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Summary

Saccharomyces is one of the best-studied microbial
genera, but our understanding of the global distribu-
tions and evolutionary histories of its members is
relatively poor. Recent studies have altered our view
of Saccharomyces’ origin, but a lack of sampling from
the vast majority of the world precludes a holistic
perspective. We evaluate alternate Gondwanan and
Far East Asian hypotheses concerning the origin of
these yeasts. Being part of Gondwana, and only colo-
nized by humans in the last ∼1000 years, New Zealand
represents a unique environment for testing these
ideas. Genotyping and ribosomal sequencing of
samples from North Island native forest parks identi-
fied a widespread population of Saccharomyces.
Whole genome sequencing identified the presence of
S. arboricola and S. eubayanus in New Zealand, which
is the first report of S. arboricola outside Far East
Asia, and also expands S. eubayanus’ known distri-
bution to include the Oceanic region. Phylogenomic
approaches place the S. arboricola population as sig-
nificantly diverged from the only other sequenced
Chinese isolate but indicate that S. eubayanus might
be a recent migrant from South America. These data
tend to support the Far East Asian origin of the
Saccharomyces, but the history of this group is still
far from clear.

Introduction

A handful of microbial species are adept at alcoholic fer-
mentation, which is characterized by their ability to display
the Crabtree effect, and it appears this trait evolved

independently in at least three separate lineages sepa-
rated by 500 million years (Pfeiffer et al., 2001; Piskur
et al., 2006; Goddard, 2008; Rozpedowska et al., 2011;
Dashko et al., 2014). The Crabtree effect serves to utilize
rapidly available sugars by inefficiently converting these
to ethanol, which then, in combination with a rise in tem-
perature, has the additional effect of poisoning the envi-
ronment and sabotaging competing microbes. Together,
these aspects of Crabtree positive microbes provide them
with a competitive advantage over non-fermenting
species in sugar rich niches (Pfeiffer et al., 2001;
Goddard, 2008; Dashko et al., 2014). The best-known
group that utilizes this strategy are seven yeast species in
the Saccharomyces genus: S. cerevisiae, S. paradoxus,
S. mikatae, S. kudriavzevii, S. arboricola, S. uvarum and
S. eubayanus (Borneman and Pretorius, 2015).
Saccharomyces cerevisiae is best known largely due to
its history of association with humans who unwittingly
employed its fermentative abilities over at least the last
9000 years to make wine (McGovern et al., 2004).
Saccharomyces cerevisiae has also achieved a second
distinction: it is one of the best understood genetic model
organisms. Saccharomyces cerevisiae was the first
eukaryote to have its genome completely sequenced and
is one of the best annotated, and this species is extremely
tractable for genetic manipulations and analysis (Cherry
et al., 2011). Genetic and ecological interest in the rest of
the group is growing (Borneman and Pretorius, 2015).
However, we understand relatively little of the ecology and
life history of S. cerevisiae and its close relatives, which
are among the world’s most biotechnologically important
microbes (Replansky et al., 2008; Goddard and Greig,
2015). The increasing interest in Saccharomyces yeast
has meant an increase in efforts to survey for them, and
we are correspondingly seeing wider global distributions
and greater genetic diversities of these species and the
increasing contribution of other Saccharomyces species
to beverage fermentations (Almeida et al., 2014; Bing
et al., 2014; Zhang et al., 2015).

While the biogeography and global population structure
of some members of the Saccharomyces genus, particu-
larly S. cerevisiae, S. paradoxus and S. uvarum, have
been studied (Tsai et al., 2008; Liti et al., 2009; Almeida
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et al., 2014; Knight and Goddard, 2015), the origin and
historic movements of the group as a whole is still unclear.
Two competing hypotheses regarding the origin of this
group have recently been put forward: one suggests a Far
East Asian origin (Wang et al., 2012; Bing et al., 2014);
the other suggests a Gondwanan one (Almeida et al.,
2014; Peris et al., 2014). In support of the Far East Asia
hypothesis is the fact that the greatest species diversity is
found in this area given the sampling efforts so far: all
species in the group have been uncovered here, with S.
mikatae and S. arboricola not yet reported elsewhere
(Naumov et al., 1997; 2000; 2013; Wang and Bai, 2008;
Wang et al., 2012; Almeida et al., 2014; Bing et al., 2014).
In addition, the genetic diversity of S. eubayanus, S.
paradoxus, S. kudriavzevii and S. cerevisiae are the same
or higher in Far East Asian populations than elsewhere
(Tsai et al., 2008; Hittinger et al., 2010; Bing et al., 2014).
Lastly, for S. cerevisiae, genotypes that are inferred to
comprise basal clades have been isolated from China
(Wang et al., 2012). However, weighing in for the
Gondwanan hypothesis is the fact that several diverse
and abundant populations of the two basal
Saccharomyces species – S. uvarum and S. eubayanus –
have been extensively recovered in Patagonia (South
America) (Almeida et al., 2014; Peris et al., 2014).
Saccharomyces uvarum in particular was found to be
highly diverse within Patagonia and Australasia compared
with northern hemisphere isolates from North America,
Europe and Far East Asia (Almeida et al., 2014). The
widespread nature of these basal species and large
genetic divergence has been used as evidence to support
the alternate idea that the Saccharomyces originated in
Gondwana: the group is then hypothesized to have sub-
sequently moved to Southeast Asia where it further
diverged and speciated (Almeida et al., 2014).

Being geographically isolated, but originally part of
Gondwana, makes New Zealand a prime location to
evaluate these competing ideas concerning the origins of
this Saccharomyces group, and may also help shed light
on patterns of their global dispersal. New Zealand has
only recently been populated by humans in the last 1000
years (Hurles et al., 2003), and Europeans only arrived
with grape vines around 200 years ago. Previous work in
New Zealand has revealed a widespread population of S.
cerevisiae in both winemaking and natural environments
(Goddard et al., 2010; Gayevskiy and Goddard, 2012;
Knight and Goddard, 2015), but these have been shown
to be recent and recurring arrivals, most likely vectored by
humans (Goddard et al., 2010). In addition, S. paradoxus
has been found in New Zealand on exotic oak trees,
which themselves came from Europe, and the New
Zealand strains very closely resemble those from Euro-
pean populations, again strongly suggesting introduction
via human activity (Zhang et al., 2010). Lastly, S. uvarum

has also been reported in New Zealand associated with
winemaking, as well as in native forests (Almeida et al.,
2014; Knight and Goddard, 2015). To date, none of the
other Saccharomyces have been reported in New
Zealand. The first and only suggestion for an ancient
Saccharomyces population in the Pacific area comes
from evidence supporting the Gondwanan hypothesis
showing that New Zealand and Australia harbour a geneti-
cally distinct population of S. uvarum (Almeida et al.,
2014). The Gondwanan origin hypothesis predicts that
New Zealand should harbour a diversity of endemic
genetically distinct populations of Saccharomyces
species, and the Far East Asian origin hypothesis predicts
that New Zealand should not, and if species are present,
that they represent exotic populations that have moved to
New Zealand from elsewhere. Here, we aim to evaluate
these competing hypotheses by surveying New Zealand
native forests for Saccharomyces and in doing so also
hope to add to the body of knowledge on the global
distribution and evolutionary history of the academically
and commercially important Saccharomyces yeasts.

Results

Molecular species identification and distributions

A total of 442 fruit, soil and bark samples were collected
from remote native New Zealand forest conservation
reserves across the North Island in 2012, spanning 100
by 160 km, approximately centred around −39° S, 176° E
(Fig. S1). After placing in media designed to select for
Crabtree positive microbes, 150 (34%) samples showed
signs of fermentation and were plated for colony selec-
tion: 97 (22%) of these yielded colonies with 80 from soil,
15 from fruit and two from bark. One to eight colonies
were selected for molecular analyses from each of the 97
samples, totalling 731 isolates evaluated. Restriction frag-
ment length polymorphism analysis of the ribosomal inter-
nal transcribed spacer region was employed to classify
isolates into putative species groups for fungi. Some iso-
lates failed to amplify with fungal primers, and we were
curious to ascertain what these were, and so amplified the
bacterial 16S ribosomal area for these. This simple
method identified four fungal and three bacterial groups,
and these were present in 57, 21, 1, 3 and 15, 14 and 2
samples respectively (due to clonal expansion during
enrichment, we simply report presence of each group in
samples; see Fig. S2). Sanger sequencing of the D1/D2
region of the 26S ribosomal deoxyribonucleic acid (rDNA)
for specific fungal isolates (see Table S1 for accession
numbers) showed 10 isolates from YG1 had identical
sequences that matched 100% to the sequence from the
type strain of S. arboricola (AS 2.3317; accession:
EF580918); one YG1 isolate was identical to the
sequence from the type strain of S. paradoxus (NRRL
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Y-17217; accession: AY048155); and one YG1 isolate
matched 100% to the neotype strain of S. pastorianus
(NRRL Y-27171; accession: U68547) and S. bayanus
(NRRL Y-12624, U94931), because the two hybrid
species share 100% identical D1/D2 sequences. Seven
isolates from YG2 fungal group yielded identical
sequences that matched 100% to Lachancea cidri (origi-
nally Zygosaccharomyces cidri; (Kurtzman, 2003). Two
isolates from YG3 and three from YG4 matched with
between 99.3% and 100% pairwise identities to various
species, most of them Saccharomyces: S. arboricola
(YG3), S. paradoxus (two strains; YG3 and YG4),
Kazachstania servazzii (YG4) and S. cerevisiae (YG4).
Three strains from the bacterial group BG1 matched
99.7% or more to Leuconostoc mesenteroides at the 16S
rDNA locus. The 16S sequence provided no agreement
for the five isolates assigned to groups BG2 and BG3, as
they variously matched Lactobacillus sakei, Bacillus
cereus and Bacillus weihenstephanensi, Viridibacillus arvi
and to an unclassified Bacillus species.

This suite of analyses allows us to ascribe tentatively
species names to these RFLP groups and more accu-
rately identify the 31 isolates for which we directly
sequenced ribosomal areas. YG1 most likely represents
members of an S. arboricola population, but may also
include S. paradoxus; YG2 more reliably represents
members from a L. cidri population; groups YG3 and YG4
most likely represent a mix of Saccharomyces species.
Members from YG1, YG3 and YG4 were found in 80% of
sites where yeast colonies were recovered, meaning that
17% of the total samples collected harboured some
Saccharomyces, and that Saccharomyces was present in
every niche we examined and in all but one forest park we
sampled (Fig. S2). Given this, it is clear that we may
conclude that Saccharomyces species are widespread,
but not abundant, in these North Island native New
Zealand forests, especially in light of the fact that
Saccharomyces are typically found at very low incidences
(Sniegowski et al., 2002; Wang et al., 2012; Naumov
et al., 2013). Further, since 10 of the 12 isolates analysed
in the most abundant Saccharomyces group (YG1) were
identified as S. arboricola, and members of this RFLP
group were found in 59% of samples which spanned all
three niches and six of the nine forests surveyed, this
allows us to suggest tentatively that S. arboricola is the
most widespread Saccharomyces species in native North
Island forests of New Zealand.

Identification by genome sequencing and mapping

Here, we carry out whole genome sequencing on 10
Saccharomyces species isolates that have not been pre-
viously reported in the native forests of New Zealand.
Reflecting their recovery abundances, we analysed: eight

S. arboricola isolates from maximally divergent sampling
locations and niches; one S. paradoxus; and one S.
pastorianus isolate. Saccharomyces arboricola has not
been isolated outside of Far East Asia and was the most
abundant species in our samples. Saccharomyces
paradoxus has been isolated in northern hemisphere
forests (Naumov et al., 1997; Sniegowski et al., 2002;
Johnson et al., 2004) and shows strong signals of popu-
lation structure by geographic origin (Liti et al., 2009).
Saccharomyces paradoxus has been isolated from exotic
oak trees in New Zealand (Zhang et al., 2010), but it has
not been isolated from native tree species in the southern
hemisphere previously. Saccharomyces pastorianus is a
hybrid of S. cerevisiae and S. eubayanus and is com-
monly used in commercial lager fermentations (Libkind
et al., 2011). It has not been previously isolated from
natural environments and is not well adapted to them
(Hittinger, 2013), suggesting this initial identification may
be incorrect.

Whole genome sequencing of these 10 Saccharomyces
yeasts yielded an average of 1.6 million 250 bp paired-end
reads per strain for a total of 4Gb of high-quality data. To
accurately identify these isolates, each of the 10 genomes
was mapped against the six non-hybrid Saccharomyces
species with genome assemblies available (strains in
brackets): S. cerevisiae (S288C; Goffeau et al., 1996; EBI:
GCA_000146045.2), S. paradoxus (CBS432; Liti et al.,
2009), S. mikatae (IFO1815; Scannell et al., 2011), S.
kudriavzevii (IFO1802; Scannell et al., 2011), S. arboricola
(H-6; Liti et al., 2013) and S. uvarum (CBS7001; Scannell
et al., 2011). Saccharomyces eubayanus does not have an
assembled genome available for mapping and was thus
not initially included. An average mapping rate of 88.8%
(SE = 0.6%) and mapping quality (Phred score) of 56.5
(SE = 2.5) was obtained for the best match per genome
(see Table S2). The eight isolates classified as S.
arboricola given their ribosomal sequences best mapped
to S. arboricola. However, the isolate initially identified as
S. paradoxus by ribosomal sequence (P8F5; accession
KP979610 see Table S1) only mapped 69% to S.
paradoxus but mapped best to S. arboricola (90%; see
Table S2). We retrieved the D1/D2 26s sequence from this
isolate (P8F5) from the Illumina data we obtained, and this
was identical to the S. arboricola reference sequence
EF580918.1. The conclusion is that the original Sanger
sequence matching S. paradoxus was a contaminant or
error. The isolate identified as S. pastorianus from riboso-
mal sequence (P1C1) mapped best to S. uvarum but with
a slightly lower rate (86%).

To corroborate these initial identifications, and more
accurately place the New Zealand derived genomes
within the broader Saccharomyces genus, we extracted a
well-known set of 106 orthologous loci (Rokas et al.,
2003) dispersed through the genomes of all
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Saccharomyces, and included these loci from the
unassembled S. eubayanus genome (Libkind et al.,
2011). We then used these loci, comprising 194 384 bps,
to construct a phylogeny using a maximum likelihood
approach (Guindon and Gascuel, 2003; Fig. 1). The nine
genomes that mapped best to S. arboricola all form a tight
clade along with the S. arboricola reference, which falls as
an outgroup within this clade. This positioning unequivo-
cally classifies these New Zealand isolates as S.
arboricola. The remaining New Zealand genome initially
identified as S. pastorianus from the ribosomal Sanger
sequence, which mapped best to S. uvarum, clusters very
tightly with the only available S. eubayanus sequences
with a short branch length and thus classifies it as S.
eubayanus. Thus, these genomic sequence data and
phylogenetic analyses confirm the presence of both S.
arboricola and S. eubayanus in New Zealand.

Are the New Zealand Saccharomyces endemic or
introduced?

The presence of Saccharomyces in New Zealand (or else-
where for that matter) does not mean these represent
members of ancient endemic populations. While there is
support for an ancient S. uvarum population across Aus-

tralasia, there is good evidence showing that at least some
S. cerevisiae and S. paradoxus have been very recently
introduced into New Zealand, likely by humans (Zhang
et al., 2010; Knight and Goddard, 2015). There is only one
other S. arboricola genome available, and so we cannot
attempt to infer the origin of the nine S. arboricola genomes
from New Zealand. However, the average pairwise number
of whole-genome single nucleotide polymorphisms sepa-
rating the New Zealand S. arboricola from one another is
10 676 ± 566 (0.09% of the genome) compared with an
average of 307 676 ± 167 (2.6% of the genome) separat-
ing them from the Chinese reference, allowing us to simply
state that the New Zealand isolates significantly deviate
from the only other available genome from China. The
recent debate on the origins of the Saccharomyces genus
has yielded geographically dispersed sequence data for S.
eubayanus, but we fall into a similar problem as we only
have one New Zealand S. eubayanus genome. However,
we reconstructed a novel phylogeny using the 56 available
S. eubayanus strains, overlaying the six loci they have in
common (FSY1 1210 bp; FUN14, 429 bp; GDH1 +
intergenic region before the gene, 679 bp; HIS3, 534 bp;
MET2, 469 bp; and RIP1, 509 bp; totalling 3830 bases).
These strains come from West China, Patagonia, North
America and the Tibetan S. uvarum as an outgroup

Fig. 1. Fifty per cent majority rule consensus tree produced by maximum likelihood analysis showing the positions of the 10 New
Zealand-derived genomes (in red) sequenced in this study within the broader Saccharomyces genus constructed using 106 orthologous loci
from whole genome sequences. Bootstrap values for labelled clades are indicated near branches.
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(Fig. 2). The phylogeny clearly shows the previously pub-
lished lineages of S. eubayanus from West China,
Patagonia (A and B) and Tibet, along with the admixed
population in North America (Bing et al., 2014; Peris et al.,
2014). The New Zealand isolate is placed within the
Patagonia B group and displays only a small level of
divergence from the rest of this group.

Discussion

Fermentative species of native New Zealand forests

To our knowledge, there has been no other widespread
sampling effort for Saccharomyces yeasts in Pacific

region native forests. The present work has identified a
diversity of microbial species capable of withstanding the
toxic effects of ethanol. Samples principally contained
yeasts (19% of all samples) instead of bacteria (7% of all
samples), likely due to the use of enrichment media. The
isolation and selection protocol was designed to select for
Saccharomyces species, so it is not surprising that bac-
teria were found to a lesser extent.

While not abundant components of microbial commu-
nities, one striking result of our sampling effort is the
widespread range of Saccharomyces yeasts in the North
Island native forests of New Zealand. Saccharomyces
species were present in 13% of samples overall, present

Fig. 2. Fifty per cent majority rule consensus tree produced by maximum likelihood analysis showing the position of the S. eubayanus isolate
in this study among the global S. eubayanus population from Far East Asia, North America and South America constructed using six loci
totalling 3830. Saccharomyces uvarum isolates are included for outgroup purposes. Bootstrap values are only shown for major labelled clades
to avoid clutter and are shown on or near branches.
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in all three niches, and in four of the five forest parks
sampled. Whole genome sequencing identified two
Saccharomyces species previously not known to occur
in New Zealand, and has expanded the known
global ranges of S. arboricola and S. eubayanus.
Saccharomyces arboricola has not been identified outside
of Far East Asia, while S. eubayanus has only previously
been reported in the Americas (Peris et al., 2014;
Rodríguez et al., 2014) and in Far East Asia (Bing et al.,
2014).

The practical constraints of the sample processing
meant we enriched at a room temperature of around
23°C. It is well described that Saccharomyces species
have differential thermal growth profiles, at least for
members of other populations that have been studied
(Salvado et al., 2011). Thus, 23°C may prejudice in favour
of certain species over others, and here we may only
comment on the incidence of the Saccharomyces species
we recovered, and not necessarily draw any inference
concerning those species we did not recover, or the dif-
ferential frequencies of species recovery. Notwithstanding
this, S. arboricola appears the most abundant and wide-
spread of the Saccharomyces species in New Zealand
native forests, and this widespread and relatively common
distribution is in contrast to isolation frequency in Far East
Asia, where just four strains were recovered from hun-
dreds of soil, mushroom and plant samples in China and
Taiwan (Wang and Bai, 2008; Naumov et al., 2013). Given
the similarity of our sampling protocol and sampled niches
with the studies reporting S. arboricola in Far East Asia, it
is tempting to conclude this species is more common in
New Zealand than in Far East Asia: further work will
reveal if this is actually the case. Despite being described
in 2008 (Wang and Bai, 2008), no other reports of S.
arboricola outside of Far East Asia have been published
to our knowledge. Further sampling is clearly required to
characterize the global distribution of this species. We
recovered only a single isolate of S. eubayanus, resulting
in a low estimation of its prevalence in New Zealand.
Other than S. cerevisiae, the only other Saccharomyces
species identified in New Zealand’s native forests to date
is S. uvarum, which is S. eubayanus’ sister species
(Almeida et al., 2014). This makes the presence of S.
eubayanus in New Zealand not altogether surprising but
does expand its known distribution to include the Oceanic
region and therefore match that of S. uvarum (Almeida
et al., 2014). Saccharomyces species were fivefold
(Figure S2b) more abundant in soil than fruit, showing
these species are capable of inhabiting niches other than
fruit regardless of the Crabtree effect, or perhaps that the
Crabtree effect is not an adaption to fruits, but a trait
conferring adaptation to a range of niches more generally,
or possibly not an adaptation at all (Goddard and Greig,
2015).

Lachancea cidri was reasonably abundant (22% of
samples with microbial growth), and has been found in the
high-sugar New Zealand Nothofagus honeydew system
(Serjeant et al., 2008). Unsurprisingly given its name, this
species has also been isolated from cider (Coton et al.,
2006), sherry (Esteve-Zarzoso et al., 2001) and wine
(Ganga and Martinez, 2004) fermentations worldwide
indicating it is widespread, but the phylogeography of this
species is not described. The remaining yeast species
identified was K. servazzii and has been found in South
America on Araucaria araucana seeds (Rodríguez et al.,
2014), and been isolated from sourdough (Di Cagno
et al., 2014) and kimchi (Kobayashi et al., 2013) fermen-
tations, as well as on wine grapes in Denmark (Lederer
et al., 2013). Unsurprisingly given the ethanol selection
pressure in the isolation media, all three genera found are
known to be Crabtree positive (Hagman et al., 2013).

The origins of New Zealand Saccharomyces

In this study, whole genome sequencing has confirmed
the presence of S. arboricola and S. eubayanus in New
Zealand, and the presence of S. cerevisiae in previous
studies (Knight and Goddard, 2015); in addition, multi-
locus sequencing has also confirmed the presence of S.
paradoxus (Zhang et al., 2010) and S. uvarum (Almeida
et al., 2014; Knight and Goddard, 2015; Zhang et al.,
2015). There is some evidence to suggest at least some
New Zealand S. cerevisiae derived from Europe
(Goddard et al., 2010). In addition, the S. paradoxus iso-
lates recovered in New Zealand derived from exotic oak
trees, which were brought in from Europe by humans as
acorns, and the sequence data deriving from the S.
paradoxus on these now mature oaks suggest these
yeast also came from Europe (Zhang et al., 2010).

Phylogenomic analyses of the nine New Zealand S.
arboricola isolates showed they form a tight clade, and
were more similar to one another than to the basal S.
arboricola strain from China. Based on this very limited
information, this level of divergence suggests restricted
gene flow between New Zealand and Far East Asian S.
arboricola. Of note, the level of genetic divergence
between these geographically disparate S. arboricola
closely mirrors that for S. paradoxus. A population of 12 S.
paradoxus sampled from two parks in the United Kingdom
had, on average, ∼10 000 pairwise SNP differences
(0.09% of the genome) but an average ∼450 000 (3.75%
of the genome) from a North American isolate (Bergstrom
et al., 2014). Saccharomyces paradoxus is known to be
geographically delimited (Tsai et al., 2008; Liti et al.,
2009), and our results tentatively indicate this could be the
case for S. arboricola as well.

The single New Zealand S. eubayanus isolate we
sequenced sits inside the poorly resolved Patagonia B
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group for this species (Peris et al., 2014), and the lack of
significant genetic divergence indicates this isolate is
closely related to, and thus recently originated from, this
population. In this respect, this observation tentatively
suggests that at least this New Zealand S. eubayanus
isolate might share a similar history to the New Zealand S.
cerevisiae and S. paradoxus populations generally, i.e. it
is a recent migrant. Interestingly, our novel combination of
data from these three locations places the industrial lager
strain CBS1503 (S. pastorianus/S. carlsbergensis) as
most related to the Tibetan S. eubayanus clade. This is in
line with the assertion by Bing and colleagues (2014) that
commercial lager strains likely have their origin in Far East
Asia rather than in South America, which was suggested
by Peris and colleagues (2014). The remaining structure
in the global S. eubayanus population appears to be the
product of multiple long-distance dispersal events, and
further data are required to identify these events, likely
dates and directions.

Evaluating the Gondwanan/Far East Asian origin
hypotheses

The Far East Asian origin hypothesis for the
Saccharomyces genus is based on this region containing
the greatest number of Saccharomyces species (Bing
et al., 2014) and genetic diversity (Wang et al., 2012);
the Gondwanan hypothesis is based on the observation
that several diverse and abundant populations of the two
basal Saccharomyces species – S. uvarum and S.
eubayanus – have been extensively recovered in
Patagonia (Libkind et al., 2011; Almeida et al., 2014;
Rodríguez et al., 2014). The prediction arising from the
Gondwanan origin hypothesis is that New Zealand
should harbour a greater diversity of endemic genetically
distinct basal Saccharomyces species. The Far East
Asian origin hypothesis predicts that New Zealand
should not contain these, and the presence of any
species will be due to more recent migration. Five of the
seven Saccharomyces are present in New Zealand. On
the face of it, this apparent New Zealand species rich-
ness might tend to support the Gondwanan origin
hypothesis. However, the key to evaluate this fairly is to
determine whether these isolates represent ancient
endemic populations, or are recent immigrants into New
Zealand. The results of sampling in New Zealand, and
the subsequent phylogenetic and phylogenomic analy-
ses indicate that: S. cerevisiae, S. paradoxus, S.
uvarum, S. eubayanus and S. arboricola are present in
New Zealand; S. cerevisiae, S. paradoxus and possibly
S. eubayanus have been recently introduced; that S.
uvarum appears to be more ancient; and, S. arboricola is
relatively widespread and different from the one Chinese
isolate that has been sequenced. Thus, for at least three

of the five Saccharomyces species present in New
Zealand, we have evidence that the isolates discovered
so far do not represent endemic populations. While the
New Zealand S. uvarum population appears ancient
(Almeida et al., 2014), the single isolate of S. eubayanus
is very closely related to the Patagonian B isolates.
Further, our analyses of S. eubayanus generally suggest
that the Chinese group is basal for this species, and the
South and North American isolates are more derived and
intermingled with Tibetan ones, suggesting transfer from
Asia to the Americas, not vice versa. Together, these
observations tend to reject the Gondwanan origin
hypothesis and support the Far East Asian origin hypoth-
esis for the Saccharomyces.

Clearly, further sampling in New Zealand and else-
where might uncover different species diversities and
populations with different histories, and then again it may
not. Given the data we have, on balance we cannot con-
vincingly support or reject either hypotheses, and it is
clear that we do not yet have an accurate understanding
of the global diversity and relatedness within the
Saccharomyces genus. Indeed, it seems that every major
sampling effort in forests distant from humans over the
last 5 years has uncovered unexpected populations of
Saccharomyces yeasts that do not fit previous hypoth-
eses relating to the origin of the genus. The majority of
sampling in North America and Europe has been from
either human-associated environments or forests nearby
to these, and the species of focus have been S. cerevisiae
and/or S. paradoxus (Naumov et al., 1998; Sniegowski
et al., 2002; Johnson et al., 2004; Hyma and Fay, 2013).
More recent studies in South America and Far East Asia
have aimed to characterize the full diversity of
Saccharomyces present and have used lower incubation
temperatures and rapid genotyping to identify and
compare large numbers of isolates (Wang et al., 2012;
Almeida et al., 2014; Bing et al., 2014; Peris et al., 2014).
Saccharomyces has been recently called the ‘premier
model genus’ (Hittinger, 2013), and it is certainly fulfils
many of the requirements for this. However, we suggest
greater knowledge of the ecology, distributions, past evo-
lutionary history and migration within this genus is funda-
mental to it obtaining this status. The recent extensive
sampling efforts in South America and now New Zealand
have uncovered the presence of Saccharomyces species,
with a confusing mix of apparently more ancient diverse
groups of species intermingled with groups of species that
have seemingly been recently moved, probably by
humans. Together, this information does not allow one to
categorically accept or reject either the Far East Asian or
Gondwanan origin hypotheses, or even allow one to
suggest sensibly an alternative, indicating the evolution-
ary history and origin of the Saccharomyces is not yet
resolved.
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Experimental procedures

Sample sites and processing

Sampling was conducted in five geographically disparate
forest parks in the centre of North Island, New Zealand in
May 2012: Kaimanawa Forest Park, Kaweka Forest Park,
Ruahine Forest Park, Te Urewera National Park and
Tongariro National Park (Figure S1). Sample sites were
located as far as possible from roads and human settlements
but were adjacent to public walking tracks. All sample sites
were at least 50 km away from the nearest winemaking
region.

At each sample site, up to 20 native fruiting trees 2–10 m
from the track were separately sampled for ∼10 ml of fruit, soil
and bark into 50 ml sterile tubes using forceps, scalpels and
scissors sterilized in 70% ethanol for at least 1 min between
samples. Tree genera sampled include (but are not limited
to): Pseudopanax, Coprosma, Rhopalostylis, Leptospermum,
Kunzea, Leptosporum, Griselinea, Prumnopitys and
Schefflera. In cases where fruiting trees could not be readily
located, a non-fruiting tree was substituted, and the fruit
sample was replaced with a second soil sample. Samples
were collected over the course of 3 days and transported to
the laboratory at ambient temperature for enrichment.

Samples were placed in 30 mL enrichment media: 1%
yeast extract, 2% peptone, 10% glucose and 8% ethanol
(added after autoclaving) at room temperature (∼23°C). A
release of pressure was conducted after 10 days and there-
after based on signs of fermentation. After 4 weeks, those
samples showing signs of fermentation (a layer of white on
the sample, fizzing and/or cloudiness not caused by the
sample) were diluted and serial plated onto YPD agar (1%
yeast extract, 2% peptone, 2% glucose and 1.5% agar).
Samples with visible colonies after a week had eight colo-
nies selected to maximize phenotypic diversity, and these
were stored in 15% glycerol at −80°C for molecular
analysis.

Species identification

Initial molecular identification was carried out using RFLP
analysis. Deoxyribonucleic acid was extracted using
Zymolyase and amplified for the internal transcribed spacer
region (ITS1-5.8rRNA-ITS2) using the ITS1 and ITS4 primers
(White et al, 1990). Isolates not yielding bands were micro-
scopically classified as bacteria, and the 16S rDNA region
was amplified using the universal 1492R/616V primer pair
(Polz and Cavanaugh, 1998; Spring et al., 1998). Restriction
fragment length polymorphism digests were carried out using
HaeIII and HinfI for the ITS polymerase chain reaction prod-
ucts and HaeIII and HindIII for 16S products. Each isolate
was classified into a tentative species group based on its
RFLP patterns and ITS/16S fragment size.

Twenty-three isolates spanning these RFLP groups were
selected for two-way 26S or 16S ribosomal sequencing in
proportions corresponding to their abundances in samples.
Sequences were aligned using MUSCLE (Edgar, 2004) within
GENEIOUS (v8.12; http://www.geneious.com, Kearse et al.,
2012) and manually validated for errors. BLASTN searches
were performed on the resulting sequences against
Genbank, and the top 10 hits with 98% + identities were used

for identification. These sequences have the accession
numbers KP979610-KP979640.

Whole genome sequencing of Saccharomyces spp

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

Genome quality control and mapping

Quality control of the raw data was performed using FASTQC

v0.11.2 (Andrews, 2012). Given the conflicting species iden-
tifications of yeast groups using 26S Sanger sequencing, we
mapped all the 10 genomes against the six Saccharomyces
species with genome assemblies available (strains in brack-
ets): S. cerevisiae (S288C), S. paradoxus (CBS432), S.
mikatae (IFO1815), S. kudriavzevii (IFO1802), S. arboricola
(H-6) and S. uvarum (CBS7001). Mapping was carried out
using BWA-MEM (v.7.8, Li, 2013). Following mapping,
SAMTOOLS (v0.1.18; Li et al., 2009) was used for alignment
conversion, sorting and indexing. Mapping quality reports
were generated using QUALIMAP (García-Alcalde et al., 2012)
and further analyses of genomes were conducted on the
alignment with the highest mapping rate. A variant call file
was produced using the ‘mpileup’ command within SAMTOOLS

with the ‘-Bu’ parameters, which disregards the reference
genome in making genotype calls. The variant call file was
used to create a consensus genome using the vcf2fq Perl
script within SAMTOOLS. Genomic alignments were carried out
using MAUVE (Darling et al., 2004) within GENEIOUS (http://
www.geneious.com, Kearse et al., 2012). We conservatively
removed alignment columns containing a gap or unknown
nucleotide in at least one of the genomes to reduce sequenc-
ing and mapping biases. The number of SNPs within the
remaining positions was quantified within GENEIOUS.

Saccharomyces phylogenomics

We compiled a set of genomes from the seven
Saccharomyces species. No more than five genomes were
collected per species, and these were as geographically
and/or genetically diverse as possible. Some species did not
have five whole genomes available, and in these cases we
used every available genome resulting in a total of 33
genomes. Table S1 provides a list of genomes and their geo-
graphic origins. We extracted a well-known set of 106
orthologous loci dispersed through the genomes of all
Saccharomyces and at least back to Candida albicans from
each genome (Rokas et al., 2003). The S. cerevisiae S288C
sequence for each of these loci was used as the query in a
discontinuous MEGABLAST search against each of the
genomes. Phylogenomic analyses was conducted using
PHYML (v2.2; Guindon and Gascuel, 2003) within GENEIOUS

(V8.1.2; http://www.geneious.com, Kearse et al., 2012). The
final phylogenetic tree visualized in FigTree (Rambaut, 2012).
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One isolate was putatively identified as S. eubayanus, and
we infer its ancestry by comparing with two recently pub-
lished data sets including 21 South American and North
American strains (Peris et al., 2014) and 37 Far East Asian
strains (Bing et al., 2014). We obtained the multi-locus
sequences from these publications and determined six loci
shared between them (FSY1, FUN14, GDH1, HIS3, MET2
and RIP1). After generating consensus sequences for each
of these loci, we performed a BLAST search against the puta-
tive New Zealand S. eubayanus genome to retrieve
sequences. A multiple alignment was conducted using
MUSCLE (Edgar, 2004) within GENEIOUS (V8.1.2; http://
www.geneious.com, Kearse et al., 2012), and any alignment
columns with more than 5% missing data were removed due
to unequal loci lengths between the studies. PHYML was
again employed to conduct phylogenetic analysis. Align-
ments and tree files are publically available at http://
goddardlab.auckland.ac.nz/.
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Fig. S1. Location of forest parks sampled for
Saccharomyces; from Google images.

Fig. S2. (A) Number of samples containing each of the
species groups found per forest park (FP) and national park
(NP) sample site from RFLP analysis of isolated colonies
broken down by geographic location (refer to Fig. S1). The
putative identification from Sanger sequencing select isolates
from each group is indicated, and the numbers in parenthe-
ses indicate the number of samples each group was present
in: note, due to clonal expansion during enrichment, we
simply report presence of each group in samples and not the
number of colonies identified. (B) The presence of each of the
yeast and bacterial groups among samples broken down by
niche.
Table S1. List of species and strains with whole genomes
available used for phylogenomic analyses. Strain names in
bold were sequenced in this study, and are placed in the
species they match best using whole genome sequence
data. The initial identification of these isolates by 26S D1/D2
sequence is indicated, along with their homology to the type
strain of these species at this ribosomal region. The acces-
sion numbers of these new ribosomal sequence are also
reported.
Table S2. Alignment proportions for the 10 Saccharomyces
genomes sequenced in this study against the six
Saccharomyces species with reference genomes available
(strains in brackets).
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