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Phylogenomics of a Saccharomyces cerevisiae
cocoa strain reveals adaptation
to a West African fermented food population

Cristian Dı́az-Muñoz,1 Marko Verce,1 Luc De Vuyst,1 and Stefan Weckx1,2,*

SUMMARY

Various yeast strains have been proposed as candidate starter cultures for cocoa
fermentation, especially strains of Saccharomyces cerevisiae. In the current
study, the genome of the cocoa strain S. cerevisiae IMDO 050523 was unraveled
based on a combination of long- and short-read sequencing. It consisted of 16 nu-
clear chromosomes and a mitochondrial chromosome, which were organized in
20 contigs, with only two small gaps. A phylogenomic analysis of this genome
together with another 105 S cerevisiae genomes, among which 20 from cocoa
strains showed a geographical distribution of the latter, including S. cerevisiae
IMDO 050523. Its genome clustered together with that of a West African fer-
mented food population, indicating a wider adaptation to West African food
niches than cocoa. Furthermore, S. cerevisiae IMDO 050523 contained genetic
signatures involved in sucrose hydrolysis, pectin degradation, osmotolerance,
and conserved amino acid changes in key ester-producing enzymes that could
point toward specific niche adaptations.

INTRODUCTION

Fermented foods are almost as old as human civilization (Hutkins, 2019), and so is cocoa (De Vuyst and Le-

roy, 2020; Ozturk and Young, 2017). However, the concept of what fermented foods and beverages are is

still being redefined. The most recent definition refers to them as ‘‘foods made through desired microbial

growth and enzymatic conversions of food components’’ (Marco et al., 2021). Moreover, fermented foods

would not have been understood without the knowledge on yeasts, as these microorganisms were the first

ones to be associated with food fermentation processes (Barnett, 2003; Hutkins, 2019). In particular, yeasts

are responsible for alcoholic fermentation, thus capable of metabolizing the saccharides present in raw

food materials to ethanol and carbon dioxide (Barnett, 2003). During fermentation, yeasts also contribute

to an improvement of the organoleptic and nutritional properties of the final fermented foods and bever-

ages (Hutkins, 2019).

The Ascomycete yeast species Saccharomyces cerevisiae is a main contributor to the production of many

fermented foods, such as beer, wine, bread, and cocoa (Dequin and Casaregola, 2011; Lahue et al., 2020;

Liti, 2015; Steensels and Verstrepen, 2014). The fact that S. cerevisiae is the most studied yeast species,

mainly because of its model organism status in the early genomics era, contributes to the understanding

of its involvement in food fermentation processes, including cocoa fermentation (De Vuyst and Leroy,

2020; Dı́az-Muñoz and De Vuyst, 2022). Indeed, in the last decades, a number of genomic analyses

have been performed to assess the different evolutionary traits and origins of domesticated and

wild S. cerevisiae strains from different origins (Almeida et al., 2015; Borneman et al., 2016;

Cromie et al., 2013; Duan et al., 2018; Fay et al., 2019; Fay and Benavides, 2005; Gallone et al., 2016; Gon-

çalves et al., 2016; Liti et al., 2009; Peter et al., 2018; Ramazzotti et al., 2019; Sicard and Legras, 2011; Strope

et al., 2015). These studies have demonstrated that the ecological niches, from which S. cerevisiae strains

have been isolated, play an important role in not only shifting their phenotype but also modifying their

genomic architecture (Liti, 2015; Steensels and Verstrepen, 2014). Different kinds of genomic signatures,

such as gene expansion, contraction and introgression, relative polymorphism frequency, or ploidy varia-

tion can explain the evolution and adaptation of S. cerevisiae to fermented food niches, as has been shown

for beer, sake, and wine strains (Dequin and Casaregola, 2011; Duan et al., 2018; Fay et al., 2019; Fay and

Benavides, 2005; Liti, 2015; Ramazzotti et al., 2019). In all those cases, the term domestication is used when

1Research Group of Industrial
Microbiology and Food
Biotechnology, Faculty of
Sciences and Bioengineering
Sciences, Vrije Universiteit
Brussel, Pleinlaan 2, 1050
Brussels, Belgium

2Lead contact

*Correspondence:
stefan.weckx@vub.be

https://doi.org/10.1016/j.isci.
2022.105309

iScience 25, 105309, November 18, 2022 ª 2022 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:stefan.weckx@vub.be
https://doi.org/10.1016/j.isci.2022.105309
https://doi.org/10.1016/j.isci.2022.105309
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105309&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


these yeast strains optimally ferment the specific substrates of the raw food materials colonized (Liti et al.,

2009; Liti, 2015). However, based on their phylogenomic analysis, some populations have been ascribed to

be wild instead, as is the case for many S. cerevisiae strains isolated from oak tree barks in America and

Japan, primeval forests in China, or rainforests in Malaysia (Duan et al., 2018; Fay et al., 2019; Fay and Be-

navides, 2005; Liti, 2015). The domestication traits associated with S. cerevisiae strains isolated from beer,

wine, or bread productions have been well studied (Almeida et al., 2015; Borneman et al., 2016; Gallone

et al., 2016; Gonçalves et al., 2016; Lahue et al., 2020). In contrast, strains belonging to the West African

population have not been analyzed at the same level and specific genomic features from these groups

have been explored only briefly (Cromie et al., 2013; Ezeronye and Legras, 2009; Fay and Benavides,

2005; Gonçalves et al., 2016; Han et al., 2021; Liti et al., 2009; Tapsoba et al., 2015). Many of these West Af-

rican strains have been isolated from cocoa, although it is not always specified whether they have been iso-

lated from fermenting cocoa pulp-bean mass, fresh cocoa pulp, or cocoa pods. To the best of the authors’

knowledge, only one study has focused on the origin of cocoa isolates, albeit not as part of a whole-

genome sequencing analysis but restricted to a single nucleotide polymorphism (SNP) investigation that

was limited to genomic regions obtained with restriction site-associated DNA sequencing (RAD-seq; Lu-

dlow et al., 2016).

Cocoa fermentation is a key step in the production chain of chocolate, as cocoa beans need to be cured by

fermentation and drying before their roasting and further processing (De Vuyst and Leroy, 2020; Ozturk and

Young, 2017; Saltini et al., 2013; Santander Muñoz et al., 2020; Schwan andWheals, 2004). The participating

yeasts perform an alcoholic fermentation in the carbohydrate- and citrate-rich cocoa pulp-bean mass and

likely contribute to liquefaction of the pulp through the degradation of pectin, sucrose hydrolysis by means

of an invertase, and possibly citrate conversion by means of a citrate lyase. However, it is not clear to what

extent yeast metabolism is complementary to pulp pectinase and pulp invertase activities and to citrate

conversion by lactic acid bacteria (De Vuyst and Leroy, 2020; Dı́az-Muñoz and De Vuyst, 2022). Furthermore,

yeasts are important contributors to the final cocoa flavor of the cured cocoa beans by the production of

diverse volatile organic compounds (VOCs), such as higher alcohols, higher aldehydes, and esters, which

diffuse from the pulp into the beans upon fermentation (De Vuyst and Leroy, 2020; Dı́az-Muñoz et al., 2021;

Dı́az-Muñoz and De Vuyst, 2022; Ho et al., 2014; Maura et al., 2016; Meersman et al., 2016; Rodriguez-Cam-

pos et al., 2011; Schwan and Wheals, 2004). Albeit that a wide diversity of yeasts is encountered during

spontaneous cocoa fermentation processes, S. cerevisiae is one of the yeast species most commonly found

(Daniel et al., 2009; Ho et al., 2018; Meersman et al., 2013; Papalexandratou et al., 2013; Papalexandratou

and De Vuyst, 2011). Also, it is widely used as part of starter culture mixtures to improve the quality of cured

cocoa beans (Dı́az-Muñoz et al., 2021; Ho et al., 2018; Lefeber et al., 2012; Meersman et al., 2016; Moreira

et al., 2017). In particular, the Ghanaian S. cerevisiae IMDO 050523 strain has repeatedly been tested as

member of functional starter culture mixtures and has proven to be a successful candidate starter culture

strain for cocoa fermentation processes (Dı́az-Muñoz et al., 2021; Lefeber et al., 2012). In general, starter

culture-initiated cocoa fermentation processes inoculated with S. cerevisiae have demonstrated to pro-

ceed faster and, in many cases, the cured cocoa beans display a richer flavor (Dı́az-Muñoz et al., 2021;

Ho et al., 2018; Lefeber et al., 2012; Meersman et al., 2016; Moreira et al., 2017). However, whether yeast

species, and specifically strains of S. cerevisiae, present in cocoa fermentations have adapted to this

ecological niche is still an open question.

The present study aimed at a further understanding of the role of S. cerevisiae IMDO 050523 as candidate

yeast starter culture strain for cocoa fermentation processes by determining its whole-genome sequence,

making use of an optimized sequencing, assembling, and polishing strategy to obtain a high-quality yeast

genome, and analyzing its genetic signatures of adaptation to function in a fermenting cocoa pulp-bean

mass. Furthermore, its positioning in a phylogenomic tree was assessed, in comparison with 105 genomes

of S. cerevisiae strains from different, mainly food-related, sources and geographical origins, thereby posi-

tioning tens of strains of a West-African origin.

RESULTS

Whole-genome sequencing, assembly, polishing, alignment, and annotation

Pure, high-molecular-mass DNA of the S. cerevisiae IMDO 050523 cocoa strain was subjected to both long-

read and short-read sequencing to be able to obtain a high-quality, whole-genome sequence (Figure S1

and Table S1). An optimized genome assembly strategy to achieve a telomere-to-telomere representation

of the chromosomes was followed. The final genome assembly included a manual curation to remove
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contigs smaller than 800 bp, wrongly assigned regions corresponding to the template lambda DNA that

was used during long-read sequencing, and the mitochondrial contigs generated with Canu (Koren

et al., 2017), as well as to include the mitochondrial contig generated with NOVOPlasty (Dierckxsens

et al., 2017). The S. cerevisiae IMDO 050523 genome consisted of 20 contigs, representing 16 nuclear chro-

mosomes (chromosomes I to XVI) and a mitochondrial chromosome. A contig-per-chromosome was

achieved for 14 of the 17 chromosomes. Chromosomes IX, XII, and XIII were resolved into two contigs

each, leaving a gap of 2,061 and 1,991 bp in the case of chromosomes IX and XII, respectively, and showing

an overlap region of 24,887 bp in the case of chromosome XIII. Haplotype phasing was performed with

Purge Haplotigs (Roach et al., 2018) to obtain the final S. cerevisiae IMDO 050523 genome, which resulted

in a final length of 12.15 Mbp, with 92.41% of complete BUSCO genes (Simão et al., 2015) and 5,265 unique

genes predicted with GeneMark-ES (Ter-Hovhannisyan et al., 2008).

Analysis of ploidy and copy number variation

With an assembled, phased genome in hand, the whole-genome sequence of the S. cerevisiae IMDO

050523 cocoa strain was examined for ploidy estimation and degree of heterozygosity. The sequence

coverage distribution over the genome, calculated using the short reads, showed a homogeneous pattern

for each contig (270.05 G 6.10), demonstrating the absence of aneuploidy in the genome of S. cerevisiae

IMDO 050523 (Figure 1A). Nonetheless, the mitochondrial genome and the extremity of chromosome XII.b

were sequenced at 20-fold and 15-fold higher sequence coverage, respectively. The latter genomic region

corresponded to the location of the fungal rRNA genes, which suggested that the assembly underesti-

mated the copy number of these genes, hence causing an increased sequence coverage. Furthermore,

chromosome XII was split into two contigs at this genomic region, suggesting the impossibility of the

assembler to join both extremities of the rRNA gene cluster.

The ploidy was estimated by calculating the alternative allele frequencies compared with the

S. cerevisiae S288C reference genome, using the SNP data generated with the short reads. Overall, a

biallelic distribution over the entire genome was demonstrated, suggesting that the S. cerevisiae

IMDO 050523 genome was diploid (Figure 1B). Nevertheless, the heterozygosity levels were not homo-

geneous throughout the genome, because a loss of heterozygosity (LOH) of several genomic regions

was found for many chromosomes. These LOH regions were especially present in the telomeric and sub-

telomeric regions of certain chromosomes (e.g., chromosomes IV, X, and XVI), whereas other chromo-

somes presented large LOH regions that spanned most of the chromosome length (e.g., chromosomes

II, VIII, XII, and XIII).

Phylogenomic analysis

The number of genes in the 106 S. cerevisiae genomes examined varied from 5,164 to 6,933, embedded

within a number of contigs per genome that ranged from 16 to 1,429, indicating an impact of the

sequencing and assembly strategy (Figure 2). In the phylogenomic tree constructed, these genomes

grouped into ten different clusters, based on the average nucleotide identity (ANI) values calculated,

and, in general, were correlated with the source the concomitant strains were isolated from or with the

geographical origin of these strains (Figure 3). Two Beer clusters could be distinguished, referred to as

Beer 1 and Beer 2. Although the CFC strain, isolated from a traditional Belgian Trappist beer (Westmalle)

clustered within the Beer 1 cluster, its genome displayed a lower ANI value compared to the other ge-

nomes of this cluster. Furthermore, a Bread cluster was found, containing genomes of strains from bakery

origin and encompassing the genomes of two beer strains, all originating from Asia, Europe, and America.

Genomes of strains isolated from wine productions also clustered together, thereby displaying small ge-

netic distances among each other. Also here, genomes of strains from different geographical origin

were included in this Wine cluster, which, together with their close phylogenomic relatedness, demon-

strated signatures of domestication present in these strains isolated from wine productions. Furthermore,

this Wine cluster contained a genome of a strain isolated from milk kefir (BFC) as well as a water kefir meta-

genome-assembled genome (MAG1), indicating commonalities between kefir and wine. However, the re-

maining strains isolated from kefirs (ARS and YJM1478) clustered with milk strains from China or were more

distantly related, indicating a high heterogeneity of this fermented food ecosystem. A big Asian cluster was

found, for which at least four different subclusters could be differentiated, three of which containing ge-

nomes of strains isolated from sake, rice wine/vinegar (including the Korean rice vinegar MAG2) and bread

(traditional Mantou bread) productions, as well as a cocoa/Chinese forest subcluster. Regarding the latter

subcluster, the genomes of two strains (ARH and ARI) isolated from cocoa in Indonesia were closely related
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to those of two other strains (YJM1400 and YJM1401) isolated from fruits from a relatively close geograph-

ical area (The Philippines). Most of the genomes of strains isolated from Chinese forests did cluster sepa-

rately from those of the other Asian strains, reflecting a higher genetic diversity, which indicated a wild, hu-

man-independent origin of these strains (Duan et al., 2018). Closely related to this cluster, a cluster

containing genomes of strains originating from West African fermented foods could be distinguished.

This cluster included genomes of strains isolated from traditional palm wine and beer productions

(YJM195, YJM1248, and YJM1439). The genome of the Ghanaian cocoa strain IMDO 050523, sequenced

in the present study, also belonged to this West African fermented food cluster, and was hence separated

from the cluster of genomes of West African cocoa strains. The genomes of strains contained within the

West African cocoa cluster showed a closer relation to those of the Wine cluster than to those of the

West African fermented food cluster. Finally, two genomes related to cocoa strains (including the Costa

Rican cocoa MAG3) were found in the Mixed cluster, constituted by the genomes of two Mantou bread

strains, one milk strain, two fruit strains, one Chinese forest strain, and the reference strain S288C. Again,

the genome of the cocoa-related MAG3 (Costa Rica) and that of the cocoa strain ALG (Ecuador) were

Figure 1. Read coverage and allele frequency distribution of the Saccharomyces cerevisiae IMDO 050523

genome

(A) Short read sequence coverage distribution for this genome, with dashed lines representing the end of the IMDO

050523 contigs; and (B) alternative allele frequency distribution of this genome compared with the S. cerevisiae S288C

reference genome, with dashed lines representing the beginning of the S288C chromosomes.
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closely related to the genome of a strain isolated from fruit (YJM1386) from a relatively close geographical

area (Jamaica).

Furthermore, a pangenome was constructed that consisted of 5,193 gene clusters (GCs), encompassing

596,832 genes that were identified in the 106 genomes examined (Figure 4). A core genome could be

distinguished, based on GC presence/absence, and consisted of 4,701 GCs (90.5% of the total GCs).

The other 492 GCs (9.5%) established the accessory genome. The genome of the strain BDL (Ecuadorian

beer), MAG1 (Belgian water kefir), and MAG3 (Costa Rican cocoa) grouped separately from those of the

strains belonging to the same source or geographical location, which could be linked to their reduced

genome completion percentage and increased number of singletons and contigs.

Population structure analysis

Because the strains isolated from cocoa ended up in different clusters of the phylogenomic analysis, a popu-

lation structure analysis was performed to identify their ancestral populations and possible levels of admixture.

Overall, the populations inferred were in line with the phylogenomic clusters described above and revealed a

common origin for the Bread and Beer 1 strains as well as for the Wine, Beer 2, and Milk strains (Figure 5).

Discriminant analysis of principal components (DAPC) identified seven distinct populations (Figure S2), among

which theWest African fermented foodpopulation showed the highest between-groups genetic diversity (Fig-

ure 5A). Alternatively, fastStructure identified six ancestral populations (likelihood = �0.567), as the strains

belonging to the Mixed cluster identified with DAPC showed a high level of mosaicism that was linked to

four of the populations inferred by fastStructure (Figure 5B). Furthermore, the Indonesian strains isolated

from cocoa (ARI, ARH) and the strains isolated from fruits in The Philippines were admixed with the Chinese

forest and Asian fermented food populations. Likewise, the Ecuadorian cocoa strain ALG showed evidence of

admixture with the Chinese forest andWine/Beer 2/Milk population. No evidence of admixture was found for

the strains belonging to theWest African fermented food population (including the IMDO 050523 strain), sug-

gesting a separated evolutionary origin. Oppositely, theWest African cocoa population contained strains with

Figure 2. Gene and contig distribution across the 106 Saccharomyces cerevisiae genomes examined

The results are shown as a function of the isolation source of the strains (A) and the research teams involved (B, C, and D).

The lower and upper hinges of the boxes correspond to the first and third quartiles (the 25th and 75th percentiles). The

upper and lower whiskers extend from the hinge to the largest value no further than 1.5 times the inter-quartile range

(IQR) from the hinge. Semi-transparent dots represent the number of invertase-encoding genes each genome harbored,

whereas filled dots are outlying points. MAG, metagenome-assembled genome.
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signs of admixture with the Wine/Beer 2/Milk population (CQP, CQD, and CQC), the Chinese forest popula-

tion (CQI and WL001), and with both populations (WL002, CQG, and WL003).

In silico functional analysis

Manual inspection of the GCs present in the accessory genome revealed 22 GCs that were more abundant in

the genomes of the cocoa strains, often including the S. cerevisiae IMDO 050523 strain (Table S2). Using the

information retrieved from their homology results in the HHPred (Zimmermann et al., 2018) and SUPERFAMILY

2.0 (Pandurangan et al., 2019) databases and the conserved domain database (CDD; Lu et al., 2020), theseGCs

could be classified according to their putative biological function (Figure S3). Theywere related tometabolism

(e.g., hydrolases and aminotransferases), transport (e.g., transmembrane proteins and ABC transporters),

structure (e.g., flocculins), or regulation (e.g., fungal transcription factors). Furthermore, four GCs

(GC_00005075, GC_00005059, GC_00004937, and GC_00004865) were exclusive for the S. cerevisiae IMDO

050523 genome, although an overall low similarity for theseGCswas found in the databasesmentioned above.

Finally, metabolic traits of interest regarding the functional role of S. cerevisiae in cocoa fermentation pro-

cesses were examined, in particular volatile organic compound (VOC) production pathways, pectinolysis,

invertase activity, citrate metabolism, and high-osmolarity adaptation. Regarding VOC production, all 106

S. cerevisiae genomes possessed the necessary genes to produce themain VOCs that are commonly found

in cocoa fermentation processes (Figure 6). Also, conserved amino acid changes within the S. cerevisiae

phylogenomic clusters of key ester-producing enzymes could be found (Figure 3). A change from

Figure 3. Unrooted phylogenomic tree of 106 Saccharomyces cerevisiae genomes that was generated based on

the average nucleotide identity (ANI) values between their genomes

The isolation source and geographical origin of the strains are indicated with colors. The absence/presence of

polygalacturonase (PGU1) and polymorphisms in the aquaporins (AQY1 and AQY2) and acetyltransferases (ATF1 and

IMO32P) amino acid sequences are also colour-coded. Colored branches and bins represent phylogenomic clusters,

identified by their geographical origin and/or isolation source. The S. cerevisiae IMDO 050523 cocoa strain, indicated as

H5S5K23 accompanied with a black dot, belongs to the West African fermented food cluster, together with two wine

strains and a beer strain from the same geographical origin. NA, not applicable.
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asparagine to lysine in position 391 of the alcohol O-acetyltransferase (ATF1) was shown for strains

belonging to the Asian fermented food and West African fermented food clusters. A change from gluta-

mate to lysine in position 139 of the IMO32P enzyme, an alcohol acetyltransferase, was shown for several

strains belonging to the West African cocoa cluster, but not in those of strains of West African fermented

foods or in those of cocoa strains from other clusters. The esterase YMR210w of three strains from the Bread

cluster contained a deletion of 35 amino acids, and a change from alanine to threonine in position 358 of

this esterase was mainly shown for rice and sake strains from the Asian fermented food cluster.

With regard to the presence of genes encoding pectin-degrading enzymes, the amino acid sequences of 296

polygalacturonases, 245 pectate lyases, and 197 pectin esterases were used to search for homologous se-

quences in the genome of S. cerevisiae IMDO 050523. Among the cluster representative sequences, 30 signif-

icant alignments were found, of which 29 could be aligned to the same locus of chromosome X of the

S. cerevisiae IMDO 050523 genome, containing a gene that was annotated as polygalacturonase PGU1 (EC

3.2.1.15) (Table S3). This gene was present in only 27.3% of the cocoa strains, whereas it was present in

91.7% of the non-cocoa strains. Only one amino acid sequence, corresponding to a pectin esterase, was

aligned to a different locus, also located on chromosome X. In particular, this amino acid sequence belonged

to Aspergillus terreus and has been described as a putative feruloyl esterase (FaeA; EC 3.1.1.73), which can

hydrolyze feruloyl-galactose ester bonds in pectin and helps pectinases to break down the plant cell wall. How-

ever, the corresponding region of the S. cerevisiae IMDO 050523 genome was annotated as a putative lipase

(LIH1; EC 3.1.1.3), leaving the possibility open for a role in common lipid metabolism or pectin degradation. A

comparative analysis of the PGU1 gene revealed the presence of at least one intron (as predicted by AUGUS-

TUS; Stanke et al., 2006) in many of the genomes examined. An average of 436 G 77 introns was predicted,

accounting for 7.7% of the average total number of genes (5,644), which was in line with the expected values

for the S. cerevisiae genome. However, canonical splicing sites and essential splicing motifs were not found in

the predicted intron sequence of the PGU1 gene of the IMDO 050523 genome.

A higher number of invertase genes was found in the genomes of strains belonging to the Beer 1, Beer 2,

Bread, and West African fermented food clusters, but not in those of the West African cocoa cluster

Figure 4. Saccharomyces cerevisiae pangenome (left) and accessory genome (right), based on the 106 genomes

examined

The genomes constituting the pangenome are colored according to the phylogenomic cluster they belong to and

ordered based on the average nucleotide identity (ANI) values. The order of the gene clusters (GCs; represented as radii)

across the pangenome is based on their occurrence in the genomes. Bars in the inner 106 layers represent presence (full)

or absence (empty) of GCs in each of the genomes. Single-copy gene clusters (SCGCs) are represented with a dark red bar

in the last but two layers (pangenome), whereas the number of genes in the GCs and the contributing genomes to the GCs

are represented with dark blue bars (accessory genome). The GCs that were more abundant in S. cerevisiae cocoa strains

are detailed in Figure S3 and Table S2. The homogeneity index (an indication of the amino acid sequence similarity

between all genomes) and the cluster of orthologous group (COG) functions are shown in the two outer layers for both the

pangenome and the accessory genome.
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(Figure 7). In particular, S. cerevisiae IMDO 050523 possessed three genes coding for invertases (annotated

as SUC1/SUC2) located in three different genomic loci. The presence of other putative invertases was

checked using the amino acid sequences of 245 invertases, 60 sucrases, 15 saccharases, and 346 alpha-glu-

cosidases (Table S4). Among the cluster representative sequences, 55 significant alignments to loci

different from those of the SUC1/SUC2 genes were found (Table S4). However, most of these chromosomal

positions were annotated as alpha-glucosidases, related to the degradation of maltose (e.g., IMA1, IMA2,

IMA5, MAL32, andMAL33), glycoproteins (e.g., ROT2 andGTB1), or glucans (e.g., GDB1, EXG1, EXG2, and

BGL2). The only amino acid sequence annotated as invertase that showed a significant alignment to a po-

sition in chromosome XVI, was an ABC1 family protein with unknown function (YPL109C).

A gene screening as to the presence of putative enzymes related to the consumption or further degrada-

tion of extracellular citrate, besides those involved in the tricarboxylic acid (TCA) cycle, was performed by

using the amino acid sequences of 431 citrate lyases and 356 citrate synthases. Only cluster representative

amino acid sequences that did not align to the CIT1, CIT2, and CIT3 genes encoding citrate synthases/cit-

rate-oxaloacetate lyases of the TCA cycle, were considered (Table S5). As such, 42 significant alignments

were found, of which 21 containedmotifs similar to those of a wide variety of kinases (Table S5). The highest

similarities were obtained with chromosomal regions annotated as PDH1 (2-methylcitrate dehydratase)

and ACO2 (homocitrate dehydratase), two enzymes involved in the degradation of TCA citrate derivatives.

Three alignments were found to loci of chromosomes X, XI, and XIV without any functional annotation.

Nevertheless, these loci aligned with the human AKT1 (serine/threonine kinase) gene, indicating that these

non-annotated homologous regions may correspond to kinase motifs too instead of citrate lyases. Next to

CTP1 (tricarboxylate transport protein), two homologous transporter proteins needed for the secretion of

Figure 5. Population structure analysis based on 43,875 biallelic single nucleotide polymorphisms (SNPs) from

102 genomes of S. cerevisiae strains

(A) Scatterplot of a discriminant analysis of principal components (DAPC) assuming K = 7 populations and five retained

PCs (Figure S2).

(B) Population structure plot for K = 6 assumed ancestral populations. Strains belonging to the Mixed cluster in the

phylogenomic tree of Figure 3 are indicated with an asterisk below the corresponding bars in the structure plot. The color

codes used for the source the strains have been isolated from are as presented in Figure 3. The names given to the

populations are linked to the phylogenomic clusters represented in Figure 3.
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citrate were found in the S. cerevisiae IMDO 050523 genome, namely the florfenicol exporter and the side-

rochrome-iron transporter (sequence similarities of 46–52% and sequence coverage of 76–97%). The flor-

fenicol exporter (UniProtKB: GAA89875.1) aligned to regions of the S. cerevisiae IMDO 050523 genome

and was annotated as QDR1 and QDR2 [multidrug resistance transporter (quinidine)] located on chromo-

some IX and AQR1 (probable transporter of short-chain monocarboxylic acids) located on chromosome

XIV. The siderochrome-iron transporter (UniProtKB: GAA92527.1) showed homology to two genes located

on chromosomes V and VI that were also annotated in the S. cerevisiae IMDO 050523 genome as sidero-

chrome-iron transporters (SIT1).

Different variants were found for the AQY1 protein (aquaporin) among the 106 S. cerevisiae genomes

examined (Figure 3). First, a premature stop codon known to be present in the genomes of beer strains

was found for several strains of the Beer 1 and Bread clusters, resulting in an arginine at position 294 of

the amino acid sequence (Ale A882 insertion; Gonçalves et al., 2016). The A881 deletion (Will et al., 2010)

was found in all strains of the West African cocoa cluster, with the exception of WL001 and WL002, and

the West African fermented food cluster, leading to a protein of 327 amino acids and a valine at position

294. The cocoa strains isolated in Latin America (MAG3 and ALG) also possessed this polymorphism. On

the contrary, one of the Indonesian cocoa strains (ARH) did not contain any of these AQY1 polymor-

phisms, whereas the ARI strain lacked the whole gene. Furthermore, the fruit strain YJM1401 isolated

in The Philippines possessed still another polymorphism affecting the amino acid position 294 (lysine),

leading to a protein of 328 amino acids. Another commonly occurring variant of the protein occurred

too, as also glycine was found at position 294, leading to a final protein of 305 amino acids (V121M poly-

morphism; Gonçalves et al., 2016). Of all cocoa strains, this variant was only found in the ARH strain. A

polymorphism in the AQY1 involving a thymine deletion in position 498 of the gene sequence (Barbosa

et al., 2018) was not found in any of the genomes examined. Finally, previously reported deletions in the

AQY2 gene (aquaporin) of wine, beer, and Asian strains were found in the strains included in the current

study. The first deletion (Asian G25 deletion; Will et al., 2010) occurred at the start of the amino acid

sequence (Asian fermented food strains) and the second one (11-bp deletion; Will et al., 2010) occurred

at position 97 (Wine, Beer 1, and Beer 2 strains). None of these variants were found in the cocoa strains

examined.

Figure 6. Metabolic reconstruction of volatile organic compound (VOC) production, based on genomic

information comprised in the 106 Saccharomyces cerevisiae genomes examined

The genes needed for each step are indicated in color according to the number of genomes that harbor them (dark red if

less than 103 genomes, red for 103, orange for 104, green for 105, and blue for 106 genomes).
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DISCUSSION

Thousands of S. cerevisiae genomes are currently available, harboring differences in quality, completeness,

ploidy representation, and heterozygosity (Almeida et al., 2015; Duan et al., 2018; Gallone et al., 2016; Gon-

çalves et al., 2016; Libkind et al., 2021; Liti et al., 2009; Liti, 2015; Peter et al., 2018; Ramazzotti et al., 2019;

Shen et al., 2018; Strope et al., 2015). Choosing appropriate sequence data processing tools to achieve a

high-quality yeast genome is not always straightforward and the approach followed influences any down-

stream analysis. To elucidate the whole-genome sequence of the cocoa strain S. cerevisiae IMDO 050523,

originally isolated from a Ghanaian cocoa heap fermentation process (Camu et al., 2007; Daniel et al.,

2009), the present study made use of an optimized bioinformatics pipeline, combining Canu to assemble

the long reads, Purge Haplotigs to perform haplotype phasing, and Racon and Medaka as polishing tools,

to obtain a highly accurate consensus sequence. Moreover, Pilon was used for short read-based polishing,

improving the genome assembly in terms of completeness, redundancy, indels, and misassemblies.

The S. cerevisiae IMDO 050523 genome sequenced in the present study consisted of 16 nuclear chromo-

somes and a mitochondrial chromosome, representing a length of 12.15 Mbp and harboring 5,265 genes.

The differences found in the total number of genes in the 106 S. cerevisiae genomes examined during a

phylogenomic analysis reflected a substantial influence of the sequencing and assembly strategy used.

For example, some research teams sequenced haploid genomes (Strope et al., 2015), whereas others

sequenced all genomes with their natural ploidy (Gallone et al., 2016; Peter et al., 2018), pointing to the

importance of reporting haploid genomes for a correct interpretation of gene content and functional anal-

ysis. Haplotype phasing was successfully achieved in the present study and, hence, the genome assembly

of the sequenced IMDO 050523 cocoa strain corresponded to its haploid genome. However, assessment of

the natural ploidy of the sequenced strain revealed that it was a diploid genome, with a high percentage of

LOH regions. The latter indicates a low level of outcrossing, comparable with the genomes of wine and sake

strains reported before and hence representing a wide genetic diversity (Peter et al., 2018).

The phylogenomic analysis of the S. cerevisiae IMDO 050523 genome together with another 105 S. cere-

visiae genomes, covering 101 strains of different origins (Latin America, Asia, Europe, and West Africa),

one reference genome (laboratory strain S. cerevisiae S288C), and three MAGs (from Belgian water kefir,

Korean rice vinegar, and Costa Rican cocoa) showed clustering patterns that were correlated with the

Figure 7. Number of invertases found in the 106 Saccharomyces cerevisiae genomes examined, grouped

according to the phylogenomic cluster they belonged to

The lower and upper hinges of the boxes correspond to the first and third quartiles (the 25th and 75th percentiles). The

upper and lower whiskers extend from the hinge to the largest value no further than 1.5 times the inter-quartile range

(IQR) from the hinge. Semi-transparent dots represent the number of invertase-encoding genes each genome harbored,

whereas filled dots are outlying points. AFF, Asian fermented foods; CF, Chinese forests; NA, not clustered; WAC, West

African cocoa; WAFF, West African fermented foods.
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geographical origin or isolation source of the concomitant fermented food strains. The data presented

supported those of previous studies that distinguished several genome clusters among S. cerevisiae strains

according to their geographical origin (e.g.,West Africa, Asia, and North America) or isolation source (e.g.,

wine, beer, and sake) (Almeida et al., 2015; Barbosa et al., 2016; Borneman et al., 2016; Cromie et al., 2013;

Duan et al., 2018; Fay et al., 2019; Fay and Benavides, 2005; Gallone et al., 2016; Gonçalves et al., 2016; Liti

et al., 2009; Peter et al., 2018; Pontes et al., 2020; Ramazzotti et al., 2019; Strope et al., 2015). A clustering

based on the isolation source of the strains, regardless of the geographical origin, could be ascribed to

domesticated populations, as the ones of wine, bread, beer, sake, and rice wine/vinegar strains. Many

of these fermented foods and beverages are inoculated either through backslopping or after addition

of a microbial starter culture (De Vuyst et al., 2021; De Vuyst and Leroy, 2020; Leroy and De Vuyst, 2004).

Backslopping likely contributes to the adaptation of strains to a specific ecological niche of a fermented

food matrix. However, cocoa fermentation is still a spontaneous process, meaning that the initial inocula-

tion of the cocoa pulp-beanmass comes frommicroorganisms present in the close environment, in casu the

cocoa pod surfaces, banana or plantain leaves, fermentation equipment (e.g., baskets and boxes), insects,

etc. (De Vuyst and Leroy, 2020; De Vuyst andWeckx, 2016; Maura et al., 2016). This feature could explain the

geographical clustering of the genomes of the cocoa strains examined, including S. cerevisiae IMDO

050523, and their closeness to genomes of fruit strains or strains from traditional spontaneous food fermen-

tation processes, which could be ascribed as wild (Gallone et al., 2016). Furthermore, the genomes of the

cocoa strains belonged to at least three different populations, scattered by their geographical origin. In

addition, it has been shown before that the genomes of cocoa and coffee strains are the result of admix-

tures from S. cerevisiae populations from a geographical proximity (Ludlow et al., 2016). Similarly, a relat-

edness has been shown for genomes of African and Southeast Asian strains (Cromie et al., 2013; Han et al.,

2021) and West African and secondary Chinese forest strains (Duan et al., 2018). The wildness of the cocoa

strains was also in line with the findings of GCs with structural functions (e.g., flocculins), which were more

abundant in the genomes of this group of strains. These genes are indeed typically contracted or lost in

domesticated strains (Duan et al., 2018).

In contrast to the overall geographical clustering of the cocoa strain genomes, that of the Ghanaian

S. cerevisiae IMDO 050523 cocoa strain belonged to a cluster of genomes of strains from West African

fermented foods, whose phylogenomic position was located far from the genomes of 16 other West Af-

rican cocoa strains. Furthermore, the presence of two differentiated West African populations was

demonstrated, with no evidence of admixture or common evolutionary history. A differential clustering

of cocoa strain genomes from those of other West African non-cocoa strains could already be seen in

the phylogenies reported in previous studies (Cromie et al., 2013; Peter et al., 2018; Pontes et al.,

2020; Tapsoba et al., 2015). A possible explanation for the differential clustering pattern of the IMDO

0505023 cocoa strain must be sought in the environment, fermentation practices, and specific source

from which the cocoa strains examined were isolated (cocoa pulp-bean mass, fermentation baskets

and boxes, surfaces of banana leaves, harvesting tools, etc.). The genetic relatedness between the

West African cocoa population and the Wine/Beer 2/Milk population and the mosaicism found in

some of these strains may indicate a common evolutionary relationship, which could shed light onto

the African origin of vineyard strains, as suggested before (Barbosa et al., 2016; Ezeronye and Legras,

2009; Fay and Benavides, 2005; Han et al., 2021; Peter et al., 2018). The West African population

described in several studies was barely associated with a specific fermentation process or it subdivided

into different clades (Barbosa et al., 2016; Gallone et al., 2016; Gonçalves et al., 2016; Liti et al., 2009;

Strope et al., 2015). Later, the West African population was separated in two clades, according to respec-

tive cocoa and palm wine fermentation processes (Peter et al., 2018). Indeed, the West African palm wine

population has already been described as a domesticated population that originated from a specific

population of S. cerevisiae, triggered by geographic and/or ecological isolation (Ezeronye and Legras,

2009). Finally, a much more source-specific clustering has been found, suggesting that the West African

population could have been domesticated to the local, spontaneous fermentation processes (Han et al.,

2021; Pontes et al., 2020).

The three MAGs included in the phylogenomic analysis clustered together with the genomes of strains iso-

lated from the same or similar sources, indicating that retrieving MAGs from complex metagenomes could

be a good strategy to represent ‘‘unique’’ genomes, albeit that their quality, expressed as completeness

and redundancy, was in general lower compared to genomes obtained from isolates, due to the specific

data analysis steps performed (Meziti et al., 2021).
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The S. cerevisiae pangenome built up during the present study consisted of a large number of genes that

were common to all genomes examined (core genome), whereas only a minority was made up of variable

genes (accessory genome), as has been shown before for a pangenome based on 1,011 S. cerevisiae ge-

nomes (Peter et al., 2018; Richard, 2020). For the latter pangenome, consisting of 7,796 open reading

frames (ORFs), 4,940 ORFs are part of the core genome, whereas 2,856 ORFs are variable (Peter et al.,

2018). The proportion of variable ORFs is, however, lower in the S288C reference genome (1,144 ORFs

of a total of 6,081 ORFs; Richard, 2020). The lower proportion of variable GCs obtained in the present study

was mainly due to the fact that GCs may contain different copies of the same gene or genes encoding

similar proteins. As it has been shown that a higher gene copy number variability is present in those variable

ORFs, rather than in ORFs contained within the S. cerevisiae core genome (Peter et al., 2018), it was logic to

find a lower proportion of variable GCs thanORFs. However, the gene clustering performed during the pre-

sent study may grant a better representation of the functional differences between the genomes examined

and the actual size of the S. cerevisiae core and accessory genomes obtained, as it did not consider differ-

ences in gene copy number variation.

The manual inspection of the accessory genome (variable GCs) led to unravel specific GCs that were more

abundant in the genomes of the S. cerevisiae cocoa strains, such as flocculins, transmembrane proteins,

ABC transporters, fungal transcription factors, and a range of enzymes related to yeast metabolism. These

findings corroborated previous results that showed that, in general, the S. cerevisiae variable ORFs are en-

riched with genes related to cell wall and membrane components, cell-cell interactions, and secondary

metabolism (Richard, 2020).

The present study showed that S. cerevisiae IMDO 050523 harbored genes that reflect specific adapta-

tions to cocoa fermentation. Although the microbial species present in the last stages of cocoa fermen-

tation differ from those at the initial ones, some S. cerevisiae strains can be tolerant to late

fermentation stage conditions (high temperature and high ethanol and acetic acid concentrations) and

thus resist the entire cocoa fermentation course. For instance, S. cerevisiae IMDO 050523 seems to be

adapted to the carbohydrate-rich cocoa pulp at the start of the fermentation, which could explain its

prevalence. Indeed, it is known that a loss of function of the aquaporin genes (AQY1 and AQY2) provides

an increased resistance to high-osmolarity environments (Will et al., 2010; Gonçalves et al., 2016; Pontes

et al., 2020). This adaptative loss of function has been reported in wine strains (including a West African

one) too, which provides S. cerevisiae strains with an increased fitness toward the carbohydrate-rich must

environment (Gonçalves et al., 2016). For the AQY1 gene, an adenine deletion (coding sequence position

881, protein position 294) is responsible for its inactivity in S. cerevisiae wine strains (Gonçalves et al.,

2016). The inactivation of the AQY1 gene shown for strains from the West African cocoa and West

African fermented food clusters suggested adaptation of S. cerevisiae IMDO 050523 to carbohydrate-

rich niches.

Investigation of the metabolic pathway for the production of VOCs by S. cerevisiae showed that there was

almost no strain variability regarding the presence of key flavour-producing enzymes. Overall, these find-

ings suggested that the production of VOCs in the cocoa pulp-bean mass will not primarily depend on the

presence of different S. cerevisiae strains but rather on the biochemical composition of the cocoa pulp

(providing flavor precursors) or gene expression levels. Still, genomic comparison between strains of spe-

cies of different yeast genera naturally occurring during cocoa fermentation processes, such as Hansenias-

pora and Pichia, should be performed, as previous studies have demonstrated differential VOC produc-

tions according to the yeast species inoculated (Dı́az-Muñoz et al., 2021; Moreira et al., 2021). However,

the single amino acid changes found in the acetyltransferases ATF1 and IMO32P, affecting strains from

the West African fermented food cluster and West African cocoa cluster, respectively, may result in a

different activity of those ester-synthesizing enzymes and, thus, may have an impact on the VOCproduction

by S. cerevisiae cocoa strains. To prove this hypothesis, the activity of these enzymes should be tested

throughout the cocoa fermentation course.

Furthermore, yeasts have been postulated to contribute to pectin degradation at the initial stage of cocoa

fermentation processes (Schwan and Wheals, 2004; De Vuyst and Leroy, 2020; Dı́az-Muñoz and De Vuyst,

2022). A thorough screening of more than 700 pectin-degrading enzymes showed the presence of the pol-

ygalacturonase gene, PGU1, as the only gene encoding a pectin-degrading enzyme in S. cerevisiae IMDO

050523. It has been shown before that a polygalacturonase gene is the main gene responsible for pectin
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degradation by cocoa strains of S. cerevisiae (Meersman et al., 2017), although the current study showed

that several cocoa strains lacked this gene, in turn pointing indirectly toward the role of the pulp pectinase.

In contrast, this gene was present in most of the S. cerevisiae strains from other sources. The presence of at

least one intron in the PGU1 gene in many of the strains examined was surprising, as less than 10% of the

genes in S. cerevisiae are thought to contain introns (7.7% in the dataset examined). Consequently, a mo-

lecular approach should be performed to clarify whether these introns play a role in the activity of the

enzyme, as alternative splicing to respond to environmental conditions, although rare, can occur in

S. cerevisiae (Juneau et al., 2009; Hossain et al., 2011; Pleiss et al., 2007; Skelly et al., 2009). Nevertheless,

the lack of conserved splicing sites and motifs typically present in S. cerevisiae (Langford et al., 1984) may

indicate an inaccuracy of the gene prediction tool rather than a true intron.

Also, an increased number of invertase-encoding genes found in S. cerevisiae IMDO 050523 could suggest

an increased sucrose hydrolysis activity, as happens with an increased number of MAL genes for maltose

degradation in bread, beer, or sake strains (Gallone et al., 2016; Lahue et al., 2020), and with several traits

characterizing wine production processes (Jeffares et al., 2017). As yeast invertase activity is thought to pro-

pitiate a fast conversion of sucrose into fermentable saccharides, it can speed up cocoa fermentation when

considerable amounts of sucrose remain upon opening of (unripe) cocoa pods at the start of the fermen-

tation process (as a result of an incomplete hydrolysis of sucrose into glucose and fructose by cocoa pulp

invertase activity). However, a metatranscriptomic analysis of a Costa Rican cocoa fermentation process has

shown a low expression of S. cerevisiae invertase genes, which appeared only late into the fermentation

process (Verce et al., 2021). In line with these previous findings, the copy numbers of the invertase genes

found in the West African cocoa population were lower than in other populations and could indicate a

reduced invertase activity.

A possible active role of yeasts in citrate assimilation or conversion during cocoa fermentation processes

has been postulated before (Daniel et al., 2009; Jespersen et al., 2005; Schwan and Wheals, 2004;

Thompson et al., 2007). However, in vitro experiments have shown that not many cocoa yeast isolates

are able to assimilate citrate. Nevertheless, it is well known that citrate is a central intermediate of the

S. cerevisiae oxidative metabolism through the TCA cycle. Indeed, this species can generate citrate

through the mitochondrial (CIT1 and CIT3; EC 2.3.3.1) or peroxisomal (CIT2; EC 2.3.3.16) citrate syn-

thases, to be further converted into isocitrate through aconitate hydratase (ACO1; EC 4.2.1.3), which

is then in turn used in the TCA cycle and/or glyoxylate cycle. This oxidative pathway is downregulated

in the presence of glucose, as this carbon source shifts the S. cerevisiae oxidative metabolism toward

a high fermentative metabolism (Casal et al., 2008). Therefore, the contribution of S. cerevisiae IMDO

050523 to the assimilation of citrate during the initial stages of cocoa fermentation processes (in which

citrate is typically intensively consumed by LAB in particular) seems improbable. However, the same

pathway is upregulated in the absence of glucose, allowing S. cerevisiae to convert the ethanol pro-

duced into acetyl-CoA and to incorporate the latter into the TCA cycle, thereby producing excess citrate

(Casal et al., 2008; Odoni et al., 2019). In the present study, other putative citrate lyases and synthases

were screened as to their occurrence in the genome of S. cerevisiae IMDO 050523, with no evidence

of existing enzymes to provide additional pathways to consume or further degrade citrate. Yet, two

transporter proteins, a florfenicol exporter and a siderochrome-iron transporter, homologous to trans-

porters involved in citrate secretion in Aspergillus luchuensis, were present in the genome of

S. cerevisiae IMDO 050523. These transporters have been proposed to actively participate in the secre-

tion of citrate by S. cerevisiae when heterologously expressed (Odoni et al., 2019). As a small increase of

citrate concentrations at the end of cocoa fermentation processes is sometimes found, characterized by

aerobic conditions and remaining appropriate carbon sources such as ethanol and acetate (Batista et al.,

2015; Camu et al., 2007; Dı́az-Muñoz et al., 2021; Ho et al., 2018; Moreira et al., 2017; Papalexandratou

et al., 2011), it may be ascribed to the appearance of disadvantageous filamentous fungi as well as to the

action of still active S. cerevisiae strains.

Thus, the thorough functional study of the S. cerevisiae pangenome built up during the present study led to

unravel specific signatures of possible niche adaptations in cocoa strains. Finally, the fact that the Ghanaian

S. cerevisiae IMDO 050523 cocoa strain fitted into theWest African fermented food population and not into

the West African cocoa population may be linked to its broader physiological capabilities. Yet, it still

harbored one polygalacturonase and several invertase genes, likely enabling its degradation of cocoa

pulp pectin and hydrolysis of cocoa pulp sucrose, respectively. Overall, these findings contributed to a
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better understanding of the functional roles of S. cerevisiae in cocoa fermentation processes and at the

same time could explain the success of strains of this species when used as part of functional starter

cultures.

LIMITATIONS OF THE STUDY

Although one of the goals of this research was to position the industrially relevant cocoa starter culture

strain S. cerevisiae IMDO 050523 within the main populations of S. cerevisiae reported before, the focus

was on the comparative genomic analysis performed to understand the adaptations of the sequenced

strain to cocoa fermentation. As a consequence, only strains for which the genome assemblies were pub-

licly available were considered. A balance between selecting a sufficient number of strains to ensure a wide

representation of other fermented foods than cocoa and keeping the strains isolated from cocoa as the

main focus was attempted.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Newly sequenced Saccharomyces

cerevisiae IMDO 050523 cocoa strain

This paper European Nucleotide Archive

Project ID PRJEB46227

Assembly accession GCA_932563355.1

Long reads SRA accession ERR10089878

Short reads SRA accession ERR10089777

Saccharomyces cerevisiae MAG obtained

from a water kefir metagenome

(MAG1 – MAG_SC_WK15)

This paper European Nucleotide Archive

Project ID PRJEB55444

BioSample ID SAMEA110668653

Assembly accession GCA_946466885

Saccharomyces cerevisiae MAG obtained from

a rice vinegar metagenome

(MAG2 – MAG_SC_RV18)

This paper European Nucleotide Archive

Project ID PRJEB55444

BioSample ID SAMEA110691117

Assembly accession GCA_946466795

Saccharomyces cerevisiae MAG obtained from a

cocoa pulp metagenome

(MAG3 – MAG_SC_CP16)

This paper European Nucleotide Archive

Project ID PRJEB55444

BioSample ID SAMEA110668654

Assembly accession GCA_946462225

Experimental models: Microorganisms/strains

S. cerevisiae strains N/A Table S6

Chemicals, peptides, and recombinant proteins

Yeast extract Oxoid Cat# LP0021

Peptone Oxoid Cat# LP0037

Glucose Merck Cat# 1083375000

Nuclease-free water VWR Chemicals Cat# E476

Critical commercial assays

Qiagen Genomic tip 20/G kit Qiagen Cat# 10223

QubitTM dsDNA HS Assay kit Thermo Fisher Scientific Cat# Q32851

SQK-LSK109 Ligation Sequencing kit Oxford Nanopore Technologies Cat# SQK-LSK109

Software and algorithms

Albacore v2.3.3 Oxford Nanopore Technologies N/A

Guppy v2.3.7 Oxford Nanopore Technologies https://community.nanoporetech.com/downloads

NanoPack DeCoster et al., 2018 https://github.com/wdecoster/nanopack

FastQC v0.11.3 Babraham Institute http://www.bioinformatics.babraham.ac.uk/

projects/fastqc

Trimmomatic v0.36 Bolger et al., 2014 https://github.com/usadellab/Trimmomatic

Canu v1.8 Koren et al., 2017 https://github.com/marbl/canu

Purge Haplotigs Roach et al., 2018 https://bitbucket.org/mroachawri/

purge_haplotigs/src/master/

Racon v1.3.2 Vaser et al., 2017 https://github.com/isovic/racon

Medaka v0.7.1 Oxford Nanopore Technologies https://github.com/nanoporetech/medaka

minimap2 v2.17 Li, 2018 https://lh3.github.io/minimap2/

Pilon v1.23 Walker et al., 2014 https://github.com/broadinstitute/pilon
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Lead contact

DNA sequence information is publicly available from the NCBI and EBI databases. Further information and

requests for resources should be directed to and will be fulfilled by the lead contact: Stefan Weckx (stefan.

weckx@vub.be).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The genome assembly and annotation data generated in the present study have been submitted to the

European Nucleotide Archive of the European Bioinformatics Institute (ENA/EBI; https://www.ebi.ac.uk/

ena/home) under accession numberPRJEB46227.
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Bowtie2 v2.3.5.1 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/

bowtie2/index.shtml

NOVOPlasty v3.8.3 Dierckxsens et al., 2017 https://github.com/ndierckx/NOVOPlasty

QUAST Gurevich et al., 2013 http://quast.sourceforge.net/quast

GeneMark-ES Ter-Hovhannisyan et al., 2008 http://exon.gatech.edu/GeneMark/

BUSCO Simão et al., 2015 https://busco.ezlab.org/

MUMmer v3.23 Kurtz et al., 2004 http://mummer.sourceforge.net/

SAMtools v1.4 Li et al., 2009 https://github.com/samtools/samtools

GATK McKenna et al., 2010 https://gatk.broadinstitute.org/hc/en-us

MAKER2 Holt and Yandell, 2011 http://www.yandell-lab.org/

software/maker.html

AUGUSTUS v3.3.3 Stanke et al., 2006 http://augustus.gobics.de/

blastp v2.10 Altschul et al., 1997 https://blast.ncbi.nlm.nih.gov/

Blast.cgi?CMD=Web&PAGE_TYPE=

BlastDocs&DOC_TYPE=Download

InterProScan v5.36 Zdobnov and Apweiler, 2001 https://www.ebi.ac.uk/interpro/

about/interproscan/

anvi’o v6.2 Eren et al., 2015 https://anvio.org/

pyANI v0.2.10 Pritchard et al., 2016 https://pypi.org/project/pyani/

FastTree v2.1.11 Price et al., 2010 http://www.microbesonline.org/fasttree/

R R Core Team, 2019 https://cran.r-project.org/

PLINK v1.90 Chang et al., 2015 https://www.cog-genomics.org/plink2/
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d This paper does not report original codes.

d Any additional information about the analysis in this paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The yeast strain S. cerevisiae IMDO 050523 (also referred to as S. cerevisiae H5S5K23), which was originally

isolated from a spontaneous cocoa fermentation process carried out in Ghana (Camu et al., 2007; Daniel

et al., 2009), was used throughout this study for sequencing and functional analysis of its genome.

For a phylogenomic analysis, the genome of S. cerevisiae IMDO 050523 was compared with the genomes

of 101 S. cerevisiae strains, originating from (non)-fermented food products (Strope et al., 2015; Gallone

et al., 2016; Duan et al., 2018; Peter et al., 2018; Table S6). These genomes were retrieved from the Genome

database of the National Center for Biotechnology Information (NCBI, Bethesda, Maryland, USA). This se-

lection of genomes was made to maximize the number of strains originating from cocoa (22 in total), while

ensuring a wide representation of other fermented foods. Further, three MAGs corresponding with strains

of S. cerevisiae from Belgian water kefir (MAG1; Verce et al., 2019), Korean rice vinegar (MAG2; L. Vermote,

L. DeVuyst and S. Weckx, unpublished results), and Costa Rican cocoa (MAG3; Verce et al., 2021) fermen-

tation processes were included in the present study. Finally, the reference genome of the laboratory

baker’s yeast strain S. cerevisiae S288C, retrieved from the Saccharomyces genome database (SGD; Cher-

ry, 2015), was included.

METHOD DETAILS

DNA extraction, DNA sequencing and quality assessment, and whole-genome assembly,

polishing and data processing

DNA extraction

Saccharomyces cerevisiae IMDO 050523 was grown in yeast extract-peptone-glucose medium that con-

tained 10 g/L of yeast extract (Oxoid, Basingstoke, Hampshire, UK), 20 g/L of peptone (Oxoid), and 20

g/L of glucose (Avantor, Radnor, Pennsylvania, USA). High-molecular-mass DNA was extracted and puri-

fied using a Genomic tip 20/G kit following the manufacturer’s instructions (Qiagen, Hilden, Germany).

The genomic DNA was finally collected with a glass rod to avoid shearing and was dissolved in 250 mL of

nuclease-free water (Avantor) by incubation in a water bath at 55�C for 2 h. The DNA integrity was checked

by agarose gel electrophoresis, the purity was assessed with a NanoDrop ND-2000 spectrophotometer

(Thermo Fisher Scientific, Waltham, Massachusetts, USA), and the concentration wasmeasured using a Qu-

bit fluorometer (Thermo Fisher Scientific).

DNA sequencing

The genomic DNA was subjected to both long-read and short-read sequencing. Long-read sequencing

was performed using the Oxford Nanopore Technologies’ MinION sequencer with a r9.4.1 FLO-MIN106

flow cell (Oxford Nanopore Technologies, Oxford, UK). One mg of high-molecular-mass DNA was used

as starting material for library preparation, using the SQK-LSK109 Ligation Sequencing kit (Oxford Nano-

pore Technologies), according to the manufacturer’s instructions. Pipette tips were end-cut to avoid extra

shearing of the DNA during this step. Short-read paired-end sequencing was performed using Illumina’s

NovaSeq platform (Illumina, San Diego, California, USA) in the university’s core facility (BRIGHTcore, Jette,

Belgium).

The MinION sequencing signal was simultaneously basecalled in MinKNOW2.2 using Albacore (v2.3.3; Ox-

ford Nanopore Technologies). The FAST5 files were then classified in ‘‘fail’’ or ‘‘pass’’ reads according to

their qscore. To improve the basecalling accuracy, the raw ‘‘pass’’ FAST5 reads were basecalled using

Guppy v2.3.7 in high-accuracy GPU-accelerated mode, using ‘‘dna_r9.4.1_450bps_flipflop.cfg’’ as config-

uration file (Oxford Nanopore Technologies). NanoPack (DeCoster et al., 2018) was used as the set of tools

for visualization and quality-processing of the basecalled reads.

Long reads were quality-checked using NanoPlot and NanoQC, concatenated in a single fastq file, and

subsequently quality-filtered and trimmed with NanoFilt, using the following parameters: quality, 12; head-

crop, 35; and tailcrop, 25. Short reads were quality-checked with FastQC (v0.11.3; http://www.
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bioinformatics.babraham.ac.uk/projects/fastqc/). They were quality-filtered and trimmed using Trimmo-

matic (v0.36; Bolger et al., 2014) with the following parameters: headcrop, 10; leading, 30; trailing, 30; sli-

dingwindow, 4:15; and minlen, 20.

Whole-genome assembly and polishing

Quality-filtered and trimmed long reads were further corrected and assembled into contigs using Canu

(v1.8; Koren et al., 2017), setting the expected genome size to 12 Mbp and using default parameters for

the Nanopore raw input data. This raw assembly was then haplotype-phased with Purge Haplotigs (Roach

et al., 2018), and then subjected to an optimized polishing strategy. Unless stated otherwise, all polishing

and aligning tools were used with their default settings. Briefly, four iterations of Racon (v1.3.2; Vaser et al.,

2017) and one iteration of Medaka (v0.7.1; Oxford Nanopore Technologies) were performed to obtain a

more accurate consensus sequence, using the long reads and minimap2 (v2.17; Li, 2018) as alignment

tool. The short reads were then incorporated with Pilon (v1.23; Walker et al., 2014) to correct the assembly

for local misassemblies, single base differences, and indels. In this case, Bowtie2 (v2.3.5.1; Langmead and

Salzberg, 2012) was the alignment tool used.

Quality-filtered and trimmed short reads were used to assemble the mitochondrial genome, using

NOVOPlasty (v3.8.3; Dierckxsens et al., 2017). This mitochondrial assembly was then polished using Pilon

and incorporated into the final assembly.

Assembly evaluation and alignment to the reference genome

To assess the quality of the genome assembly, QUAST (Gurevich et al., 2013) was used with the genome of

S. cerevisiae S288C as reference, GeneMark-ES (Ter-Hovhannisyan et al., 2008) for gene prediction, and the

benchmarking universal single-copy orthologs methodology (BUSCO; Simão et al., 2015) to measure the

genome completeness.

To correlate contigs and chromosomes, the genome assembly was aligned to the chromosomes of the

S. cerevisiae S288C reference genome, using minimap2 and MUMmer (v3.23; Kurtz et al., 2004).

To determine the ploidy of the genome of S. cerevisiae IMDO 050523, the short reads were mapped to the

genome assembly, using Bowtie2 and SAMtools (v1.4; Li et al., 2009), and the coverage depth along the

genome was plotted.

Finally, the heterozygosity level was estimated by calculating the alternative allele frequency in comparison

to the S. cerevisiae S288C reference genome. Briefly, short reads weremapped to the genome sequence of

the S. cerevisiae S288C reference genome and variant calling was performed using GATK (McKenna et al.,

2010), as described before (Saubin et al., 2020).

Genome annotation

The final polished genome assembly was annotated using the MAKER2 pipeline (Holt and Yandell, 2011),

with AUGUSTUS (v3.3.3; Stanke et al., 2006) as gene prediction program. The RNA sequences and trans-

posable elements from the S. cerevisiae S288C reference genome (SGD; Cherry, 2015) and Saccharomyce-

tales protein sequences from Swiss-Prot were used as references for the functional annotation. Further, the

MAKER2 output, containing protein information, was used as query for alignment searches using the blastp

algorithm (v2.10; Altschul et al., 1997), setting the Saccharomycetales protein sequences from Swiss-Prot as

database. Only the best match was considered, with a maximum e-value set to 10�6 to obtain high accuracy

matches only. Finally, InterProScan (v5.36; Zdobnov and Apweiler, 2001) was used to add information on

protein domains, families, and functional sites to complete the functional annotation of the S. cerevisiae

IMDO 050523 genome.

Saccharomyces cerevisiae pangenome, accessory genome, and phylogenomic tree inference

The 106 S. cerevisiae genomes examined were imported into anvi’o (v6.2; Eren et al., 2015). The contigs

smaller than 500 bp were removed, and genes were predicted with AUGUSTUS, using the S. cerevisiae

S288C reference genome. The AUGUSTUS output was reformatted to fit into the anvi’o pipeline, using

the command ‘‘anvi-script-augustus-output-to-external-gene-calls-partial’’. The amino acid sequences

generated with AUGUSTUS were extracted from the gene prediction files and functionally annotated using
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blastp. The pangenome was generated as described before (Delmont and Eren, 2018). Based on the pres-

ence/absence of GCs, the accessory genome was manually binned and analysed, separately from the rest

of the pangenome, to assess differences between the phylogenomic clusters. Finally, to assess the ANI

among all genomes examined, the program pyANI (v0.2.10; Pritchard et al., 2016) was used with the com-

mand ‘‘anvi-compute-genome-similarity’’. A phylogenomic tree was generated based on the calculated

ANI values and was built using FastTree (v2.1.11; Price et al., 2010).

Population structure analysis

The raw sequence reads were quality-filtered and trimmed, as detailed above. The trimmed reads were

aligned to the S288C reference genome using Bowtie2, the alignment files processed using SAMtools,

and the variant calling performed using GATK, as described before (Saubin et al., 2020). The variant

call format (VCF) file consisted of 481,775 SNPs, which were further filtered using PLINK (v1.90; Chang

et al., 2015), as described before (Bigey et al., 2021). The final 43,875 biallelic SNPs were subsequently

used to infer the ancestral populations present in the dataset. To that end, two different approaches

were followed. First, twenty iterations of fastStructure v1.0 (Raj et al., 2014) using the simple prior

were performed, varying the number of ancestral populations used to describe the population structure

from 1 to 20. The function ChooseK was then used to select the model complexity that maximized mar-

ginal likelihood. Finally, Structure Plot (Ramasamy et al., 2014) was used to generate the structure plots.

Alternatively, the VCF file was processed using the R package adegenet (v2.1.5; Jombart, 2008) and pe-

gas (v1.1; Paradis, 2010) to perform a discriminant analysis of principal components (DAPC). The function

find.clusters was used to identify the number (K) of clusters based on the resulting Bayesian information

criterion (BIC) obtained for increasing values of K. The dapc function was finally used to describe the rela-

tionship between the inferred clusters. The number of retained PCs was selected considering the

a-scores obtained for each cluster.

In silico functional analysis

To perform a detailed analysis of the functional differences between strains from cocoa and non-cocoa

origins, a manual inspection of the GCs present in the accessory genome of the S. cerevisiae pangenome

built up was performed, as not all GCs could be assigned to a specific cluster of orthologous group

(COG) functions. Thus, the anvi’o interactive interface was used to access the GCs information. The

amino acid sequences that were more abundant in the genomes of cocoa strains compared to all other

genomes examined were used as queries for sequence and structure homology searches in HHPred

(Zimmermann et al., 2018), the SUPERFAMILY 2.0 database (Pandurangan et al., 2019), and the CDD

(Lu et al., 2020).

The amino acid sequences obtained from the 106 S. cerevisiae genomes examined were also used for or-

thogroup (OG) inference, which was performed with OrthoFinder (v2.3.8; Emms and Kelly, 2018).

DIAMOND (Buchfink et al., 2015) and MUSCLE (v3.8.31; Edgar, 2004) were used to search common se-

quences among the 106 genomes and to align them, respectively. For an in silico analysis, enzymes of in-

terest regarding cocoa fermentation traits, in particular those involved in flavour formation, pectin degra-

dation, sucrose metabolism (invertase activity), citrate consumption, and proteins involved in

osmotolerance (aquaporins), were retrieved from UniProt (The UniProt Consortium, 2021), prioritizing

the Swiss-Prot entry if available. Their amino acid sequences were aligned against all ortholog sequences

produced with OrthoFinder using blastp. The presence, absence, and/or copy number variation were

checked bymeans of a custom Python script. SeaView (v5.0.4; Gouy et al., 2010) was used to align the amino

acid sequences and manually check differences across the OGs.

To perform a dedicated screening as to the presence of putative pectin-degrading enzymes in the

genome of S. cerevisiae IMDO 050523, the Swiss-Prot database was used. Therefore, the keywords ‘‘pol-

ygalacturonase’’, ‘‘pectate lyase’’, and ‘‘pectin esterase’’ were used as query searches and the results

were downloaded as a fasta file. The same strategy was followed to perform a dedicated screening as

to the presence of putative invertases (keywords ‘‘invertase’’, ‘‘sucrase’’, ‘‘saccharase’’, and ‘‘alpha-gluco-

sidase’’), and citrate lyases/synthases (keywords ‘‘citrate lyase’’ and ‘‘citrate synthase’’). The amino acid

sequences of each fasta file were then aligned using MUSCLE (v3.8.31; Edgar, 2004) and the identity ma-

trix generated was used to examine the clusters formed. An amino acid sequence representative for each

cluster was picked to perform a sequence alignment to the whole-genome sequence of S. cerevisiae
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IMDO 050523, using the algorithm tblastn (Altschul et al., 1997). Furthermore, citrate transporter proteins

were screened for, using the same strategy as elaborated above.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical details can be found in the figure legends. The maximum e-value to consider an alignment as

significant was set to 0.001, as has been suggested before (Pearson, 2013).
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