
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by selection in different habitats. Understanding the relationship between human

interventions and the ecology of microbial ecosystems represents an exciting fron-

tier of research. It is especially relevant for the wine industry as it demonstrates

that management decisions in the vineyard can directly affect microbe communi-

ties that surround commercially valuable grape vines. Here we show that such

impacts on vineyard diversity may not necessarily affect the harvest crop or the

products the crop might be transformed into by microbes. Moving forward, these

impacts are likely to become the subject of commercial and scientific interest as

we understand more about how terrestrial microbial communities can affect the

health, development, and resilience of plant species and the crops and products

derived from them (Lau and Lennon, 2011, 2012; Sugiyama et al., 2013; Panke-

Buisse et al., 2015).

Another key challenge to understanding the impacts of human intervention

on complex microbial ecosystems is the requirement to measure and quantify the

impacts on communities in different habitats within larger ecosystems. To date,

the vast majority of studies only measure microbial diversity of one habitat at a

time – principally looking at soil communities. While the soil microbiome repre-

sents a crucial component of terrestrial ecosystems, these data suggest we may not

necessarily use it to directly assess other microbial communities associated with

commercial cultivation.

Our study reports differential patterns of fungal diversity between various habi-

tats in biodynamic and conventionally managed vineyards, and there are a number

of factors that could plausibly be driving these differences. Other studies have

reported that a number of specific human interventions can affect microbial di-

versity in specific habitats of commercially managed ecosystems (Saison et al.,

2006; Čadež et al., 2010; Gomiero et al., 2011; Martins et al., 2012, 2014; Peraz-

zolli et al., 2014; Hartmann et al., 2015). One central component of biodynamic

viticulture is the regular and systematic use of different organic composting tech-

niques which are used extensively over vineyard blocks. Composting techniques

are used by conventionally managed vineyards to some degree, but generally are im-

plemented less intensively and less frequently than biodynamic vineyards. Studies
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have thus reported corresponding significant effects of composting techniques and

soil management on soil microbial diversity in agricultural environments (Bossio

et al., 1998; Girvan et al., 2003; Saison et al., 2006; Gomiero et al., 2011; Hart-

mann and Widmer, 2006; Hartmann et al., 2015; Vega-Avila et al., 2015). An-

other key feature of biodynamic viticulture (and organic viticulture generally) is the

heavily reduced use of pesticide sprays. Fungicide use is rare/non-existent in bio-

dynamic viticulture contrasting conventional vineyards who routinely use them to

control the spread and development of various fungal diseases. In cases when bio-

dynamic vineyards are permitted to apply pesticides, the number of approved fungi-

cides is considerably fewer than those available to conventionally managed vine-

yards. e impacts of fungicide sprays on fungal diversity has been documented

in terrestrial ecosystems that are commercially managed (reviewed in Bünemann

et al. (2006) and Barata et al. (2012)). In vineyard studies these effects have been

reported but have almost exclusively come from examinations of specific fungicides

on fruit-associated fungi (Comitini and Ciani, 2008; Čadež et al., 2010; Schmid

et al., 2011; Barata et al., 2012; Martins et al., 2012, 2014; Perazzolli et al., 2014).

Broadly, the fungal diversity we observed in fruit and soil habitats appear con-

sistent with previous research examining soil or fruit independently from separate

conventional or biodynamic or other organic vineyards (Saison et al., 2006; Mar-

tins et al., 2014; Hartmann et al., 2015). Other than our previous report of bark

associated fungi at the landscape scale (Morrison-Whittle and Goddard, 2015),

we cannot compare and contrast our findings of fungal communities associated

with vineyard bark as such data are lacking.

Not all of the patterns commonly associated with organically managed agri-

systems were supported by our results. Many studies have reported the tendency

of increased levels of biodiversity in organically managed ecosystems (Bossio et al.,

1998; Hole et al., 2005; Saison et al., 2006; Gomiero et al., 2011; Martins et al.,

2014; Hartmann et al., 2015). While we did see significantly higher species rich-

ness in biodynamic fruit and bark communities, this was not detectable in soil

communities where this trend is most often reported. Overall species richness did

not significantly differ between management approaches.
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As we grow more aware of the role of microbial assemblages in the health,

development, and productivity of plant species, it will become more imperative

that we characterise and manage the way in which we influence plant-associated

microbial diversity – intentionally or not. Our approach provides valuable insight

into the complex microbial ecosystem surrounding and potentially affecting a com-

mercially valuable plant species and represents a significant step forward in our

attempts to understand the impacts of human activities on microbial ecosystems.

While it is unsurprising to discover that different management approaches mainly

based around the use of anti-fungal sprays and microbially based fertilisers affect

fungal biodiversity, our data reveal that: 1) the way biodiversity is affected by man-

agement approach differs between habitats; and 2) that management approach

does not necessarily translate to biodiversity differences associated with the har-

vested product or quality signature which are microbially-derived from them.

By understanding the impacts of specific ecosystem interventions and prac-

tices on microbial communities, we glean valuable insight into the ecology of these

ecosystems. is provides a baseline by which to objectively develop approaches

that safeguard and strategically manage biodiversity and the environment. It may

also pave the way for deliberate and targeted manipulation of microbial communi-

ties and ecosystems, and to minimise harmful impacts on the environment while

maintaining the value of products derived from it.

4.6 Acknowledgements

We thank Sarah Knight who assisted in sample collection and processing of sam-

ples, and Peter Tsai for bioinformatic assistance and Alexandria Leonard for her

assistance in editing the manuscript. is work was funded by grants to MG

from the New Zealand Ministry Innovation and Employment, Plant and Food

Research Ltd and New Zealand Winegrowers. e completion of this research

would not have been possible without the enthusiasm, cooperation and assistance

of the many collaborating companies who allowed access to their land: Churton,

Delegats, Huia, Mt Riley, Pernod Ricard, Seresin, Te Whare Ra, Villa Maria, and

Vita Brevis.

78
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4.7 Supporting Files

e taxonomic assignments and abundances of all MOTU as well as all Python

code used to handle and analyse community data is available – here.
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5.1 Abstract

Co-evolution can impact how microbial species interact with their environment by

changing the up-regulation or down-regulation of different metabolic pathways.

e products of microbial metabolism form the basis of all fermented foods and

beverages such as wine. Metabolism of microbial species can shape the types and

abundance of flavour and aroma compounds in wine. Lawrence et al. (2012) ob-

served that mutualistic co-evolution and cross-feeding behaviours emerged in a

poly-culture system of bacteria and significantly affected the metabolism of co-

evolved strains. Here replicate this design using two eukaryotic yeast species Can-

dida glabrata and Pichia kudriavzevi and test whether these species readily evolve

cross-feeding behaviours following multiple rounds of serial transfers of co-culture.

After∼65 generations, we find that co-evolved strains and strains evolved inmono-

culture show significantly different growth rates cell densities and exhibit signifi-

cantly different metabolite profiles when used to pre-ferment microfermentations.

While strains evolved in co-culture strains do exhibit novel interactions that af-

fect the reproductive success of interacting species, we found no evidence of cross-

feeding behaviour. Our findings yield promising avenues for developing commer-

cial yeast strains by using co-evolution to diversify the metabolic output of target

species.

5.2 Introduction

From the domestication of wild animals for food and companionship to the de-

velopment of edible species for agriculture, such as corn (Pickersgill, 2007), hu-

mans have been experimenting with the evolution of species for millenia. One

of the first experimental evolution studies with microbes was performed in the

late nineteenth century, investigating the thermo-tolerance of microbes grown in

increasingly higher temperatures over time (Dallinger, 1878). In addition to en-

vironmental dynamics which can impact the evolution of a species, the presence

of other species may also alter the evolutionary trajectories of these species (Barr-

aclough, 2015).
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Species interactions have a profound effect on the evolution and ecological dy-

namics of biological species (Cadotte et al., 2008;Harmon et al., 2009; Bassar et al.,

2010; Poltak and Cooper, 2011). Species interactions may be broadly categorised

as: antagonistic (competition, predation, ammensalism, and parasitism), neutral

(such as commensalism), or mutualistic (such as cross-feeding) – as reviewed in

West et al. (2007). e origin of these interactions through co-evolution has im-

portant consequences for overall metabolic regulation/flux.

Utilising co-culture and co-evolution of microbes offers new avenues for di-

versifying metabolic output of microbes (Bertrand et al., 2014). Researchers can

use co-culture to impose selection pressure on microbial species mediated through

microbial interactions. Natural selection will increase the frequency of microbial

genotypes that have higher reproductive success under the selection pressure im-

posed by these interactions. In short, co-evolution can not only change the pat-

terns of gene expression of genes directly involved with biotic/abiotic interactions,

but can also influence other pathways indirectly through the cascade of up regula-

tion or down-regulation of common metabolic intermediaries. A number of stud-

ies have demonstrated that experimental evolution of microbial species to novel en-

vironments can induce a shift in metabolism over a number of generations (Fong

et al., 2005; Gresham et al., 2008; Behe, 2010; Padfield et al., 2016).

For thousands of years humans have benefited from the products of microbial

metabolism as they form the basis of all fermented foods and beverages. In wine

production, yeast species metabolise sugars and other compounds in grape juice

and convert these into alcohol and a vast array of flavour and aroma compounds.

Controlling the balance of desirable metabolites in the final wine underpins the

quality and value of finished wines. As a large fraction of these metabolites are

produced by microbes (typically yeasts), microbial metabolism has been the sub-

ject of intensive research for many years. Traditionally, desirable yeast metabolism

has been achieved through breeding programs or by genetic modification of Sac-

charomyces cerevisiae. Over the last few years however, researchers have begun

to explore the possibilities of altering the balance of flavour and aroma metabo-

lites by careful inoculation of more than one species of yeast into commercial fer-
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ments (Anfang et al., 2009; Ciani et al., 2010). Here we take this a step further

and demonstrate the use of co-evolution as a means of diversifying and altering

the metabolism of yeast species by generating novel interactions between ferment

species.

Lawrence et al. (2012) demonstrated the use of co-culture with serial trans-

fers as a means of inducing coevolution between bacterial species. In doing so,

they demonstrated that co-culture and mono-culture evolved strains showed sig-

nificantly different reproductive success when grown in co-culture that was consis-

tent with mutualistic cross-feeding in co-cultured lines. Furthermore, the authors

showed that these novel interactions were associated with significantly different

patterns of metabolic regulation in co-evolved species.

In this study, we reapply the experimental approach of Lawrence et al. (2012)

to evaluate the evolution of novel microbial interactions behaviours between win-

ery associated yeastsCandida glabrata andPichia kudriavzevi. We go on to quantify

the impact of co-evolution on the production of commercially important flavour

and aroma compounds produced during experimental ferments with Saccharomyces

cerevisiae. Here we test a null hypothesis that the fitness and metabolic output of

Candida glabrata and Pichia kudriavzevi strains produced through serial co-culture

and strains produced by serial mono-culture are not significantly different from

one another. Using Bioscreen CTM spectrophotometry, we test for the presence

of interactions between species evolved in co-culture through one-way full fac-

torial ANOVAs of growth rate, lagtime, and cell densities compared to mono-

culture equivalents. We then repeat the analysis of growth rate and cell density in

a different juice media to examine whether the relative fitness of co-cultured and

mono-cultured strains vary across different growing media. We go on to quantify

the abundance of 38 flavour and aroma compounds in experimental wine ferments

seeded with C. glabrata and P. kudriavzevi strains that were derived from either

‘mono-culture’ or ‘co-culture’ evolution. We test whether juice type or culture sta-

tus significantly affected metabolite profiles overall using two-way permutational

multivariate ANOVA of Jaccard dissimilarities between ferments.
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5.3 Methods

5.3.1 Selection of fungal species

Ninety-six starting non-Saccharomyces isolates were grown in commercially har-

vested sauvignon blanc juice deriving from Marlborough, New Zealand. e con-

centration of SO2 of this juice, hereafter referred to as ”juice A”, was adjusted to

20 parts per million to ensure microbial growth was possible. Each of the starting

isolates were added to 200 µl of juice A and incubated for 24 hours. Isolates that

readily grew in these juice cultures (as measured by optical density) were then di-

luted to equal concentrations using optical density and individually plated on yeast-

extract peptone dextrose (YPD) agar. In order to readily re-isolate different species

in co-culture, fungal strains were paired off so that all strains were paired with a

potential co-culture species with different colony morphology. All combinations

of the strain pairs with different colony morphologies were then co-inoculated

in juice A. e final two fungal strains selected from all co-culture combinations

were those that: 1) grew quickly in juice A over a 24 hour period; and 2) grew

at similar rates, yielding approximately equal numbers of colony forming units af-

ter spread-plating co-culture aliquots on YPD agar. Of these plated isolates, two

colony morpho-types predominated, and these two fungal species were selected

out of the initial non-Saccharomyces isolates for the purposes of co-culture in sauvi-

gnon blanc grape juice. e two fungal isolates used were Candida glabrata and

Pichia kudriavzevi; this was determined by sequence homology of PCR amplicons

of D1/D2 26S rDNA locus using NL1 and NL4 primers (Kurtzman and Robnett,

2003; Romanelli et al., 2010).

5.3.2 Serial transfers

ree experimental groups were generated: ”mono-culture”, ”co-evolved”, and ”an-

cestral”. All strains of C. glabrata and P. kudriavzevi in mono-culture and co-

evolved groups were derived from a single colony of each species. From these two

colonies, a subsample was then stored at −80 ◦C in glycerol prior to experimen-

tal fermenation and these were designated as ancestral strains. Generation of all
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experimental strains are shown in Figure 5.1.

mono-culture lines were prepared by suspending C. glabrata and P. kudriavzevi

in distilled water at equivalent optical densities. For each fungal species these

suspensions were used to inoculate 50µl of suspension into seven wells (biological

replicates) of 96-deepwell plates containing 200µl of juice A each. Distilled water

was added to 200µl of juice A in one well to act as a negative control for each plate.

Co-evolved lines were prepared by thoroughly vortexing a 50:50 mix of suspen-

sions by volume (of equivalent optical densities) of the two fungal species. From

this combined suspension, 50µl was inoculated into 200µl of juice A in seven wells

of a 96-deepwell plates. Again, distilled water was added to 200µl of juice A in

one well to act as a negative control.

e two mono-culture plates and the single co-culture plate were then incu-

bated at 28 ◦C for 24 hours. After 24 hours the contents of each well in each

plate were mixed by pipetting, and 50µl of each culture was transferred to 200µl

of freshly pipetted juice A. Each plate was then returned for incubation at 28 ◦C

for 24 hours. is transfer procedure to fresh juice was done a total of 30 times to

continuously grow mono-culture and co-culture isolates for ∼ 65 generations.

Evolved mono-culture strains and co-evolved strains of C. glabrata and P. ku-

driavzevi were then recovered after the serial transfer step by spread plating on

YPD, from which single colonies were isolated and stored in glycerol at −80 ◦C

(See Figure 5.1).

5.3.3 Preparation of growing media

While the co-evolved and mono-culture strains of C. glabrata and P. kudriavzevi

were evolved in one stock of sauvignon blanc juice (juice A), downstream growth

and metabolite assays were carried out separately on two stocks of juice: juice A

and juice B. Juice B was prepared as a blend from a number of other sauvignon

blanc juice stocks donated by various commercial wineries. All growth assays and

micro ferments using mono-culture and co-evolved strains of C. glabrata and P.

kudriavzevi were also carried out in juice B. By conducting all analyses in two

juices, we aimed to test whether any significant differences between co-evolved
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Figure . : Generation of mono-culture and co-evolved yeast isolates from a sin-
gle ancestral colony by serial transfer to fresh juice stocks

and mono-culture strains were specific to the juice in which they were evolved, or

whether they persisted across different juice chemistries.

For both juices A and B, 10 L of frozen juice was thawed prior to inoculation

and sterilised at room temperature overnight using dimethyl dicarbonate (DMDC)

in 25L drums. Each juice was mixed thoroughly and 200ml was dispensed into

sterilised 250ml Pyrex ferment flasks with one-way airlocks 24 hours prior to inoc-

ulation with C. glabrata and P. kudriavzevi strains. 200 ml of each freshly sterilised

juice was then frozen for Bioscreen CTM growth assays of C. glabrata and P. ku-
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driavzevi strains.

5.3.4 Flask Ferments

To test whether co-evolved strains of C. glabrata and P. kudriavzevi had signifi-

cantly different metabolic output compared to mono-culture strains, we analysed

the metabolites of wine made from juice inoculated with the two species. Any

significant differences in the metabolic activity of C. glabrata and P. kudriavzevi

strains would translate to differences in juice chemistry. By using a single strain

of Saccharomyces we can detect differences in metabolism by proxy as the flavour

and aroma of wines is significantly influenced by the chemistry of the starting

juice given identical strains of fermenting S. cerevisiae (Fuleki and Ricardo-Da-

Silva, 2003; Koundouras et al., 2006; Loscos et al., 2009; Keyzers and Boss, 2010;

Bindon et al., 2013; Parish et al., 2016).

Prior to inoculation of juices A and B, all strains of C. glabrata and P. kudri-

avzevi were recovered from glycerol storage by inoculation in 100ml of liquid YPD

in conical flasks with sterilised gauze bungs and grown at 28 ◦C for 48 hours. Each

sample was then transferred to 50ml falcon tubes and pelleted at 3000g for 5 min-

utes. e resulting pellets were resuspended in 10ml of distilled water and trans-

ferred to fresh 15ml falcon tubes. e concentration of viable cells was enumerated

using a haemocytometer with methylene blue staining solution. e concentration

of viable cells was standardised to the sample with the lowest cell concentration.

Co-evolved strains were then re-united with their respective well-plate partners, so

that each co-culture sample had the exact strain of C. glabrata and P. kudriavzevi

withwhich they werematched during the serial transfer step. Mono-culture strains

ofC. glabrata and P. kudriavzeviwere paired with each other arbitrarily so that each

strain was matched to only one other strain. All experimental ferment flasks were

co-inoculated by inoculating 1 ml of both C. glabrata and P. kudriavzevi, resulting

in a final concentration of 2.52 × 105 cells ml-1 for both species (see Figure 5.2).

Both the mono-culture and co-evolved strain pairs of C. glabrata and P. kudri-

avzevi were co-inoculated in both juices with three technical replicates for each

juice. e ancestral strain pair, negative controls (sterile juice), and positive con-
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Figure . : Sequential inoculation of experimental ferments: primary inoculation
of C. glabrata and P. kudriavzevi strain pairs then a secondary inoculation of S.
cerevisiae after 50 hours.

trols (inoculated with S. cerevisiae VL3 strain only) were done in technical repli-

cates of four for each juice. A total of 48 ferments were carried out for both juice

A and B (96 ferments in total). All inoculated juice was then incubated for 50

hours at 28 ◦C, after which each co-culture was inoculated with the VL3 strain of

S. cerevisiae to a final concentration of 2.38 × 103 cells ml-1 of VL3. Flasks were

incubated for 15 days at 28 ◦C. After fermentation, cells were pelleted by centrifu-

gation at 3000g for 5 minutes after which the supernatant was decanted off and
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stored at −20 ◦C for downstream juice metabolite analysis.

5.3.5 Bioscreen CTM growth assays

e relative fitness of the different strains of C. glabrata and P. kudriavzevi when

grown in isolation and in co-culture were estimated by maximum growth rate

(Vmax), lagtime, and cell-densities in juices A and B at 12, 24, and 48 hours using

Bioscreen CTM spectrophotometric analysis. Here maximum growth rate was de-

fined as the maximum change in optical absorbance over a sliding 10hr window;

lagtime was defined as the time until a culture reached Vmax, and cell density was

approximated by optical absorbance. Each strain was grown from frozen glycerol

stocks in liquid YPD for 24 hours prior to bioscreen incubation and analysis. e

concentration of viable cells was enumerated using methylene blue stain and all

samples were standardised to the sample of the lowest concentration of viable cells.

15 µl of each strain suspension was added to separate 100-well bioscreen plates

(300µl capacity) containing 185 µl of juice A and B separately. Each strain was

inoculated in technical replicates of five for both juice A and juice B plates, pro-

ducing a final concentration of 2.9 × 103 viable cells per well.

5.3.6 Metabolite analysis of co-inoculated ferments

To test whether different strains exhibited significantly different metabolic activity

and regulation, the relative concentrations of two varietal thiols (3MH, 3MHA)

and fifteen esters, six higher alcohols, four C6 compounds, six terpenes, and five

fatty acids of all ferments were quantified. Quantification of metabolite com-

pounds were carried out by Soon Lee following the method described in Knight

et al. (2015).

Varietal thiols (3MH, 3MHA)were quantified using an ethyl propiolate deriva-

tization and analyzed on an Agilent 6890N gas chromatograph (Santa Clara, CA,

USA) equipped with a 7683B automatic liquid sampler, a G2614A autosampler

and a 593 mass selective detector as outlined in Herbst-Johnstone et al. (2013b).

Esters, alcohols, C6 compounds, terpenes, and fatty acids were quantified simulta-

neously using a HS-SPME/GC-MS method outlined in Herbst-Johnstone et al.
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(2013a). Raw data was transformed with GCMSD Translator and peak integra-

tion was performed using MS Quantitative Analysis, both part of the Agilent

MassHunter Workstation Software (Version B.04.00, Agilent Technologies).

5.3.7 Species identification/contamination controls

e DNA of single colonies of all strains of both C. glabrata and P. kudriavzevi

was extracted using Zymo Soil DNA extraction kits (Irvine, CA, USA). Species

identity was confirmed through Sanger sequencing of the D1/D2 locus of 26S

rDNA using NL1 and NL4 fungal primers (Kurtzman and Robnett, 2003). One

isolate recovered from the co-evolved C. glabrata serial-transfer plate could not be

amplified using fungal primers and appeared to be a bacterial contaminant. All fer-

ment and bioscreen samples that contained this contaminant were excluded from

all subsequent analysis.

5.3.8 Statistical analysis

To reduce the effect of technical variation across replicate cultures and ferments,

bioscreen growth rates, cell densities, and metabolite concentrations were averaged

across technical replicates. To test whether co-evolved and mono-culture strains

had significantly different growth rate and cell-densities in experimental juices A

and B, separate one-way full factorial ANOVAs were conducted for each juice,

testing: maximum growth rate (Vmax); lagtime; and cell densities at 12, 24, and

48 hours after inoculation. To test whether the metabolic profiles of co-evolved

and mono-culture strains significantly differed from each other, we implemented

two-way full factorial permutational multivariate ANOVA (permanova) of Jaccard

dissimilarities between metabolite profiles. Separate tests were conducted for: es-

ters, fatty acids, terpenes, C6 compounds, and all metabolites combined.
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5.4 Results

5.4.1 Relative fitness of C. glabrata and P. kudriavzevi strains

e evolution of interactions between microbes is predicted to significantly affect

the reproductive success or fitness of interacting species. e presence of antag-

onistic interactions is predicted to lower the reproductive success of interacting

species in co-culture (Lawrence et al., 2012). Conversely, the presence of mutu-

alistic interactions such as cross-feeding is predicted to increase the reproductive

success of interacting species when co-cultured (Lawrence et al., 2012).

To evaluate the presence of possible interactions between co-evolvedC. glabrata

and P. kudriavzevi, we measured the growth rate and cell densities of C. glabrata

and P. kudriavzevi in co-culture using Bioscreen CTM spectrophotometric analy-

sis. When both C. glabrata and P. kudriavzevi were present in a bioscreen well

(see Figure 5.3A), co-evolved strains had a significantly lower Vmax than mono-

culture strains (F1,9 = 13.266, P = 0.005382). What’s more, the lagtime of co-

culture strains was significantly longer than mono-culture strains (F1,9 = 5.2517,

P = 0.04765) which reached peak growth rate roughly 2 hours earlier. is differ-

ence in growth rate between co-culture and mono-culture strain pairs resulted in

co-culture wells having lower cell densities on average at any time point after ∼12

hours. is difference was statistically significant at 12 hours (F1,9 = 7.2366, P =

0.02479) and 48 hours (F1,9 = 5.7289, P = 0.04032) with no significant difference

in cell densities at 24 hours (F1,9 = 3.9378, P = 0.0785).

Lawrence et al. (2012) found that the cross-feeding behaviour between co-

evolved bacterial species represented an adaptive tradeoff, and that co-evolved

strains had significantly lower fitness than mono-culture equivalents when grown

in isolation. To test whether such an adaptive tradeoff was present in co-evolved C.

glabrata and P. kudriavzevi strains, we measured the growth rates and cell densi-

ties of both mono-culture and co-evolved strains of C. glabrata and P. kudriavzevi

when grown in isolation.

When grown in isolation, the co-evolved strains of C. glabrata were just as

fit as mono-culture strains (as shown in Figure 5.3B). ere was no significant
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difference in Vmax or lagtime (Vmax: F1,9 = 0.2244, P = 0.647; lagtime: F1,9 =

0.125, P = 0.7318). is lack of significant differences in growth rates was also

echoed in cell densities. Here we found no significant difference between the cell

densities of co-evolved and mono-cultured strains of C. glabrata at 12, 24, and 48

hours (12 hours: F1,9 = 3.5403, P = 0.09258; 24 hours: F1,9 = 0.2687, P = 0.6167;

48 hours: F1,9 = 0.0712, P = 0.7956).

When co-evolved strains of P. kudriavzevi were grown in isolation (see figure

5.3C), they also appeared just as fit as mono-cultured strains. Co-evolved P. kudri-

avzevi did not have significantly different Vmax compared tomono-cultured strains

(F1,9 = 0.5513, P = 0.4767) nor did they have significantly different lagtimes (F1,9 =

3.6597, P = 0.08803). As was observed in pure cultures of C. glabrata, co-evolved

and mono-culture strains of P. kudriavzevi did not have significantly different cell-

densities at 12, 24, or 48 hours (12 hours: F1,9 = 2.2205, P = 0.1704; 24 hours: F1,9

= 3.808, P = 0.08278; 48 hours: F1,9 = 0.1226, P = 0.7343).

5.4.2 e relative fitness of evolved strains across juices

Here we tested whether the relative fitnesses of co-evolved and mono-culture

strains were consistent across different juices or whether they were specific to the

juice they were evolved in (juice A), using Bioscreen CTM spectrophotometric anal-

ysis.

As was observed in juice A, the co-evolved strains did appear less fit in some

respects than mono-culture strains C. glabrata and P. kudriavzevi when grown to-

gether (see Appendix B.1A). However this difference was not significant across all

measures of fitness. For instance, while co-evolved strains had significantly longer

lagtimes than mono-culture strains (Lagtime: F1,9 = 11.729, P = 0.007571), they

did not show significantly different Vmax (Vmax: F1,9 = 3.1321, P = 0.1105). As

was observed in the juice in which they were evolved, co-evolved strains showed

significantly lower cell densities than mono-culture equivalents at 12 hours (Vmax:

F1,9 = 9.3651, P = 0.01357). While co-evolved strains had lower cell densities than

mono-culture strains on average, this difference was not statistically significant at

24 or 48 hour time points (24 hours: F1,9 = 0.7227, P = 0.4173; 48 hours: F1,9 =
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4.5186, P = 0.06246).

As was observed in juice A, when co-evolved strains of C. glabrata were grown

as pure cultures in juice B, they did not appear significantly more or less fit than

mono-cultural equivalents for growth rate or cell density measures of fitness (see

Appendix B.1B). By contrast, while co-evolved strains of P. kudriavzevi in juice

A were not significantly more or less fit in pure culture than mono-culture strains,

co-evolved strains did appear to be less fit in juice B by some measures of fitness

(see Appendix B.1C). While co-evolved strains showed no significant difference

in Vmax or lagtime (Vmax: F1,9 = 0.903, P = 0.3668; lagtime: F1,9 = 0.7421, P =

0.4113), they did show significantly lower cell densities than mono-culture strains

in Juice B at 12 hours (F1,9 = 19.428, P = 0.001701). Although the cell densities

of co-evolved strains were consistently lower than mono-culture equivalents at 24

and 48 hours, these differences were not statistically significant (24 hours: F1,9 =

1.1411, P = 0.3132; 48 hours: F1,9 = 1.1933, P = 0.303).

5.4.3 Metabolite profiles of co-culture and mono-culture ferments

To detect differences in metabolism between co-evolved and mono-culture strains,

we quantified the relative abundance of 38 metabolites in wine fermented from

juice inoculated with C. glabrata and P. kudriavzevi strains. If co-evolved strains

do not significantly differ from mono-cultured strains, then there should be no

significant differences between wines made from the different strains. Both the

effect of juice and the effect of strain significantly affected the overall metabo-

lite profiles as indicated by two-way permanova of Jaccard dissimilarities between

combined metabolite profiles ( Juice: R2 = 0.3846, P < 0.0001; strain status: R2

= 0.1227, P = 0.022), ester profiles ( Juice: R2 = 0.2210, P = 0.0121; strain status:

R2 = 0.1508, P = 0.0334), C6 compound profiles ( Juice: R2 = 0.7839, P < 0.0001;

strain status: R2 = 0.0375, P = 0.0309), and terpene profiles ( Juice: R2 = 0.5273,

P < 0.0001; strain status: R2 = 0.0882, P = 0.0203) – see Table 5.1. ere was no

significant interaction detected between juice and strain effects on jaccard dissimi-

larities of combined metabolite profiles. Overall, the effect of juice type explained

a greater fraction of the overall variation when compared to whether the isolates
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were co-evolved or mono-culture strains. e impact of strain effects on metabo-

lite profiles in juice A can be seen when Jaccard dissimilarities between metabolite

profiles – averaged across technical replicates – are visualised in multidimensional

scaling plots (see Figure 5.4 and Appendix B.3 for Jaccard dissimilarities of all

technical replicates). e impact of strain effects on metabolite profiles in juice

B can be seen when Jaccard dissimilarities between metabolite profiles are visu-

alised in multidimensional scaling plots (see Appendix B.2 and Appendix B.4 for

Jaccard dissimilarities of all technical replicates). While culture status did signifi-

cantly impact the metabolite profiles of experimental co-ferments overall, this ef-

fect was not significant for one-way permanova testing when applied within juice

treatments. Two-way ANOVA of the concentrations of individual metabolites

indicated a number of compounds which significantly differed between ferments

of co-evolved strains and mono-culture strains. e relative abundances of each

compound compared to ferments derived from ancestral strains as shown in Figure

5.5.

5.5 Discussion

We found that after ∼65 generations, C. glabrata or P. kudriavzevi species appear

to have co-evolved as a consequence of serial co-culture, and that this co-evolution

has significantly shifted the balance and composition of many of the flavour and

aroma compounds we quantified. Contrary to the findings of Lawrence et al.

(2012) we did not find evidence of cross-feeding following serial co-culture of C.

glabrata and P. kudriavzevi. As observed by Lawrence et al. (2012), cross-feeding

species are predicted to have higher fitness than mono-culture equivalents when

grown together and lower fitness when grown in isolation. Lawrence et al. (2012)

observed that cross-feeding species evolve to diverge their sources of chemical

energy and metabolise the waste products produced by their cross-feeding part-

ners. Consequently, in cross-feeding species, growth rates and cell densities are

significantly higher than mono-culture equivalents when grown together because

competition for resources is reduced. Lawrence et al. (2012) noted that these cross-

feeding adaptations appeared to make cross-feeding species sub-optimally adapted
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Table 5.1: Results of Permutation ANOVA of Jaccard dissimilarities between com-
bined metabolites, Esters, Fatty acids, C6 compounds, Higher alcohols, and Ter-
pene profiles using mono-culture and coculture strains across two juices (9999 per-
mutations).

Effect df SS MS F pseudo R2 P

All metabolites

Juice 1 0.62054 0.62054 14.4233 0.38460 0.0005
Culture status 1 0.19789 0.19789 4.5995 0.12265 0.0222
Interaction 1 0.02063 0.02063 0.4795 0.01279 0.6279
Residuals 18 0.77442 0.04302 0.47997
Total 21 1.61347 1.00000

Esters

Juice 1 0.37632 0.37632 6.5290 0.22104 0.0121
Culture status 1 0.25674 0.25674 4.4543 0.15080 0.0334
Interaction 1 0.03194 0.03194 0.5541 0.01876 0.5288
Residuals 18 1.03750 0.05764 0.60940
Total 21 1.70250 1.00000

Fatty acids

Juice 1 1.0273 1.02727 8.2687 0.29638 0.0001
Culture status 1 0.1238 0.12376 0.9961 0.03571 0.3822
Interaction 1 0.0788 0.07878 0.6341 0.02273 0.6884
Residuals 18 2.2362 0.12424 0.64519
Total 21 3.4660 1.00000

C6 compounds

Juice 1 0.58652 0.58652 99.038 0.78388 0.0001
Culture status 1 0.02806 0.02806 4.738 0.03750 0.0309
Interaction 1 0.02705 0.02705 4.567 0.03615 0.0320
Residuals 18 0.10660 0.00592 0.14247
Total 21 0.74823 1.00000

Higher alcohols

Juice 1 1.47854 1.47854 281.632 0.93292 0.0001
Culture status 1 0.00574 0.00574 1.093 0.00362 0.2086
Interaction 1 0.00607 0.00607 1.156 0.00383 0.3678
Residuals 18 0.09450 0.00525 0.05963
Total 21 1.58484 1.00000

Terpenes

Juice 1 0.47113 0.47113 24.7756 0.52730 0.0001
Culture status 1 0.07879 0.07879 4.1434 0.08818 0.0203
Interaction 1 0.00127 0.00127 0.0669 0.00142 0.9720
Residuals 18 0.34229 0.01902 0.38309
Total 21 0.89348 1.00000

for growth on their own and demonstrated that, when grown in isolation, cross-

feeding species had significantly lower growth rates and cell densities compared

to mono-culture equivalents. Instead we see co-culture strains of C. glabrata and

P. kudriavzevi showing lower Vmax and cell densities than mono-culture strains

when grown together. e reduced fitness of the co-evolved strains when grown
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Figure . : Relative metabolite concentrations of co-culture and mono-culture
strains that were inoculated in Juice A – the juice they were serially co-cultured in.
Relative concentrations of metabolites in samples are expressed as the difference
in concentration between sample and ancestral strain expressed as a proportion of
the ancestral strain.

together is consistent with antagonistic interactions between species that appear

absent in mono-culture equivalents. When interactions between microbes are an-

tagonistic, chemical energy available for reproduction is reduced by the metabolic

costs of stress responses elicited by other microbes or on producing metabolites

that reduces the reproductive success of other microbes.
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Here we exploit the known effects of altering juice chemistry on the final

metabolite profiles of wine produced by a single strain of S. cerevisiae (Fuleki and

Ricardo-Da-Silva, 2003; Koundouras et al., 2006; Loscos et al., 2009; Keyzers and

Boss, 2010; Bindon et al., 2013; Parish et al., 2016). By doing so, we can detect

differences in the metabolic output of co-evolved or mono-cultured strains of C.

glabrata or P. kudriavzevi by comparing the metabolite profiles of wines initially

seeded with co-evolved or mono-cultured strains. is study demonstrates the

use of co-evolution as a means of diversifying the metabolic products of commer-

cially important microbes. To the best of our knowledge, this is the first time that

the evolution of microbial interactions in the lab has been shown to significantly

modify the metabolite profiles of experimental wine ferments.

One important consideration of utilising co-evolution to alter microbial meta-

bolism is generation time. As the number of generations increases, so does the

likelihood that the phenotype of different evolutionary lines will diverge from one

another. It is possible that the apparently antagonistic interaction between co-

evolved C. glabrata and P. kudriavzevi may not represent a stable evolutionary

state, and may intensify or change entirely given more generation time. A number

of studies of experimental co-cultures have reported that the nature of microbial

interactions do change over time (Poltak and Cooper, 2011; Andrade-Domínguez

et al., 2014); some become increasingly mutualistic, others increasingly antagonis-

tic. is phenotypic variation through time further increases the pool of yeast

phenotypes from which strains can be selected and bred from as transitional phe-

notypes can be archived in glycerol storage.

It is important to note that this experimental design does not resolve whether

the up-regulation or down-regulation of any one compound is a result of adap-

tation to other members of co-culture. Metabolic traits may not be adaptive in

themselves but may covary with traits that are through gene linkage (Gould and

Lewontin, 1979). Furthermore, our experimental design does not allow us to de-

termine what species is driving the abundance of any one metabolite. For example,

it is unclear whether C. glabrata or P. kudriavzevi directly affect the concentration

of sensory compounds (by producing or metabolising them) or whether they af-
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fect them indirectly by altering the metabolism of the VL3 strain of S. cerevisiae.

What this study does show is that the products of commercial fermentation by S.

cerevisiae are sensitive to changes in juice chemistry produced by co-evolved strains.

Another key consideration for this study is species number. In this study we

report on interactions between two species, but it should be noted that the complex-

ity and nature of microbial interactions can differ dramatically depending on the

numbers present in co-culture (Barraclough, 2015; Fiegna et al., 2015). Lawrence

et al. (2012) used 4 bacterial species in a simulated community and detected ev-

idence of mutualistic co-evolution. Fiegna et al. (2015) found in experimentally

assembled biofilm communities that species interactions evolved to be less nega-

tive over time, particularly in diverse communities. It seems reasonable to suggest

that the nature and impact of microbial interactions on metabolite profiles may

vary depending on the number and types of yeast species used. is complexity

greatly enhances the potential for commercial researchers to generate a vast num-

ber of possible phenotypes – and subsequently, flavour and aroma profiles – by

co-evolving a small number of yeasts in different combinations.

It should be noted that antagonistic, neutral, or mutualistic microbial interac-

tions do not predict whether the interaction is commercially valuable. e value

of any microbial interaction in changing the metabolite profiles of any commer-

cially valuable microbe depends on what metabolite profile is considered desirable.

Inducing co-evolution between wine yeasts merely represents a tool for diversify-

ing the metabolite output of prospective yeast species. By diversifying the possible

phenotype of yeast species, one can increase the pool from which strains can be

selected, bred from, or used directly.

Co-evolution is a powerful mechanism with which researchers can diversify or

differentiate the metabolic activity of scientifically and/or commercially important

organisms. Interactions between yeasts in commercial ferments, whether coinci-

dental or derived from co-evolution, undoubtedly play a role in shaping the sensory

properties of many commercial wines, especially those produced by spontaneous

fermentation of harvested grape juice. Fermentative foods represent a powerful

model for dissecting processes of microbial community formation (Wolfe and Dut-
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ton, 2015). Here we demonstrate the potential for utilising both biotic and abiotic

pressures to diversify the metabolic activity of commercially valuable yeast species.

is study provides a tentative insight into the commercial and scientific value

of microbial co-evolution; the practical applications of controlling wine sensory

properties are vast, and elucidating the many mechanisms of evolution opens up

exciting new areas of research.
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General Discussion 6

6.1 Summary of key findings

e main objective of this thesis was to use next-generation sequencing of New

Zealand vineyard samples to estimate community structure within these samples,

and use community sequence data to robustly test a number of ecological hypothe-

ses. is thesis successfully achieves these aims and in doing so demonstrates:

1. the contributions of natural selection and neutral process in shaping com-

munity diversity within New Zealand vineyards (Chapter 2);

2. the relationships between bark, soil, and fruit communities and those present

in commercial ferment tanks (Chapter 3);

3. the significant regional clustering of ferment diversity (Chapter 3); and the

differential effects of vineyardmanagement practices on vineyard and winery

communities (Chapter 4).

In addition to these research goals using next-generation sequence data, this

thesis included a culture-based component aimed at exploring co-evolutionary

phenomena and the impacts of microbial interactions on the growth and metabolic

activity of interacting species. is research successfully reapplied a serial transfer
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procedure developed for bacterial species and induced the evolution of novel in-

teractions between two non-Saccharomyces yeast species. is research successfully

tested the nature of this interaction using growth analysis and went on to demon-

strate that the evolution of these novel yeast interactions significantly affects the

production of commercially important metabolites in experimental fermentations.

In the second chapter, I quantified the relative contributions of selective and

neutral processes in shaping fungal diversity in conventionally managed sauvignon

blanc vineyard blocks using 454-pyrosequencing. I found that species richness

and community structure are not homogenous but significantly varied with vine-

yard habitat and region. Across all vineyard samples, habitat explained the greatest

proportion of the variation in community structure compared to region, indicat-

ing that selection is the primary driver of fungal diversity in vineyards. Regional

differences explained less variation than habitat, but nevertheless significantly af-

fected community structure in bark, soil, and fruit samples respectively. I found

no evidence that fungal diversity in vineyards significantly varies with latitude as

it does with larger plant and animal communities.

In the third chapter, I examined the fungal diversity present in juice harvested

from previously sampled vineyard blocks. I found that fungal communities present

in juice significantly varied across the different wine-growing regions. I also dis-

covered that the most common and abundant fungal taxa present in juice and mid

ferment were also found in vineyard samples. A significant number of fungal taxa

were not observed outside of juice communities and these, for the most part, were

rare species in ferments. I found that community richness and structure in juice

significantly shifted over the course of the ferment with significantly fewer species

recovered from juice after five days of fermentation. As fungal diversity shifted

over the course of the ferment, so did its resemblance to different vineyard com-

munities. While fungi present in pressed juice most closely resembled the commu-

nities present on the surface of ripe grapes over bark or soil communities, over the

course of the ferment, fungal communities increasingly resembled the communi-

ties found on vineyard bark. As far as I am aware, this is the first time a study has

analytically quantified the connection between multiple microbial habitats in ter-
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restrial ecosystems and microbial communities present in industrial environments.

What’s more, this is the first study to report the significant regional differences

in microbial communities in winery ferments as a function of diversity in source

populations.

In the fourth chapter I presented evidence that the choice of agricultural man-

agement has a complex but significant effect on fungal diversity within vineyards.

Here I show that while biodynamic and conventional management may affect the

structure or richness of fungal communities within vineyard habitats, this effect

is not universal with different habitats being affected in different ways. I go on

to show that while vineyard diversity may be affected by the choice of agricultural

management, this choice did not translate to significant differences in the diversity

of ferment communities, nor the relative abundance of volatile thiols in the final

wines.

In the fifth chapter I examined the role of co-evolution and microbial interac-

tions between Candida glabrata and Pichia kudriavzevi in influencing the produc-

tion of flavour and aroma compounds in wine produced from polyculture of these

strains with Saccharomyces cerevisiae. Here I tested whether C. glabrata and P.

kudriavzevi could be induced to co-evolve using serial transfer poly-culture de-

scribed in Lawrence et al. (2012). I found that after ∼65 generations, co-evolved

strains of C. glabrata and P. kudriavzevi exhibited significantly different growth

rates and metabolic activity than their mono-culture equivalents. Unlike the find-

ings of Lawrence et al. (2012), I found no evidence of mutualistic cross-feeding

and suggest that the apparent interactions are antagonistic in nature.

6.2 Experimental limitations & considerations

6.2.1 Using short molecular markers to estimate diversity

is thesis primarily uses next-generation 454-pyrosequencing of the 26S rDNA

locus to identify and enumerate fungal taxa in environmental samples. Using

molecular markers like the 26S rDNA locus is a popular approach to profiling

microbial diversity. It is a cost-effective approach and offers a relatively efficient
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means of discerning between certain microbial taxa. Such diversity profiling is far

from perfect however, and such methods have a number of important limitations

that are important to consider when interpreting the results of down-stream anal-

ysis. One major drawback of using the 26S locus is that it doesn’t provide any

functional information about the organisms from which they came. is means it

is not possible to infer the phenotype of the organisms in question nor is it possible

to tell whether the original organism was actively growing, dormant, or dead in a

sample. What’s more, such molecular markers do not provide any information on

how that organism may be functioning within a community or ecosystem. is

is a significant drawback as analysing patterns based on taxonomic identities may

not be the most useful approach in studying community assembly. For instance,

Burke et al. (2011) found that bacterial community assembly was better explained

by the distribution of functional genes and not on phylogeny.

ere are certainly a number of alternative approaches to diversity profiling

[these are reviewed in: (Nocker et al., 2007; Su et al., 2012; Nowrousian, 2010)].

However, each approach has its own set of limitations to studying microbial di-

versity and the most suitable approach really depends upon the hypothesis being

tested and the scale of the sampling effort. One particularly exciting and promis-

ing approach being developed is the use of metagenomic assembly to recover en-

tire fungal genomes present in different microbial habitats. is would allow us

to estimate both taxonomic and functional diversity indirectly through the distri-

bution of different functional genes in the various species present. is approach

is primarily being developed and used to elucidate bacterial assemblages whose

smaller genomes and well curated reference databases makes them suitable targets.

Currently however, using such tools are very expensive per sample, require large

quantities of sample, need high computational demands, and require thoroughly

reviewed reference databases, which are often not yet available for fungi. Any

method that is relatively costly in time or money per sample restricts the level of

replication possible which in turn affects what hypotheses can be tested. As this

thesis represents one of the most extensive sampling of vineyard ecosystems that

samples multiple habitats across several regions, it would have been logistically im-
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possible to use any method that collected more detailed information per sample.

6.2.2 Are we comparing apples with apples?

At the heart of the sampling design and analysis of vineyard diversity was the as-

sumption that each ‘habitat’ (ie soil, bark, fruit, juice, midferment) were ecolog-

ically equivalent habitats. Ecologically equivalent in that, were one to artificially

relocate one species from one bark sample to another, it would have the same re-

productive success in either sample. However, it is unlikely that the physical and

biological environments were equivalent across different vineyards. Differences in

soil structure and chemistry, vine-age, surrounding plant species, stage of berry-

ripening, types and use of pesticides, storage, and handling conditions of juice

samples all may significantly affect fungal diversity within vineyard and winery

samples. I attempted to quantify the risk of some of these confounding factors

by submitting a questionnaire to the viticultural managers of each block. In the

vast majority of cases the information I wanted was simply not available and many

vineyard managers did not respond.

is sampling design attempted to constrain or minimise the ecological differ-

ences between samples of the same habitat by sampling the same cultivar (Sauvi-

gnon blanc vines), sampling two weeks before predicted harvest dates, and us-

ing consistent sampling procedures. Despite these efforts, our sampling design

could not entirely control or eliminate the potential for unseen confounding fac-

tors which could consequently be influencing my analyses. at said, it is impor-

tant to note that this limitation affects all studies of real ecosystems where it is

simply impossible to control or measure all the environmental conditions expe-

rienced by microbes. Normally the risk of introducing undetected confounding

effects is much higher when sampling heterogenous environments through space.

e power of this vineyard sampling design is that it at least allows us to constrain

these risks by using a human-managed system such as vineyards which are delib-

erately conserved.
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6.2.3 Are communities regionally adapted?

While I made every effort to ensure that sampling different regions did not repre-

sent sampling across ecological gradients, I could not eliminate the possibility that

the diversity of regional communities was a consequence of species sorting to the

local microclimates in each region. As such, I considered a supplementary experi-

ment to test for regional adaptation in fungal communities using live culture tech-

niques. However, this prospective experiment was dismissed upon encountering

serious conceptual and logistical problems to testing whether or not communities

were adapted to their respective regions. One such problem is how can one even

establish or simulate a ‘regional’ conditions that microbes experience? One could

use climatic or meteorological data such as temperature, rainfall, or sunlight hours

to represent regional environments. However, as the physical/chemical conditions

experienced by microbes can change dramatically over microscopic spatial scales,

it is unclear whether such broad meteorological data of a ‘region’ are even remotely

appropriate.

Another conceptual hurdle is that the conditions experienced by microbes in

real ecosystems are not stable and may vary considerably through time. If the

conditions a microbe experiences fluctuate through time, then species sorting of

communities may not occur fast enough to ensure any community is well adapted

to its environment. Fox and Harder (2015) found that species sorting and local

adaptation in lake bacteria failed to keep pace with temporal variation in water

chemistry.

e design of this thesis does not allow us to resolve the impacts of specific en-

vironmental conditions (such as rainfall), nor eliminate the possibility that regional

differences are not due to neutral processes and actually reflect the action of natu-

ral selection. Instead, the regional sampling design aims to capture a dimension of

community variation in which neutral processes are predicted to operate in, if they

are operating at all. erefore, I present the maximum theoretical contribution of

neutral processes to fungal diversity.
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6.2.4 Sampling through time

Another limitation of this experimental design – and all such sampling designs – is

that samples were collected at only one time point. As one investigates microbial

diversity through space, one should also consider the possibility that microbial

diversity may vary through time. Many studies have observed that community

structure and activity may not remain static through time andmay vary with season,

weather, or diurnal rhythms (Fierer et al., 2003; Ferrenberg et al., 2013; Bokulich

et al., 2014; Hartmann et al., 2015).

To complement the sampling through space, a supplementary study was at-

tempted to examine temporal changes in fungal diversity within a single West

Auckland vineyard. is study was intended to be carried out by replicate sam-

pling across a single vineyard block, taken once a month across multiple years.

Unfortunately this research was aborted after the winegrower decided to uproot

the entire vineyard block after the 9th sampling point. e study was discontinued

after this and not restarted to be a component of this thesis due to time constraints.

Exploring the temporal variability of the vineyard microbiota was subsequently re-

designed to be carried out at a later date by other doctoral candidates.

6.2.5 Can you represent vineyard diversity by one sample?

While human management of vineyard blocks attempts to achieve uniform distri-

bution of grape vines and other plant species, it is not clear whether microbial com-

munities are similarly uniform. Setati et al. (2012) found a high degree of struc-

ture across vineyard blocks. If vineyard communities do vary significantly across

vineyard blocks, then a sampling scheme of three pooled subsamples will not cap-

ture this variation. e limitation of under-sampling within vineyards represents a

trade-off in this experimental design. Increasing sampling effort within vineyards

would have greatly reduced sampling from different regions because of logistical/re-

source constraints. Consequently, I prioritised increasing replicate sampling across

regions and accepted the risk of inflating overall variation by under sampling vari-

able communities.
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6.2.6 Is this ‘connectivity’?

In chapter three, I used community profile data from 26S rDNA sequencing to

infer the relationships or connectivity between vineyard habitats. It is also impor-

tant to note that finding overlapping diversity between two environments does not

constitute empirical demonstration of source-sink relationships between those two

communities.

e relatively small length of these sequenced amplicons – covering the 26S

D1/D2 region – simply does not allow one to resolve small differences between

strains that could greatly enhance efforts to trace the presence and migration of

distinctive strains from vineyard samples to winery tanks.

ere are alternative ways in which one could more robustly demonstrate con-

nectivity between niches. One could trace the flow of microbial taxa by artifi-

cially seeding viticultural environments with molecular-labelled organisms and

trace their dispersal within vineyard and winery environments. Alternatively, one

could use metagenomic approaches to recover whole fungal genomes from differ-

ent habitats and trace the occurrence of different genotypes. Such approaches

would be limited by the high cost per sample which would greatly limit the exam-

ination of patterns of microbial diversity across large spatial scales.

Using marker sequences to show that certain 26S sequences recovered from

ferments and vineyards does not constitute evidence that the microbes came from

the vineyard, but it certainly provides a parsimonious explanation for where these

species came from.

Here I also implicate the role of bark and soil communities in seeding ferment

communities and suggest that some species are not transferred through fruit as I

did not detect them in fruit samples. It is of course possible that these fungi were

already present in very low numbers on the surface or embeddedwithin grape tissue

itself and therefore missed by the surface wash. No microbial sampling protocol

can eliminate the possibility of species present below detectable levels, although

the ability to detect rare species could of course be further improved by greater

sampling effort. Previous studies of different microbial recovery techniques from

grape bunches suggest that washing alone can recover at least 80% of all detectable
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species (Prakitchaiwattana et al., 2004) and so it is probable that some fruit fungi

were missed by sampling. However, these considerations do not invalidate the

conclusions that fungi found in soil and bark are important in influencing ferment

diversity as these niches are two likely sources of any undetected species colonising

fruit during their development.

6.2.7 Are ‘biodynamic’ and ‘conventional’ vineyards a meaningful

comparison?

As a part of this thesis, I explored the effect of human agricultural management

practices by comparing fungal communities under biodynamic and conventional

management practices. Neither biodynamic nor conventional management styles

represent a specific set of vineyard treatments and realistically consist of a spec-

trum of practices loosely bound by commercial and legal guidelines. Ultimately,

winemakers were segregated by how they identified themselves – whether they con-

sidered they practiced ‘conventional’ viticulture or whether they adhered to ‘biody-

namic’ practices defined by commercial regulatory bodies.

Looking at other studies, a common approach to testing the impacts of human

interventions on microbial diversity is to systematically constrain and minimise the

contributions of unintended variables and only examine the effect of very specific

treatments. An example of this would be to measure the effect of a defined con-

centration of a certain brand of fungicide on the communities of a particular part

of the plant at a specific time of the year at defined intervals. Such an approach

would afford greater power to quantify the strength of specific effects in an open

and complex ecosystem; a power that often comes at a cost of constraining sample

size.

For this study, residual variation in microbial diversity from uncontrolled en-

vironmental variables – in the form of variably applied viticultural practices – is

of crucial interest. Here I sampled a realistic spectrum of vineyard practices that

reflect contrasting philosophies and want to know whether the strength of this ef-

fect can be observed given an established range of practices. e sampling design

is constrained as much as possible to sample within previously reported spatial and
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environmental gradients that appear to affect vineyard microbial diversity (grape

variety, timing of grape development, spatial sampling on the vine and within

the vineyard) (Gayevskiy and Goddard, 2011; Bokulich et al., 2014; Morrison-

Whittle and Goddard, 2015). Ideally one would sample across these effects to

further compare and contrast the various drivers of community diversity. Unfortu-

nately, it was impossible to secure sufficient numbers of biodynamically-managed

sauvignon blanc blocks across different regions to allow for such comparisons.

While this approach is inherently more likely to yield a high level of varia-

tion between samples, it is a more powerful and honest evaluation of the overall

effects of biodynamic and conventional management compared with the residual

variability of the system. is would not be achieved as satisfactorily if sampling is

constrained to only examine the effect of specific vineyard interventions that make

up a small fraction of the two different approaches to viticulture.

Even though sampling was not tightly constrained regarding details of vineyard

interventions, one can nevertheless observe that biodynamic and conventional la-

bels actually do translate to overall differences in fruit, soil, and bark communities.

is allows greater confidence that the patterns reported here are robust and may

more realistically reflect the degree to which the choice of different management

regimes influences resident microbial communities.

e presence of uncontrolled variables brings with it a risk that any differences

observed may merely be a result of sampling bias across an unrecognised factor

which in turn would then be conflated with effect of viticulture. While I acknowl-

edge the potential for unseen sampling biases, I am not aware of any systematic

differences between biodynamic vineyards and conventional vineyards other than

the differences in viticultural practices.

6.2.8 Experimental evolution

In this thesis, I examined the impacts of coevolution on two yeast species by com-

paring the growth rates and metabolic activity of co-culture and mono-culture

strains produced by a serial transfer culture protocol described in Lawrence et al.

(2012). It is important to note that the results obtained may be different with al-
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teration of the experimental protocol which may explain the discrepancy between

the findings of Lawrence et al. (2012) in bacteria and this study using eukaryotes.

It is conceivable that the choice of media, incubation temperatures, and timing of

transfers may all affect how co-culture species co-evolve and how this co-evolution

affects their growth and metabolism.

e number of species used in serial transfer of polyculture may also signifi-

cantly impact the experimental outcomes. Lawrence et al. (2012) found evidence

of cross-feeding between members of polyculture comprising four bacterial species.

It is possible that cross-feeding like behaviours are more likely in more diverse as-

semblages. is is is supported to some degree by Fiegna et al. (2015), who found

that species interactions in experimentally assembled biofilm communities evolved

to be less negative over time – particularly in diverse communities. e use of only

two species in this co-evolution experiment was partly due to logistical constraints

during the selection of candidate species. e potentially usable species combina-

tions were greatly restricted to species combinations with distinctive colony mor-

phologies which grew at similar rates in the pressed juice growth media. e high

sugar media meant that differences in growth rates translated to vast differences in

population size emerged very quickly. Early co-culture trials using multiple species

were unsuccessful with only one or two colony types recoverable.

It is also important to note that the nature and effects of microbial interac-

tions between the two yeast species may not be stable, and may have changed if

I had increased the number of generations in the serial transfer step. is was

reported by Andrade-Domínguez et al. (2014) who found that the nature of mi-

crobial interactions between experimental co-culture of a yeast and a bacterium

(Saccharomyces cerevisiae and Rhizobium etli respectively) changed with increasing

generation time.

6.3 Broader implications for ecological theory

is thesis represents a substantial step forward in elucidating the diversity of vine-

yard fungi. Our design represents the most extensive vineyard sampling to date in

terms of the number of microbial habitats sampled and the size of the geographic

113



. General Discussion

area sampled.

6.3.1 Neutral vs selective processes

rough estimating the relative strength of selective and neutral processes in gener-

ating variation in community structure, these results further illustrate that different

species are found in different places either by niche or by geography. Given the

individually conserved adjacent niches sampled over varying distances, these data

demonstrate that communities share greater similarities according to niche rather

than distance. Selective forces will drive similarities between niches regardless of

distance, and a range of neutral forces will drive similarities between geographic

locations regardless of niche. Ultimately, this means that niche effects may ex-

plain about one-quarter of the variance in community composition, but only one-

twentieth of the variance (four-fold less) may be explained by geographic location.

Other studies have observed regionally structured communities in vineyards

before (Gayevskiy and Goddard, 2011; Bokulich et al., 2014; Taylor et al., 2014),

but this is the first study to quantify the relative strength of selective and neutral

processes in defining microbial communities across regions for the vineyard ecosys-

tem. us, these data add to our understanding of the relative magnitude of the

forces that regulate community composition for eukaryotic microbes, which are

crucial components of both natural and agricultural ecosystems.

While this data show selection is impacting community structure to a greater

degree than the neutral processes, I demonstrate the balance of neutral forces is

significant. In principle any of the neutral forces of differential speciation, com-

munity drift, dispersal limitation, or their interaction might underlie the neutral

component defining community difference in this system. I evaluate the net effect

of these processes (within niche variation) compared with selective processes (be-

tween niche variation), as the data and experimental design prohibit examination

of these forces in isolation.

As of yet, there are no studies examining whether this pattern holds more

broadly across other ecosystems, or at larger scales; therefore it not safe to assume

that the relative contributions are the same across other terrestrial systems.
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Previous research on other biological communities has not yielded any clear

consensus on the relative strength of neutral and selective processes whose bal-

ance may vary considerably across different ecosystems. e balance of commu-

nity assembly processes appear to vary depending on the spatial (Martiny et al.,

2011) or temporal (Ferrenberg et al., 2013) scales being studied, the size of micro-

bial habitats (Fukami, 2004; Lomolino, 1990; Petraitis and Latham, 1999), the

distances between communities (Robeson et al., 2011; Robinson and Edgemon,

1988; Whitaker et al., 2003), and continuity of habitats across landscapes (Cotte-

nie, 2005).

6.3.2 Connectivity and diversity overlap of adjacent habitats

Uncovering the relationships between adjacent habitats is a difficult challenge. To

begin with, there may be many different reasons why one species is found across

multiple habitats. As microbial populations tend to be very large and easily dis-

persed it is unsurprising that many species may be found in multiple habitats even

if they can’t grow in them. is is particularly likely with species capable of enter-

ing metabolic dormancy or which create survival structures such as spores. In other

cases, microbes might be detectable across multiple habitats by being ‘generalists’

and capable of surviving and actively growing in a variety of conditions.

Using molecular markers such as ribosomal rDNA to profile diversity does not

provide functional information about the cells they come from such as whether

they are dormant or actively growing cells. It therefore follows that one can-

not clearly discern mechanisms or consequences of ‘connectivity’ between habitats.

at said, the sampling design of sequence data presented in this thesis gives some

tentative information of the ecology of different fungal species. For instance, how

consistently a species appears in different habitats and their relative abundance in

each gives us some room for inference. e regional sampling design is extremely

useful in this regard in that allows one to examine whether species consistently

appear in particular habitats and whether they are consistently rare or abundant.

Taxa appearing very rarely in a habitat may reflect some stochastic or unseen effect

– like a mushroom sporulation close to the sampled vine. By contrast, species that
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consistently appear in certain habitats in relatively high abundances are far more

likely to be consistent members of that community and may have predictable ef-

fects on community structure and function.

It seems this is particularly important when interpreting the presence and abun-

dance of species in midferment samples. Juice is a high sugar environment which

permits the very rapid growth of microbes capable of tolerating the low pH and

high osmotic pressure. e population densities of species that can thrive in this

environment, such as fermentative yeasts, predictably come to dominate micro-

bial biomass in juice samples and become the most abundant sequences after 454-

pyrosequencing (Goddard, 2008). Here I observed a number of species appearing

in freshly pressed juice samples which may be growing, dormant, or dead. We

would expect that the relative abundance of all non-growing species to diminish

as the population density of other species takes off. For the most part, this is what

we found but in some cases the relative abundance of non-Saccharomyces fungi ap-

peared to actually increase over the course of ferments. What was fascinating and

unexpected was that these species tended to be most commonly found in abun-

dance in bark or soil samples rather than fruit samples. Species regularly appearing

in relatively high numbers on vine bark that readily survive and grow in ferments

may well be generalist species and be of interest to ecologists and winemakers alike.

is experimental design doesn’t allow one to be certain about the ecology of

different species, but it does demonstrate that by careful experimental and sam-

pling design, we can extract information on consistent and robust patterns. e

data and analysis presented in this thesis represent one of the most extensive sam-

pling of multiple plant-associated microbial communities through space and repre-

sents amajor advance in how these communities can vary within respective habitats.

is thesis addresses the age-old question regarding the origin of wine microbes

and furthers our understanding of complex microbial landscapes. It represents

an important advance in understanding the nature and connection of various mi-

crobial communities in a landscape, and how agricultural products and processes

might be affected. Improving our understanding of this cryptic relationship will

not only lead to improved management techniques, but also create the opportunity
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to harness and engineer complex microbial ecosystems for more sustainable use.

6.3.3 e realistic impact of human activities on microbial landscapes

is study has taken a significant step forward in quantifying how biodiversity

is impacted by different agri-management approaches, and evaluating the flow-

through effect on the harvested crop and its microbially-derived products. To my

knowledge, this is the first study to test these questions. In characterising diver-

sity across multiple habitats, I demonstrated not only that varying management

practices for the cultivating plant species can significantly affect resident microbial

communities, but also that these effects are complex and that communities are

differentially impacted contingent upon habitat. Additionally, these data show

that while one can observe differences in diversity between management practices,

these differences are far less pronounced than those imposed by selection in dif-

ferent habitats. Elucidating the relationship between human interventions and

microbial ecosystems represents an exciting frontier of research. It is especially rel-

evant for the wine industry as it shows that management decisions in the vineyard

can directly impact microbe communities that live within commercially valuable

grape vines.

Here I demonstrated that such impacts on vineyard diversity may not neces-

sarily alter the harvest crop or the products the crop might be transformed into by

microbes. While I have demonstrated that human activity can effect significant

changes in fungal diversity, we are not yet in a position to predict the ecological

ramifications as we still know very little about the genetic and phenotypic diversity

of fungi.

Moving forward, the impacts of human activity on fungal biodiversity are likely

to become the subject of increasing commercial and scientific interest as we dis-

cover more about how microbial communities can affect the health, development,

and resilience of plant species and the crops and products from which they are

derived (Lau and Lennon, 2011, 2012; Sugiyama et al., 2013; Panke-Buisse et al.,

2015).
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6.3.4 Using co-evolution and microbial interactions to diversify

microbial metabolism

is study used serial transfers of co-culture to induce co-evolution between two

yeast species, and in doing so, demonstrated the impact of co-evolution on the

metabolic activity on experimental strains. Here I tested whether co-evolved eu-

karyote strains exhibited any evidence of cross-feeding as did bacterial strains used

by Lawrence et al. (2012).

is study does not constitute evidence against the prevalence or importance

of cross-feeding in eukaryotes. In essence I report that methods which apparently

work to induce cross-feeding in bacteria do not necessarily have the same outcome

in eukaryotes. Failure to reproduce cross-feeding using this experimental design

does not support or reject the idea of cross feeding in eukaryotes – at this stage

there is simply no real evidence to support the idea that they do.

Fermentative foods present a powerful model for deconstructing processes of

microbial community formation (Wolfe and Dutton, 2015). However, using such

models to extrapolate information of wild populations is not straight forward. For

one thing, experimental evolution of microbial assemblages in controlled condi-

tions often necessitates using far fewer species than may be present in natural

communities. A number of studies have reported that the species richness of a

community can significantly impact rates of adaptation (De Mazancourt et al.,

2008), microbial interactions (Fiegna et al., 2015), ecosystem functioning (Bell

et al., 2005b; Cardinale, 2011), and responses to disruption/disturbance (Hughes

et al., 2008).

Here I demonstrated the emergence of co-evolution after ∼65 generations. It

could be that the rapid evolution of these microbial species in laboratory conditions

may be a product of nutrient-rich conditions present in sterilised juice and not

reflective of rates in diverse microbial communities (Rensing et al., 2002).
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6.4 Broader implications for industry

is thesis presents the most comprehensive picture to date of the complex fungal

landscapes within vineyards. e data and analyses presented in this study have

a direct bearing on the sale, management, and research and development of com-

mercial wine production both in New Zealand and internationally.

Fungal communities play an integral role in the production of wine, both in

influencing the health and development of grapevines and in the fermentation of

vine derived sugars into alcohol and flavour and aroma compounds (Ciani et al.,

2010; Knight et al., 2015). e types and abundance of fungal species present in a

vineyard are already important concerns to winemakers – at the very least because

of the impact of pathogens or spoilage species.

We know that plants have complex assemblages of microbes associated with

their tissues and surfaces, and we are discovering that some species have a consider-

ably beneficial impact on the health and development of plant species. erefore,

it is not unreasonable to expect that agricultural managers may also care about

the microbial community associated with their crops. Currently, we do not have

enough information about the activity of the many vineyard fungi to make pre-

dictions about how different fungal community structures may affect grape vine

health and development. Nevertheless, this research represents an essential first

step towards generating predictive ecosystem models that predict the impact of

desirable and potentially harmful fungi.

6.4.1 Looking across varieties?

One major caveat of this research is that the incidence of particular species within

vineyards, across regions, or between management styles may be specific to the

sauvignon blanc variety of grape. Previous research has indicated that fungal di-

versity associated with grape vines may be significantly affected by the variety of

grapes being sampled (Gayevskiy and Goddard, 2011; Bokulich et al., 2014).

As this study only samples one grape variety, it is not clear whether the rela-

tive abundances of particular fungal taxa presented in this thesis are generalisable to
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other grape varieties. It is conceivable for instance that some species may be com-

mon on sauvignon blanc, but rare on other grape varieties and vice versa. However,

we have no reason to think that the broader patterns of fungal diversity reported

here – regional diversity, vineyard-winery connectivity, and impact of agriculture

– differ between grape varieties.

6.4.2 Region and terroir

e finding that fungal diversity within the vineyard and winery appear to be sig-

nificantly clustered across regions has a direct bearing on the commercial value

of New Zealand wines. e concept of terroir or ‘sense of place’ is an important

one underpinning the history of the wine industry and suggests that the flavour

and aroma of wine is inextricably linked to the location and conditions in which

it was made. e results of this thesis have been presented piecemeal to the New

Zealand wine industry over the course of this research. e finding of clustered

regional diversity has echoed the results of research carried out in parallel examin-

ing the population genetics of S. cerevisiae (Knight and Goddard, 2015a; Knight

et al., 2015). e idea of geographically clustered communities or strains has been

the focus of significant interest within the industry locally and internationally; this

has provoked a considerable amount of research investment. Future research aims

not only to determine how much regional diversity may affect the properties of

wine, but also to explore how such data can be harnessed to improve current wine

production.

6.4.3 Connecting vineyards and wineries

e findings of the relationship between vineyard and ferment communities is in

all likelihood an intuitive one for winemakers. Nevertheless, the results presented

in this thesis have implications for vineyard management decisions, particularly

for winemakers that do not inoculate with commercially available yeast strains. In

these ‘wild’ ferments, non-fermenting microbes have a greater opportunity to grow

and metabolise in grape juice before being eventually competitively excluded by

Saccharomyces species. ese metabolic contributions by non-Saccharomyces species
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in the early ferment has already become the subject of considerable research in-

vestment with some species already developed and commercially available (Anfang

et al., 2009).

e data presented in this thesis provides considerable information about where

such species may be coming from within the vineyard. As far as I am aware, this

study is the most comprehensive study of fungal communities within vineyards,

both across different habitats and across different regions. Here I record the in-

cidence of different species in different vineyard and winery habitats through di-

versity profiling, which does not provide functional information about what these

species may be doing in these different habitats. As such, the data presented in

this thesis does not allow inference of the contributions of different species to wine

aroma and flavour, nor is it possible to discern whether a species is actively growing

in a particular environment or whether it is metabolically dormant.

6.4.4 Management decisions

is thesis goes on to present evidence of the complex effect of management choice

on the biodiversity of vineyards and has clear implications for wine makers and for

viticultural research.

ere are many studies reporting the impacts of specific agricultural interven-

tions. For instance, many studies report the effects of fungicides on microbial

diversity but these mostly examine a narrow range of fungicides and usually only

on one community – mostly grapes (Comitini and Ciani, 2008; Čadež et al., 2010;

Schmid et al., 2011; Barata et al., 2012; Martins et al., 2012, 2014; Perazzolli

et al., 2014). While such studies provide invaluable information about the effects

of these particular fungicides, it is often unclear whether or not their findings are

generalisable outside of the conditions studied. A number of questions would then

follow: if a study reports a significant effect of a particular fungicide, does this ef-

fect hold for all fungicides? Is the effect present when the amount or timing of the

fungicide spraying changes? Are all communities affected by this fungicide? From

an agricultural perspective, these are very important questions as the use, timing,

and types of such treatments may vary from site to site.
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One major advantage of this study design in comparing the effects of biody-

namic vs conventionallymanaged vineyards is that each treatment groupwill reflect

a far more realistic range of the timing and types of phytochemicals used. While

this undoubtedly increases the amount of variation between samples, that varia-

tion is a more realistic reflection of the spectrum of interventions comprising each

treatment. e power of this study is that the results are far more generalisable

than any study examining the impact of specific interventions.

6.4.5 Using co-evolution for strain development

Co-evolution is a powerful mechanism with which researchers can diversify or

differentiate the metabolic activity of scientifically/commercially important organ-

isms. is thesis used serial transfers of co-culture to induce co-evolution between

two yeast species and in doing so demonstrated the impact of co-evolution on

the metabolic activity of experimental strains. Here I demonstrate the potential

for utilising both biotic and abiotic pressures to diversify the metabolic activity of

commercially valuable yeast species.

While this study did not find any evidence of cross-feeding between exper-

imental strains, it should be noted that antagonistic, neutral, or mutualistic mi-

crobial interactions do not affect whether the interaction is commercially valuable.

e value of any microbial interaction in changing the metabolite profiles of any

microbe depends on which metabolite profile is considered desirable.

Here I show the potential of induced co-evolution between wine yeasts as a

tool for diversifying the metabolite output of prospective yeast species. By diversi-

fying the possible phenotype of yeast species one can increase the pool from which

strains can be selected, bred from, or used directly.

e findings presented here may also be useful in understanding the complex

relationship between fungal diversity in grape juice and the flavour and aroma of

‘wild’ ferments’. Here I demonstrated that interactions between yeasts in com-

mercial ferments, whether coincidental or derived from co-evolution, can signifi-

cantly change the sensory properties of ferments. If such interactions exist within

ferment communities, then it follows that they may be significantly affecting the
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flavour and aroma of the final wines. It would be interesting to determine whether

community structure or presence of microbial interactions were more important in

determining the sensory properties of final wines.

6.5 Concluding Remarks

is thesis takes a major step toward revealing the diversity and community struc-

ture of vineyard fungi. ese study designs represent the most extensive vineyard

sampling to date in terms of the number of microbial habitats sampled and the size

of the geographic area sampled. e data and analyses presented herein represent

a considerable sampling effort of multiple plant-associated microbial communities

through space, and constitute a major advance in how and why these communities

can vary within respective habitats. e scale of sampling gives us an unprece-

dented insight into complex microbial landscapes of artificially managed ecosys-

tems, and reveals some tentative information on the ecology of different fungal

species, the findings of which have a direct bearing on management of commercial

vineyards and the value of their wines. Interactions between yeasts in commercial

ferments, whether coincidental or derived from intentional co-evolution, can sig-

nificantly change the sensory properties of ferments. is is particularly valuable

for winemakers who do not inoculate with commercially available yeast strains.

is is the first study to quantify the relative strength of selective and neutral

processes in defining microbial communities across regional scales for this man-

aged ecosystem. is research also provides insight into the classic question regard-

ing the origin of wine microbes and advances our understanding of complex mi-

crobial landscapes. Further, the concept of terroir is geographically demonstrated

in this study; fungal diversity within the vineyard and winery appear to be signif-

icantly clustered across regions, and this has a direct bearing on the commercial

value of New Zealand wines.

Further, this study quantifies how biodiversity is impacted by different agri-

management approaches, and evaluates the flow-through effect on the harvested

crop and its microbially-derived products. e variation between these locations’

management practices, and subsequently the samples derived from them, is what
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makes the practical application of these results more likely; they are far more gen-

eralisable than any study examining the impact of specific interventions.

Overall, these findings may significantly benefit the wine industry and can

assist in developing productive and sustainable management practices, as well as

elucidate fundamental ecological relationships within and between microbial com-

munities.
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Appendix Chapter 2 A

Table A.1: Results of additive diversity and null model testing (Crist et al., 2003) of
fungal communities in soil, bark, fruit, and combined niches (9999 permutations).

α1 α2 β1 β2 γ

Bark
Observed 103.42 374.83 271.42 803.17 1178
Simulated 206.56 547.68 341.11 630.32 1178
P -values 1e-04 1e-04 1e-04 1e-04 1

Fruit
Observed 28.912 84.667 55.755 196.333 281
Simulated 44.196 109.187 64.991 171.813 281
P -values 1e-04 1e-04 1e-04 1e-04 1

Soil
Observed 222.06 823.67 601.61 1771.33 2595
Simulated 361.27 1063.52 702.25 1531.48 2595
P -values 1e-04 1e-04 1e-04 1e-04 1

Combined Niches
Observed 323.03 1162 838.97 2421 3583
Simulated 553.05 1556.69 1003.65 2026.31 3583
P -values 1e-04 1e-04 1e-04 1e-04 1
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Table A.2: Results of 2-way PERMANOVA using four different community
dissimilarity metrics: Jaccard (non-binary), Bray-Curtis (non-binary), Euclidean,
and Manhatten

Effect df SS MS F pseudo R2 P

Jaccard

Region 5 3.02 0.60 2.21 0.07 <0.001
Niche 2 11.13 5.56 20.38 0.26 <0.001
Interaction 10 5.14 0.51 1.88 0.12 <0.001
Residuals 88 24.01 0.27 0.55

Bray-Curtis

Region 5 2.86 0.57 3.07 0.08 <0.001
Niche 2 14.58 7.29 39.06 0.38 <0.001
Interaction 10 4.31 0.43 2.31 0.11 <0.001
Residuals 88 16.42 0.19 0.43

Euclidean

Region 5 1892797.00 378559.00 3.57 0.08 <0.001
Niche 2 8225913.00 4112957.00 38.83 0.36 <0.001
Interaction 10 3292546.00 329255.00 3.11 0.14 <0.001
Residuals 88 9320249.00 105912.00 0.41

Manhattan

Region 5 18160836.00 3632167.00 3.07 0.08 <0.001
Niche 2 92414312.00 46207156.00 39.06 0.38 <0.001
Interaction 10 27297099.00 2729710.00 2.31 0.11 <0.001
Residuals 88 104093782.00 1182884.00 0.43
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Table A.3: Results of weighted-Unifrac analysis (Lozupone et al., 2006) using Yue
& Clayton measaure of dissimilarity

Comparison W-Score P

Between Niches
Bark Fruit 1.0000 <0.001
Bark Soil 0.9876 <0.001
Fruit Soil 1.0000 <0.001

Between Regions

Awatere Central Otago 0.5853 <0.001
Awatere Hawkes Bay 0.5763 <0.001
Central Otago Hawkes Bay 0.6507 <0.001
Awatere Martinborough 0.6014 <0.001
Central Otago Martinborough 0.6384 <0.001
Hawkes Bay Martinborough 0.6914 <0.001
Awatere Nelson 0.7435 <0.001
Central Otago Nelson 0.7563 <0.001
Hawkes Bay Nelson 0.6635 <0.001
Martinborough Nelson 0.7311 <0.001
Awatere Wairau 0.5814 <0.001
Central Otago Wairau 0.6873 <0.001
Hawkes Bay Wairau 0.6005 <0.001
Martinborough Wairau 0.6343 <0.001
Nelson Wairau 0.6630 <0.001
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Table A.4: A) Results of niche specific Mantel test across all regions and within
region mantel tests (permutations = 9999). B) Distances (in kms) between the
vineyard sampling sites

A) Niche specific tests r P -simulated

Bark

Overall 0.103 0.1114
Hawkes Bay 0.666 0.0109
Martinborough 0.014 0.4408
Nelson -0.169 0.7452
Wairau -0.152 0.6498
Awatere 0.029 0.3359
Central Otago 0.452 0.1133

Fruit

Overall 0.148 0.0502
Hawkes Bay 0.104 0.3503
Martinborough 0.352 0.0962
Nelson -0.442 0.9745
Wairau -0.083 0.534
Awatere 0.283 0.2776
Central Otago -0.302 0.6407

Soil

Overall 0.355 0.001
Hawkes Bay 0.108 0.2113
Martinborough -0.139 0.5676
Nelson -0.335 0.9488
Wairau -0.317 0.7606
Awatere 0.036 0.341
Central Otago -0.496 0.9552

B) Between community distances (kms) Min Max StDev Average

Across all regions 0.43 885.49 247.071 287.864
Hawkes Bay 2.69 79.36 28.584 37.477
Martinborough 0.52 3.97 1.035 1.957
Nelson 0.65 9.3 2.582 4.873
Wairau 6.71 21.1 5.329 11.803
Awatere 0.84 26.13 9.608 11.573
Central Otago 0.43 44.05 13.111 23.224
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