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SUMMARY

Modern transportation networks have facilitated the migration and mingling of previously isolated
populations of plants, animals, and insects. Human activities can also influence the global
distribution of microorganisms. The best understood example is yeasts associated with
winemaking. Humans began making wine in the Middle East over 9,000 years ago [1, 2].
Selecting favorable fermentation products created specialized strains of Saccharomyces cerevisiae
[3, 4] that were transported along with the grapevines. Today, S. cerevisiae strains residing in
vineyards around the world are genetically similar, and their population structure suggests a
common origin that followed the path of human migration [3-7]. Like wine, coffee and cacao
depend on microbial fermentation [8, 9] and have been globally dispersed by humans. 7heobroma
cacao originated in the Amazon and Orinoco Basins of Colombia and Venezuela [10], was
cultivated in Central America by the Mesoamerican peoples, and introduced to Europeans by
Cortés in 1530 [11]. Coffea, native to Ethiopia, was disseminated by Arab traders throughout the
Middle East and North Africa in the 6 century and was introduced to European consumers in the
17 century [12]. Here, we test whether the yeasts associated with coffee and cacao are
genetically similar, crop-specific populations or genetically diverse, geography-specific
populations. Our results uncovered populations that, while defined by niche and geography, also
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bear signatures of admixture between major populations in events independent of the transport of
the plants. Thus, human-associated fermentations and migration may have affected the distribution
of yeast involved in the production of coffee and chocolate.

eTOC Blurb

Human activity has driven the migration and mingling previously isolated populations of plants,
animals, and insects. Is the same true for microorganisms? Ludlow, et a/. find that yeasts
associated with coffee and cacao form distinct populations with independent origins through
admixtures of previously known populations, including the wine yeasts.

RESULTS

S. cerevisiae is readily isolated from unroasted cacao and coffee beans

To test the extent to which human activity may have influenced the microorganisms
associated with coffee and cacao fermentation, we focused on one microbe, S. cerevisiae.
The importance of yeast in cacao fermentation is clear [13]. Cacao undergoes 5-7 days of
fermentation, seeded from the local flora during manipulations of the cacao pods.
Successions of yeasts, lactic acid bacteria, and acetic acid bacteria digest the pectinaceous
pulp surrounding the beans and trigger biochemical changes that impart flavor and color to
the beans [13-15]. In contrast, the microbiota of coffee fermentation is poorly understood,
and only a few studies have detected yeasts in coffee fermentations [9, 15-18]. Coffee
growers use different types of fermentation to digest the cherry pulp surrounding the beans.
The most common are the “wet” 24-48 hour fermentation in water [16, 18] and the “dry”
10-25 day fermentation with rounds of spreading and heaping on a platform [18]. Without
direct access to the fermentations, we attempted to culture live yeast from unroasted coffee
and cacao beans grown and processed in a variety of geographic locations and ecological
niches. From beans grown in Central America, South America, Africa, Indonesia, or the
Middle East, we obtained 78 cacao strains from 13 countries and 67 coffee strains from 14
countries (Tables 1 and S1). For brevity, we will refer to strains isolated from countries in
Central and South America as “South America” to reflect similarities in climate and
geographic proximity. Both cacao and coffee bean cultures also contained a variety of
bacteria, yeasts, and filamentous fungi, suggesting that this approach could be readily
adapted for the isolation of other microorganisms.

Coffee and cacao yeasts form discrete, genetically diverse populations

To measure the genetic diversity of the yeast strains associated with coffee and cacao beans,
we used RAD-seq [19] to sequence the same 3% of each strain’s genome. We compared this
sequence to polymorphism information across the same regions of the genome for 35 wine
strains from a previously published RAD-seq dataset [20]. Our results (Figure 1A and 1B)
show a sharp contrast between the wine, coffee, and cacao strains. Similar to previous
studies [4-6], we observed limited genetic diversity between wine strains, with a median
pairwise p-distance of 1.28e-3 (Experimental Procedures). The yeast strains isolated from
both coffee and cacao beans exhibited significantly greater diversity than that of the wine
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strains, with median pairwise p-distances of 3.39e-3 and 2.95e-3, respectively (p=9.5e-162
and p=4.6e-156, Mood’s Median Test).

The greater genetic diversity of the coffee and cacao strains relative to the wine strains is
less consistent with a crop-specific origin of these yeasts, but is by no means conclusive
evidence against it. To explore this question in more detail, we examined the genetic
similarity of strains isolated from geographically proximal locations. Both coffee and cacao
strains show strong country-level clustering, even though bean samples were obtained from
multiple suppliers in different places at different times (Figure 1C and 1D). In fact, virtual
predictions of sample origin (where the provenance of a strain is predicted based on that of
the most genetically similar strain) were accurate 86% of the time for cacao strains and 79%
of the time for coffee (Supplemental Information). These results support the hypothesis that
the origin of yeasts isolated from imported bean samples is the original local fermentation
rather than the result of cross contamination during distribution and suggests the existence of
coffee and cacao-specific yeasts that differ based on the location where the beans were
grown and fermented.

To test this hypothesis more rigorously, we analyzed the population structure of the coffee
and cacao yeasts using the Monte Carlo Markov chain algorithm InStruct [21]. This analysis
included RAD-seq data from the coffee and cacao strains isolated in this study, a previously
published set of 262 strains of S. cerevisiae from a variety of geographic origins and
ecological niches [20], and 57 additional strains, including a set of 13 China tree strains
(group 1), used to root and extend the phylogenetic tree (Table S1). The deviance
information criterion (Experimental Procedures) suggested twelve as the most likely number
of populations (Figure S1). The population structure generated (Figures 2 and S2) largely
agreed with previous analyses of data generated by microarray hybridization [6], RAD-seq
[20] and whole genome sequencing [5, 22] with five populations (Table S2) that, except for
the addition of novel strains, are largely unchanged from our previous analysis [20]. These
include the North America oak (group 3), New Zealand soil (group 11), Israel soil (group
12), Asia Mixed (group 7), and Pan Mixed 2 (group 6). The large European wine population
expanded slightly to include strains previously assigned to other populations and the new
Pan Mixed 1 group was formed by strains that had been placed in other groups in our
previous analysis. With the exception of Pan Mixed 2, a human-associated population with
extensive aneuploidy, polyploidy and heterozygosity (Supplemental Information), these
populations harbor relatively few strains isolated from coffee or cacao beans (Table S3 and
Figure S2).

Most coffee and cacao strains resided in four new populations of which they are the majority
and in some cases exclusive members: South America cacao (group 4), Africa cacao (group
8), South America coffee (group 9), and Africa coffee (group 5). The population structure of
cacao and coffee strains is significant for several reasons. First, in contrast to the wine
strains, the coffee and cacao yeasts form multiple, discreet populations. The fact that not all
coffee or cacao strains are related suggests independent origins for distinct populations of
yeast associated with the same human-associated activities. Second, while these populations
reflect ecological niche, i.e. coffee versus cacao (Table S3 and Figure S2), they also reflect
geographical origin (Figure 2). The coffee strains provide the clearest example, with South
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American and African coffee strains each forming a single population (Table S3) that further
clusters by country (Figure 1C). While the cacao strains also showed strong country level
clustering (Figure 1D), each of the two major populations include strains from samples
whose declared continent of origin is different from other population members (Table S3).
This may reflect a more complex pattern of migration events for cacao strains than for coffee
strains, although mislabeling of sample origin is also possible.

Admixture and migration events

Because their population structure suggested that the yeasts associated with coffee and cacao
beans are members of new groups, we sought to understand the origin of these populations.
Previous analyses had identified three major populations of S. cerevisiae (European
vineyard, Asian, and North American oak, which is related to a Japanese oak population
[23]) and strains with substantial admixture between them [20]. We anticipated finding novel
populations of yeast by sampling new locations and ecological niches, particularly since
(with the exception of vineyards) the southern hemisphere had been largely uncharacterized.
Interestingly, the new coffee and cacao populations were not composed of strains with novel
alleles (Figure S2), but were instead admixtures of the three known yeast populations.
Furthermore, these admixtures roughly corresponded to the geographic proximity of the
sample’s origin and patterns of human migration. For example, the two South American
populations (SA coffee and SA cacao) share alleles with the North American oak (NA oak)
population. In contrast, the allelic profiles of both African groups (coffee and cacao) show
mixtures of European and Asian alleles.

To quantitatively infer historical relationships (including migration events) among the 12
populations, we used the TreeMix algorithm [24], which builds population trees and tests for
the presence of gene flow between diverged populations. Using 4,966 sites with minor allele
frequencies above 1%, we estimated a maximum likelihood tree (Figure 3) rooted using the
China population, the likely the ancestral population of S. cerevisiae [25]. By sequentially
adding migration events, we found significant improvement in fit for up to 9 events,
although only the first five had admixture fractions above 5%. Without migration events, the
tree structure explained 89.8% of the variance in relatedness among the populations and
inclusion of the first five migration events increased the variance explained to 99.3%.
Following the authors’ recommendations [24], we evaluated the inferred admixture events
using a three-population test (f3) of admixture [26]. This analysis confirmed three of the five
migration events, with 30.3% migration from NA Oak to SA Cacao, 18.8% from Asia to Pan
Mixed 2, and 18.8% from either Asia Mixed or NA Oak to SA Coffee. With Z scores of
-4.0, 2.6, 2.1, —2.8, respectively, these tests provide statistical support for models of
population divergence by admixture instead of drift.

Taken together, our results provide evidence for historical migration and admixture that
could help explain the origin of the Pan Mixed 2 and South American populations. Two of
these migration events show an interesting connection to what is known about the migration
of the plants themselves. Cacao originated in South America (Columbia and Venezuela) and
was transported as far north as Mexico and the Southwestern United States before being
widely dispersed by Europeans. The South American cacao yeast population includes close
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derivatives of the European vineyard population with substantial admixture from the
geographically proximal North American oak population (Figure 3). Coffee originated in
Ethiopia, was transported to Yemen, and was then regionally dispersed by Arab traders
before being more widely cultivated by Europeans. Several of our East African and all of our
Yemeni coffee strains were present in a single population (Pan Mixed 2), which is highly
related to the European vineyard population with a statistically significant migration from an
Asia Mixed population (Figure 3). The ancient and continuing global traffic in yeasts
associated with wine fermentation may have set the stage for subsequent mingling and
admixture events that gave rise to these new populations.

DISCUSSION

Although the production of wine, coffee, and chocolate all rely on the human associated
activities of cultivation and fermentation, wine production differs from coffee and cacao in a
few crucial respects. First, the vessels used in wine fermentation, e.g. oak barrels, are often
exported from established winemaking regions to areas of new cultivation and can serve as
reservoirs of yeasts native to their country of origin [7]. Moreover, unlike wine
fermentations, the use of starter cultures is not common in cacao and coffee fermentations.
The more natural fermentation styles of cacao and coffee suggested that the populations
associated with them might be different from yeasts found in the region where the plants
originated. Indeed, our results show that, unlike wine, coffee and cacao fermentations are not
typically carried out by clonal populations of yeasts common to all areas where the crops are
cultivated, but rather by populations specific to geographical regions and niches, which
appear to have arisen independently. Coffee and cacao yeasts appear to be the result of
admixture events that generated combinations of alleles from Europe, Asia, and North
America. Human activities may have fostered the establishment of these hybrid groups. In
several cases, the combinations of alleles present in these groups coincide with known paths
of transportation, organized cultivation and fermentation of the crops. Once established, new
populations appear to have become abundant in regional coffee or cacao production. In fact,
the DNA sequence of yeasts isolated from unroasted beans recovered from these
fermentations can often accurately pinpoint the geographic origin of the beans themselves.

The genetic variation found in these new populations may provide a rich source of
phenotypic diversity that could be exploited to enhance the products they ferment. It has
long been known that different wine strains can produce vastly different fermentation results.
For example, wines made from the same grape cultivar in different regions or even from the
same lot of sterile grape juice in the laboratory [27] possess remarkable differences that
distinguish them from one another. Bokulich et al. [28] demonstrated that the microbes
found on grapes differ according to cultivar, region, and climate and posited the existence of
a “microbial terroir”. In more recent work, Knight et al. [29] showed that grape
fermentations using S. cerevisiae strains isolated from different locations have chemical
profiles that correlate with the region of origin. Given that the organisms involved in the
fermentation of cacao are known to influence flavor profiles of chocolate, and are more
genetically diverse than wine strains, the idea that these local yeast populations may impart
flavors that yield clues to the terroir of chocolate and, possibly coffee, is intriguing.
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EXPERIMENTAL PROCEDURES

S. cerevisiae isolation

With the exception of 5 previously described Ghana cacao strains [14, 20], all coffee and
cacao strains (Table S1) were isolated from cultures containing 8-10 cacao beans or 30-50
coffee beans using a previously described isolation method [20]. Unroasted cocoa beans
were obtained from Theo Chocolate (Seattle, WA) and Chocolate Alchemy (Eugene, OR).
Green coffee bean samples were obtained from Victrola Coffee Roasters (Seattle, WA),
Sweet Maria’s (Oakland, CA) and Burman Coffee Traders (Madison, WI1).

RAD sequencing and analysis

RAD-seq was performed on 140 coffee and cacao strains and 57 additional strains from the
U.S. Department of Agriculture ARS Culture Collection or from remote locations in China
[25] (Table S1) that were used to root and extend the phylogenic tree. Strains having a p-
distance of less than 5x10% were removed from the analysis unless they had been isolated
from independent samples. Genomic DNA was isolated and RAD-seq libraries prepared as
described [20]. Pooled libraries were sequenced on a HiSeq 2000 (Illumina) with 50 base
pair paired-end reads (Northwest Genomics Center, University of Washington, Seattle WA.
USA). The read sequences generated for this study are available at the European Nucleotide
Archive (ENA) under accession number PRJEB12530. Reads were aligned to the S.
cerevisiae reference genome (chromosome accessions: NC_001133.8, NC_001134.7,
NC_001135.4, NC_001136.8, NC_001137.2, NC_001138.4, NC_001139.8, NC_001140.5,
NC_001141.1, NC_001142.7, NC_001143.7, NC_001144.4, NC_001145.2, NC_001146.6,
NC_001147.5, NC_001148.3) using BWA (version 0.5.8c) [30] with up to 6 mismatches
allowed, and the resulting read alignments were merged with those from a previous study
[20]. From these alignments, single nucleotide polymorphisms (SNPs) were called using
GATK’s unified genotyper (version 2.7-4) with a prior of 0.005 for heterozygous sites and
with ploidy of two [31]. A total of 223311 total and 15,426 variable sites across the 438
strains remained after filtering to remove those sites with more than 20% missing genotype
values, a GATK genotype quality score (Phred-scaled probability that the genotype
assignment is incorrect) less than 60 or displaying more than two alleles (population-wide).
Heterozygous sites with five or fewer reads supporting the minor allele were then set to
missing, resulting in the elimination of 13,701 genotype values and a final overall rate of
3.9% missing genotype values (Table S6). Non-synonymous (n = 5,233) and synonymous (n
=6,167) SNPs were identified using the variant effect predictor script from Ensembl [32].

Population analysis

Population structure was inferred using InStruct [21] with two sets of data. The first set
included 438 strains and genotype information at 843 variable sites, filtered from the total
15,426 variable sites to remove sites with minor allele frequency less than 1% and sites
within 5 KB of one another. The second set used the same set of sites but only included the
318 strains that were not triploid, tetraploid, or aneuploid. InStruct was run with between 6
and 30 populations, a burn of 20K iterations followed by an additional 20K iterations. We
chose the optimal number of populations by requiring the change in the deviance
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information criterion (DIC) to be greater than the standard error in DIC from 20 independent
runs.

P-distance was calculated as the proportion of non-identical genotypes observed across all
223311 typed base positions. Heterozygous-homozygous differences were given a value of
0.5.

Multidimensional scaling and cluster analysis were used to further visualize the relationships
of new and admixed populations to those previously identified [20]. Multidimensional
scaling was applied to all sites using Euclidian identity-by-state distance (with state distance
between non- identical homozygous/hemizygous alleles encoded as 2 and between
heterozygous and homozygous sites encoded as 1) and the “cmdscale” function in R. Cluster
analysis was applied to 2,615 sites with minor allele frequencies of 1% or greater and less
than 1% missing data using hierarchical complete linkage clustering. For comparisons
between wine/vineyard, coffee and cacao yeast strains, any vineyard or winemaking strains
associated with Vjtis species other than Vitis vinfera were excluded.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Saccharomyces cerevisiae can be isolated from unroasted coffee and cacao
beans

Yeasts associated with coffee and cacao are more diverse than wine yeasts

Coffee and cacao yeasts form distinct populations specific to geographic
locations

Genomic signatures of migration and admixture events provide clues to their
origin
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Figure 1.

Genetic diversity of yeast strains isolated from different niches. A. MDS (multidimensional
scaling) plot of genetic distance (Euclidian), between all coffee, cacao and vineyard strains
using first and second principal coordinates (x- and y- axes), which explain 18% and 7% of
variation among strains, respectively. B. Distributions of the pairwise P-distances between
strains. C. MDS plot of genetic distance for coffee strains where the first and second
principal coordinates (x- and y- axes) explain 22% and 8% of variation among strains,
respectively. D. MDS plot of genetic distance between cacao strains where the first and
second principal coordinates (x- and y- axes) explain 18% and 11% of variation among
strains, respectively. See also Table S4.
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Figure 2.

Genetic distance between yeast strains. Each strain is plotted along first and second principal
coordinates obtained from multidimensional scaling of genetic distance (Euclidian).
Populations are labeled by the most common source and/or geographic location from which
they were originally isolated. Populations containing strains isolated from Central and South
America are labeled South America. Each strain is color coded by populations inferred from
InStruct with acronyms NA (North America), SA (South America), NZ (New Zealand). The
first and second principal coordinates explain 22% and 7% of variation among strains,
respectively. See also Figures S1-S3 and Tables S2, S3 and Sb5.
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Figure 3.
Maximum likelihood tree of genetic relationships among populations and admixture events

based on the TreeMix model. Branch lengths are proportional to drift in allele frequencies
between populations, shown by the scale along with the standard error (S.E.) of the sample
covariance matrix. Arrows show migration events resulting in admixture. Red arrows depict
migration events that passed the significance threshold of the three-population test (f3). The
yellow node indicates a Treemix migration event from the cluster that contains both the NA
oak and Asian groups to SA Coffee. Migration events from both of these population to SA
Coffee were significant by the f3 test. Black arrows show predicted migration events that
were not statistically significant in the f3 test.
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The origin and number of S. cerevisiae strains from coffee and cacao analyzed in this study. See also Table S1.

Cacao Origin Isolates  Coffee Origin  Isolates
Colombia 1 Colombia 6
Costa Rica 11 Costa Rica 3
Dominican Republic 7 Ethiopia 3
Ecuador 12 Guatemala 2
GhanaZ 5 Honduras 14
Haiti 7 Indonesia 12
Ivory Coast 6 Kenya 2
Madagascar 1 Mexico 2
Nicaragua 2 Nicaragua 3
Nigeria 7 Peru 5
Papua New Guinea 2 Rwanda 5
Peru 9 Uganda 4
Venezuela 8 United States 1
Yemen 5

JThese five cacao strains were isolated [14] and analyzed by RAD-seq [20] in previous studies. All others were isolated in this study.
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