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Kluyveromyces marxianuss traditionally associated with fermented dairy productsbut
can also be isolated from diverse non-dairy environments. &ause of thermotolerance,
rapid growth and other traits, many different strains are hiaeg developed for food and
industrial applications but there is, as yet, little undetanding of the genetic diversity
or population genetics of this species.K. marxianusshows a high level of phenotypic
variation but the only phenotype that has been clearly linketo a genetic polymorphism
is lactose utilisation, which is controlled by variation ithe LAC12 gene. The genomes of
several strains have been sequenced in recent years and, ihis study, we sequenced a
further nine strains from different origins. Analysis of @Single Nucleotide Polymorphisms
(SNPs) in 14 strains was carried out to examine genome strugte and genetic diversity.
SNP diversity inK. marxianusis relatively high, with up to 3% DNA sequence divergence
between alleles. It was found that the isolates include hapid, diploid, and triploid
strains, as shown by both SNP analysis and ow cytometry. Difpids and triploids
contain long genomic tracts showing loss of heterozygositfLOH). All six isolates from
dairy environments were diploid or triploid, whereas 6 out solates from non-dairy
environment were haploid. This also correlated with the psence of functional LAC12
alleles only in dairy haplotypes. The diploids were hybridsetween a non-dairy and a
dairy haplotype, whereas triploids included three copiesfoa dairy haplotype.

Keywords: lactose transport, non-conventional yeast, yea
LAC12

st evolution, industrial yeast, dairy, Kluyveromyces,

INTRODUCTION

The yeastKluyveromyces marxianus best-known because of its frequent association with
traditional dairy products such as ke r and cheesei¢hance, 2011; Gethins et al., 2016; Coloretti
et al., 201). This association with fermented dairy beverages, a case® of its capacity to use
the milk sugar lactose as a carbon source, has led to inde$id. marxianuson GRAS (FDA) and

QPS (EV) lists of safe micro-organism for use in foddsr(e and Morrissey, 2010; Riccietal., 2017
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The yeast is also regularly isolated from non-dairy envinemts  necessitate independent studieskofmarxianusto provide the
(e.g., decaying fruit) and is part of the natural ora invotlen  comprehensive understanding of its genetics and physioloafy th
production of Agavebased alcoholic beverages such as tequibaill underpin future developments in fundamental biology and
and mezcal l(appe-Oliveras et al., 2008; Verdugo Valdez et albiotechnology.
201). In the latter case, the production of enzymes that degrade Genomic and transcriptomic studies have started to shed ligh
plant fructans to simpler sugars (inulinases) undoubtedlyon K. marxianusand a growing number of genome sequences
contributes to its growth in this environmentAfrizon et al., of K. marxianusstrains are now availablel§ong et al., 2012;
2019. The capacity oK. marxianusto utilise a broad array Silveira et al., 2014; Inokuma et al., 2015; Lertwattandsdlal.,
of sugars also creates potential for biotechnological agpitaa  2015; Quarella et al., 20)L6As yet, however, there has not
(Fonseca et al.,, 2008; Lane and Morrissey, ROwhich is been a systematic comparison of the sequern€edarxianus
illustrated by the many studies exploring potential for bivmtol genomes, nor a comparison to the singte lactis genome
production from diverse substrates such as whey permeatthat is in the public domain. In contrast t&. lactis whose
crop plants, and lignocellulosic biomassanklang et al., 2009; genome comprises 6 chromosomes, several studies have iporte
Guimaraes et al., 2010; Wu et al., 2016; Kobayashi et alf).201that K. marxianushas a full complement of 8 chromosomes,
This yeast is used commercially for production of the avourwith many areas of local synteny between the species. There
molecule 2-phenylethanol, and there is considerable istere is strong conservation of the mating type locusafe et al.,
development ofK. marxianusas a cell factory for production 201) and thusK. marxianuscould be expected to be capable
of other bio avours (Morrissey et al., 20)5K. marxianusis  of mating type switching and mating in a manner similar
also distinguished by thermotoleranceape et al., 20)1and to K. lactis (Barsoum et al., 2010; Rajaei et al., J0Based
the fastest reported growth rate of any eukarydfdeneveld on information to date, however, there does appear to be a
et al., 200 Recent years have seen increasing interest in nefundamental di erence in life-cycles. Studies of naturalases of
applications such as production of biomoleculési@hes et al., K. lactissuggest that this yeast is primarily a haploid (haplontic)
2017; Lin et al., 20)/biocatalysisQliveira et al., 2017; Wang species. Mating is induced by depletion of nitrogen or phosphate
etal., 201yand heterologous protein productiosombertetal., in the environment, and zygotes formed by mating usually
2016; Lee etal., 2017 sporulate immediately (although diploids can be maintained in
One of the interesting aspects of the nascent developmettie lab, e.g., by selection for auxotrophic markeiSyHia rath
of K. marxianusas an important yeast for biotechnology is theand Breunig, 2000; Zonneveld and Steensma, 2003; Booth et al
wide variety of strains that are being used, both for redearc2010; Rodicio and Heinisch, 2013n contrast, analysis of the
and for application. This contrasts with the traditional ygeas mating-type locus of natural and culture collectiBnmarxianus
Saccharomyces cerevisigleere, until recently, there was a very isolates identi ed both haploid and diploid straingdne et al.,
strong focus on a relatively narrow set of model strains. M/hi 2011; Fasoli et al., 20)L6
giving access to the broad diversity that exists within gyscges, To put the phenotypic diversity ofK. marxianus into
the non-reliance on model strains also creates challenges s context, it is important to characterise its genomic diversi
ndings with one isolate are not automatically transferlalto  and to assess the population structure of the species. There
other isolates. This is illustrated well by studies that destrate have been some pre-whole genome sequence studies that
wide variance in tolerance to di erent external stresseang addressed this question using di erent methods. Pulsedt el
etal., 2011; Rocha et al., 2)llhdeed, it has emerged that evengel electrophoresis studies suggested that there wereblearia
a trait such as lactose utilisation, long considered onehef t numbers of chromosomes K. marxianus strains Belloch
de ning characteristics oK. marxianus is not universal, and et al., 1998; Fasoli et al., 2012 nding not in accordance
many strains exhibit very poor growth on lactose, a phenotypaith genome sequence data, which has consistently indicated
that was shown to be due to polymorphisms in th&C12 8 chromosomes. Mitochondrial DNA haplotypes and variation
gene, which encodes a permease responsible for transport afsome genomic loci was used to try to determine population
lactose into the cell \arela et al., 20)7 Although recent structure in a collection from lItalian cheesebaoli et al.,
studies on sugar transport and physiology are starting to esisir 2016. That particular study identi ed variations in population
the de cit (Fonseca et al., 2013; Signori et al., 2014; Beniwstructure and proposed the occurrence of homozygous and
et al., 2017; Dias et al., 2017; Diniz et al., Pit7is true to  heterozygous strains. A Multi Locus Sequence Typing (MLST)
say that a lot of the underlying knowledge about the biologymethod was developed to further explore the diversity in that
of K. marxianusis based on inference of similarity with its collection and in this case, the analysis was extended teroth
sister speciesKluyveromyces lactisvhich was developed as strains that are sequenced or available in culture cobesti
a model for studying lactose-positive yeasts since the 496QTittarelli et al., 2018 MLST analysis did not identify distinct
(Fukuhara, 2006 The genome ofK. lactis was sequenced sub-populations but while the method was very diagnostic for
more than a decade ag@duciet et al., 2000with a more  strain identi cation, the surprisingly high level of hetenggosity
recent functional reannotation and genome scale model thah diploid strains reduced resolution to a level too low for
provides a deeper understanding of the core metabolism of thigopulation-type analysis. Analysis of population structure in
species [Pias et al., 2012, 20).4Notwithstanding the utility diploid yeasts is challenging and, in many cases, has relied on
of a related species for comparison, the many metabolic an8NPs identi ed in genome sequences derived from haploids or
physiological di erences betwee. lactisand K. marxianus from completely homozygous diploids (made by self-mating of
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single spore derivatives) (i et al., 2009; Schacherer et al., 2000MATERIALS AND METHODS
Strope et al., 20)5In highly heterozygous species, this metho . .
may not generate an accurate view of theprelationships amon east S_trams’ Growth, and Phenotypic
haplotypes or among strains. nalysis

In this study, we set out to explore the genomic diversityThe 14K. marxianusstrains analysed in this study are listed in
of K. marxianusby analysing whole-genome data from 14Table 1 Two strains (DMKU3-1042 and UFS-Y2791) were not
strains isolated from dierent sources. Some of these sgrainavailable for phenotypic assessment but the remaining lihstra
had been previously sequenced and published, whereas oth#fere obtained from the sources indicated Table 1 and were
were sequenced for this study. To take heterozygosity inttoutinely cultured at 30C in YPD medium (10 g/L yeast extract,
account, raw sequence reads were used to allow analysigitef sin20 g/L bactopeptone, 20 g/L glucose). For lactose utilisatiis,te
nucleotide polymorphisms (SNPs) between strains. The resulyeast strains were rst grown overnight in 5 mL minimal media
indicate a high degree of variation among isolates, in botiidyl  (MM) supplemented with 2% glucose¢nseca et al., 20D Cells
and heterozygosity, and show a correlation between ploidy anfrom the overnight cultures were harvested by centrifugati
environmental niche. Our work raises important questionsaty Washed twice with 5mL of water and used to inoculate MM
the life cycle oK. marxianus and emphasizes the need to takesupplemented with 2% lactose to an gJgof 0.1. These cultures
ploidy and heterozygosity into account when consideringigsi  were incubated for 15h, when the nal Qjgo was determined.
K. marxianusfor biotechnological purposes. Lactose concentration was determined by HPLC at 0 and 15 h and

TABLE 1 | Sources of K. marxianusstrains and genomes analysed in this study.

Strain Synonym Country Sample Strain source Reference for Source of lllumina FASTQ Accession
source genome data numbers for
sequence lllumina data
Lo1 Unknown Dairy Lallemand Inc. This study University Cofje Dublin SRX3541360
(K.H. Wolfe)
LO2 Unknown Dairy Lallemand Inc. This study University Cotle Dublin SRX3541359
(K.H. Wolfe)
LO3 Unknown Dairy Lallemand Inc. This study University Cotie Dublin SRX3541362
(K.H. Wolfe)
LO4 Unknown Baking Lallemand Inc. This study University Cetje Dublin SRX3541361
(K.H. Wolfe)
LO5 Unknown Distillery Lallemand Inc. This study Universiollege Dublin SRX3541364
(K.H. Wolfe)
CBS397 Netherlands Yoghurt Westerdijk Institute, This study University College Cork (J.P.  SRX3541363
Netherlands Morrissey)
NBRC0272 Unknown Miso Biological Resource This study Yamaguchi University SRX3541366
Center, NITE (H. Hoshida)
(NBRC), Japan
NBRC0288 DSM4906 Unknown Unknown  Biological Resource This study Yamaguchi University SRX3541365
Center, NITE (H. Hoshida)
(NBRC), Japan
NBRC0617 ATCC8622 Denmark Yoghurt Biological Resource This study Yamaguchi University SRX3541358
Center, NITE (H. Hoshida)
(NBRC), Japan
NBRC1777 Japan Soil Biological Resource Inokuma et al., Yamaguchi University SRX3541357
Center, NITE 2015* (H. Hoshida)
(NBRC), Japan
CBS6556 KCTC17555, Mexico Pozol Westerdijk Institute, Jeong et al., 2012 Yonsei University (J. F. Kim) SRX3637961
ATCC26548 Netherlands
UFV-3 CCT7735 Brazil Dairy Universidade Silveira et al., 2014 BIOAGRO, Brazil (F. M. L. SRX3637959
Federal de Vigosa, Passos)
Brazil
DMKU3-1042t Thailand Soil Strain not obtained Lertwattanasakul Yamaguchi University SRX3541367
etal., 2015 (H. Hoshida)
UFS-Y2791 South Africa  Agave Strain not obtained Univ. of the Free State (D. T. SRX3637960
americana Schabort et al., W. P. Schabort)
juice 2016

“The reference genome sequence of NBRC1777lifokuma et al., 2015 was based on an assembly of Paci ¢ Biosciences and lon Torrent data but #1 SNP analysis in this study used

newly-generated lllumina FASTQ data Genome sequence obtained from a ura3 derivative generated by UV mutageniss
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used to calculate lactose consumption as previously describ@BLE 2 | Summary of lllumina sequencing strategies and coverage fordlstrains
(Varela et al., 2007 Experiments were performed in triplicate used in SNP analysis.
with error bars showing standard deviation.

Strain Mean Pairedness*  Read Million  BWA
F|OW Cytometry coverage (x) length  reads  algorithm
DNA content was determined by ow cytometry using SYTOX Lo1 47 SE 50 16.6  aln samse
green (Thermo-Fisher) as previously describeéddse and Reed, Lo2 47 SE 50 16.7  aln samse
2002. Yeast strains were grown in YPD at 8with 200 rpm (o3 45 SE 50 16.7  aln samse
agitation in a New Brunswick Innova 40/40 R orbital shakeros 45 SE 50 15.6  aln samse
(Eppendorf, Hamburg, Germany). Cultures were harvested bys 47 SE 50 16.2  aln samse
centrifugation and resuspended in 1mL sterile water. Cellggssg7 141 PE 126 151  mem
were then washed, resuspended in 480 sterile water and ngrcoz72 160 PE 100 204  mem
xed by adding 950mL 100% ethanol. The suspensions werggrcozss 212 PE 100 256  mem
incubated overnight at 42, then centrifuged and washed in ngrcos17 35 SE 50 11.6  aln samse
50mM sodium citrate (pH 7.2). The cells were resuspended igrc1777 110 PE 100 128  mem
500mL RNAse A solution (0.25 mg/mL RNAse A, 50 mM sodium ¢gggs56 623 PE 70-150  56.9  mem
citrate pH 7.2) and incubated for 1h at 32. Then, 100mL | r.5 359 PE 90 503  mem
of 20 mg/mL Proteinase K was added to each sample and thg,3.1042 341 PE 100 446  mem
tubes were incubated at 50 for 2 h. Finally, 500rL of SYTOX  cq.yp701 50 PE 754100 171 mem

Green solution (40M SYTOX Green, 50 mM sodium citrate pH
7.2) was added to each tube. Samples were analysed usintpEasingle-end; PE, paired-end.

BD FACSCelesta system (BD Biosciences, CA, USA) and thgs and to generate indexes for downstream steps. Picard
data was processed using FlowJo software v10 (BD BioscienGggis v. 2.0.1 (http:/broadinstitute.github.io/picard) rfction

CA, USA). AddOrReplaceReadGroups was used to add identi ers to the
. BAM les, followed by MarkDuplicates to mark and discard
Genome Data, Sequencing, and Read PCR duplicates. Indel realignment and coverage calculatene
Mapping performed using the RealignerTargetCreator, IndelRealigner
The genomes of ve strains (NBRC1777, CBS6556, UFV-3nd DepthOfCoverage tools from the Genome Analysis Tool
DMKU3-1042, and UFS-Y2791) had previously been publishe@ijt (GATK) v. 3.5-0-g36282e4\Vén der Auwera et al.,
and some of the authors kindly made the source Illuminayp13. Mean coverage was calculated omitting a 19kb region
FASTQ data available for this analysis. The 11 Strainsm on chromosome 5 that contains the array encoding the
in this study are indicated inTable 1 accession numbers rRNA genes. Coverage plots were obtained by calculating the
are prOVided for all strains and references are given Wheaverage in 10-kb windows. Segment means were calculated

applicable. All strains were sequenced on lllumina HiSeq 200(sing the R Bioconductor package DNAcopy v 1.50.1 (DOI:
or 2500 instruments after Truseq genomic library preparation10.18129/B9.bioc.DNAcopy).

Details of the sequencing data type and coverage for all 14
strains, including those sequenced elsewhere, are sumeddn ~ Variant Calling
Table 2. We performed quality control checks for all libraries “Variable sites” were de ned as the set of sites in the genome
with FastQC v. 0.10.1 (https://www.bioinformatics.bataahac. that contain a non-reference base, hereafter called “ntgja
uk/projects/fastqc/.) Reads for strain CBS6556 were trimmeth at least one of the 14 strains. Variant calling in the 14
using skewer v. 0.2.2Jiang et al., 20)4with parameters -q strains was done using the GATK tool HaplotypeCaller in
20 -m pe -l 70. For BLAST analysete novoassemblies of DISCOVERY and GVCF modes, requiring a minimum quality
each newly sequenced genome were made using SPAdes 3sed@e of 20. The output les were then used for multi-sample
(Bankevich et al., 20)2 analysis using the GenotypeGVCF tool and a custom Perl script
The NBRC1777 genome sequence was selected as a referemae used to remove all variants that had low genotype quality
because of the high quality of its assembly into 8 chromosome(GQ < 20), or had low approximate read depth (below 10% of
and because our analysis conrmed the haploid nature ofhe mean coverage for the sample excluding the rDNA locus
this strain (nokuma et al., 2016 Sequencing libraries from and telomeric regions). For every remaining variable dite,
all strains were aligned to the NBRC1777 reference usingutput from GATK enabled us to calculate the empirical allele
the Burrows-Wheeler Aligner (BWA) v. 0.7.9a-r786i (and  frequencies of the reference base (designgigdnd the variant
Durbin, 2009 with default parameters. The BWA “mem” (designatedfB and referred as alternative allele frequencies),
alignment algorithm was used for libraries with read lengthwhich sum to 1. Empirical allele frequencies were calculated
100 bp, the “aln” alignment algorithm for libraries with each variable site on each strain by dividing the allelic deyft
read length<100 bp, and the alignment modes were sethe variant by the approximate read depth observed at that site
to “samse” and “sampe” for single-end and paired-end dat¢AD and DP elds in GATK's HaplotypeCaller). Each variant
respectively. Samtools v. 0.1.19-44428ddef al., 200p was remaining after the Itering steps and having B > 0.15 is
used to remove unmapped reads from the BWA outputconsidered to be SNPs. Accordingly, variable sites werg onl
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used for further analysis when having a SNPfAf 0.85 the B allele. For triploid strains, putative alleles 1, 2, and 3ewest
strain was called homozygous for the reference bdg®) @t generated and used as a template for base replacement depending
this variable site, and ifB 0.85 it was called homozygous on the types of variable sites and their allele frequencies. F
for the alternative baseB@). Sites with intermediate allele homozygous alternativeB@) sites, the variant was used for
frequencies (0.15 fA < 0.85) were called heterozygousB).  replacement in all three putative alleles. For heterozygdis} (
Using these thresholds, a small number of SNPs were callsites, the variant was used for replacement in both alleles 2
in some strains later shown to be haploid. These apparergnd 3 if fB > 0.6, or for replacement only in allele 3 if
SNPs clustered in sub-telomeric regions known to contairiB< 0.4. The phylogenetic tree of the inferred and concatenated
repetitive DNA and are likely to be technical artefacts due tdaplotype sequences was generated using PhyML \VG8itidon
misaligning of reads to dierent repeats or to copy numberet al., 201p selecting for the best of NNI and SPR methods,
variants. Note that these calls were only made for varialds;s using ve random starts, and with empirical estimation of bas
the genomes also contain a much larger number of invarianfrequencies and proportions of invariable sites (parameters:
sites that are considered identical among all strains arel arsearch BEST —rand_start —n_rand_starts 5 -f e —v e). The tree
thereforeAA. was visualized using FigTree v. 1.4.3 (http://tree.biacdk/
Nucleotide diversity ) and average SNP density weresoftware/ gtreel.)
calculated with VariScan v 2.0.8i(tter et al., 200p using a I
non-overlapping window size of 1 kb along all chromosomes. IfPata Availability
the case of heterozygous variants, only the variant wittnésg  The lllumina sequences generated and analyzed for thiystanl
fB was used. Sites considered for the analysis of the 14 straibg found in the NCBI Sequence Read Archive under the accession
were required to show variation in a minimum number of 4 number SRP128575, strain-speci ¢ accessions are provided in
strains. SnpE v 4.3singolani et al., 20)vas used to produce Table 1
summary statistics and annotate the SNPs using the public
NBRC1777 genome annotation as a refererivekuma et al., RESULTS
2015.
o K. marxianus Displays a High Level of
Phylogenetic Analysis Genomic Variation
Because the data consisted of a mixture of strains with dnere The genome sequences of 14 strainsKof marxianuswere
ploidies, we developed a custom method for phylogenetianalysed for SNPs to determine the extent of variability iis th
analysis of haplotypes. This method is based on a windoapecies. The strains selected for analysis included thetrams
approach similar to our previous development for an interspeciewith published whole genome sequences (at the time of the/¥tud
hybrid (Schroder et al., 20)6Homozygosity and heterozygosity and 9 other strains from di erent collectionsTéble 1). The
were rst assessed in 1kb windows of the genome of eaclke sequenced strains (NBRC1777, CBS6556, UFV3, DMKU3-
diploid strain. For each 1kb window in each strain, the totall042, and UFS-Y2791) have been phenotypically analysed to
numbers of variable sites that were called with each genotyph erent extents by a number of research teams and are of
(#AA, #BB, and #AB) in the window were calculated. The interest for biotechnological applicationsi¢nklang et al., 2008;
whole window was then classied as either heterozygous fdronseca et al., 2013; Costa et al., 2014; Schabort et &;, 201
the two haplotypes if#AB 3, or homozygous otherwise. Nambu-Nishida et al., 20)7 This is also the case for the
Homozygous windows were then classi ed as either homozggoipreviously unsequenced strains CBS397, NBRC0272, NBRC0288,
for the alternative haplotype #BB 9, or homozygous for and NBRCO0617, which were obtained from national culture
the reference haplotype otherwise. The cut-o values of 3 andollections [Lane et al., 2011; Foukis et al., 2012; Yarimizu et al.,
9 were chosen based on analysis of the distributions of windo2013. The additional ve strains (LO1-L05) are from the in-
frequencies, using strain LO1 as a test chggufe S). Each 1 kb  house culture collection of the Lallemand company and there
window of the genome was only used if it was heterozygouare no published data available for these strains. The aigin
in all ve diploid strains, and the regions with aberrant d&le source of isolation is known for 13/14 strains and is almost
frequencies in NBRC0272 were excluded (chromosome 6@venly divided between dairy and non-dairy environmentse Th
Concatenated nucleotide sequences of the shared hetenazyg genome sequences of the 9 previously un-sequenced straies we
windows were extracted from the NBRC1777 genome and usebtained as described in methods and thus all 14 genomes could
to infer the sequences of alleles in each strain, dependinigson be analysed and compared. It should be noted that although
ploidy. all 14 strains were sequenced using lllumina technologys thi
For haploid strains, the variant was used to replace thavas performed by dierent laboratories using a diversity of
reference base at the corresponding position of the variatde s sequencing strategies and thus the depth of coverage is quite
in the concatenated sequence. For diploid strains, two dinére variable Table 2.
putative A and B alleles were rst generated and used as a We used the genome sequence of strain NBRC1777, which
template for base replacement depending on the type of variableas assembled into eight complete chromosomes using Paci ¢
site. For homozygous alternativBB) sites, the variant was used Biosciences technology, as the reference for SNP analysis
for replacement in both A and B alleles. For heterozygdAB)( (Inokuma et al., 2015 GATK software was used to identify
variable sites, the variant was only used for replacementén thsequence variants presentin the lllumina reads from all datrss
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relative to this reference. Variable sites were de ned &dbt nonsense mutations, when compared against the NBRC1777
of sites in the genome that contain a non-reference base in annotation (nokuma et al., 2016
least one of the 14 strains. For each variable site in eaamstr

the empirical allele frequency in the lllumina reads fromttha K. marxianus Isolates Show Different
strain was calculated (see Methods). Depending on frequencrbloidy States

the variant was classi ed as homozygous SK® ( 0.85), or he distributi f allele f ies f h . d
heterozygous SNP (0.16 fB < 0.85). Variants appearing at T © Istr ut|o.n oraflele frequencies for eac st.raln s€
. T using a graphical method similar to that used in a recent study

e e 1 e s 1 e e o s corevagh ol 200 Hisograms Bgue 1, o
; 9 ’ y . She distribution of allele frequencies at all the variabtessin
lllumina data from the reference NBRC1777, con rming that .
the genome created three sets of strains that corresponded to

the reference sequence is accurate and this strain is hapitid. those identi ed on the basis of the numbers of heterozvaous
other strains contained more than 30,000 SNPs relative ¢o th Y9

reference Table 3. The highest number of SNPs is in strain and homozygous SNPsTgble 3. The ve strains with the

highest numbers of heterozygous SNPs in (L02, LO1, CBS397,

- 0,

r?:ie\o(tzigslsfcgsr?s: d?\t/eérll.’enzcoelieﬁntiecigzsla?ondZntgmiOIf; oNBRC0288, and NBRCO0272) all show a symmetrical peak of

the numbers gf heteroz O?Js and homoz .ous (r%’on-refe.t)encgl]Iele frequencies centred on 0.5, suggesting that thegipiid.
02ygou Y9 ) CShe three strains with high numbers of both homozygous and

SNPs, the other strains fall into three groups: one group W'ﬂheterozygous SNPs (NBRCO617, L03, and UFV-3) all show

low numbers of heterozygous SNP$2000), one group with imodal distributions, with peaks at 0.33 and 0.66 for the

more heterozygous than homozygous SNPs, and one group wi requency of the variant, suggesting that they are triploid.

fewer heterozygous than homozygous SNPs. Below, we ShO - iy the six strains UFS-Y2791, DMKU3-1042, LO5, LO4,
that these three groups are haploid, diploid, and triploid sisai

; CBS6556, and NBRC1777, only a low number of sites were
respectively.

In total, 667,472 variable sites, comprising 597,466 SNiés, a?he;ﬁ?stlejzna: r:jei:rri(t))?t/%?qgslrigiézeastz ert:?nzr:t)\évolg;?@m
70,006 indels were found. Indels were not analysed furtimet, a d Y '

. . a haploid genome.

after Itering (see methods) a subset of 571,339 SNPs wais ezt T(F)) pro?/ide an independent measurement of ploidy, DNA
for analysis. SNP diversity K. marxianuss relatively high, with . : '
average pairwise di erence between strampgf 12 10 3. The co_ntent in_each strain was _measured b_y ow (_:yt(_)me_try

. ; ) . L (Figure 10). Each analysed strain shows a bimodal distribution
average density of SNPsknmarxianuss 7.6 SNPs/kb in coding :
regions and 11.1 SNPs/kb in intergenic regiofiakfe S3. Of of DNA content, corresponding to the G1 and G2 phases of the

9 ) nterg 9 ) ) cell cycle. For the haploid strains, the DNA contentis(lh G1

the 359,354 variants located within the coding regions olege

- . . hase) and 2 (in G2 phase), wherr is the DNA content of the
0, 0,
71.6% were predicted to be silent, 28.1% missense, and mz%(#haploid genome. For the diploids, it imzand 4, and for the

triploids it is 3n and &. The patterns observed were consistent
with the designation based on allele frequencies and coedm
that this set of strains was comprised of 6 haploid, 5 diploid and

TABLE 3 | SNPs identi ed in 14 K. marxianus strains

Strain Heterozygous SNPs*  Homozygous SNPs T Total SNPs 3 triploid strains.
HAPLOID STRAINS Common Patterns of Loss of
NBRC1777 248 1 249

Heterozygosity in Diploid Strains

L0 out 33,326 33,937 For each SNP, its allele frequency vs. its chromosomalitotat
o4 726 35138 35804 in the reference assembly was plotted to determine whether
CBS6556 1,439 40,922 42,301 heterozygosity was uniformly distributedFigure 1B). For
DMKU3-1042 1647 39,648 41,295 haploid strains, the low level of variation does not show any
UFS-Y2791 14 325190 325,904 particular pattern, whereas in all ve diploid strains, larggions
DIPLOID STRAINS of the genome with loss of heterozygosity (LOH) are apparent. In
Loz 115,648 42,561 158,209 heterozygous regions of the genome, allele frequency &l

Lo 96,202 49,325 145527 distributed about 0.5 but there are regions where no valiigbi
CBS397 110,132 52,415 162547 s seen. These predominantly white areas in the plots indicate
NBRC0288 96,304 60,554 156,858 stretches of chromosome that are homozygous in that strain
NBRC0272 147,241 40,085 187,326 (Figure 1B). For example, strain LO2 is heterozygous through
TRIPLOID STRAINS most of its genome but shows homozygosity on the right half
NBRCO0617 29,010 145,016 174,026 of chromosome 3 and over most of chromosome 8. In the
LO3 26,388 145,856 172,244 diploids, most chromosomes are heterozygous over at least
UFV-3 27,347 177,365 204,712 some of their length, but chromosome 2 in NBRC0288 and

*Number of sites at which a variant (non-reference base) was presé at a frequency in chromo§ome 7 ":1 LO1 are essentially completely hoquygous.
the reads between 0.15 and 0.85."Number of sites at which a variant (non-reference 1 Nree diploid strains LO1, CBS397 and NBRC0288 exhibit almost
base) was present, at a frequency 0.85 in the reads. identical extents of partial LOH on chromosomes 1, 3 (left
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FIGURE 1 | Variable ploidy inKluyveromyces marxianusstrains. Strain names are shown on the left{A) Histograms of the alternative allele frequencies of varian
(non-reference) bases, for SNPs designated as heterozygsuy(sites with alternative allele frequencief between 0.15 and 0.85). Histograms are coloured grey if at
least 10% of the SNPs in a strain are heterozygous. Dashed wieal lines mark frequencies of 0.5 (purple), 0.33/0.66 (bk), and 0.25/0.75 (green). Bin sizes are 2%
intervals.(B) Plots of alternative allele frequencies along the 8 chromasnes, for each strain. Horizontal dashed lines mark frequenies as in(A). Light and dark gray
points indicate SNPs on different chromosomes. Red triangs mark the locations of centromeres, and the blue triangle arks the ribosomal DNA locus. Allele
frequencies 0.85 are shown as 1. Alternative allele frequencies 0.15 are not shown. (C) Flow cytometry of DNA content. The Y-axis shows numbers of dés, and
the X-axis shows SYTOX Green uorescence signal intensity rf@itrary units) which is proportional to DNA content. Flowytometry was not carried out for UFS-Y2791
and DMKU3-1042.

end), 4, 5, 6, and 8HFgure 1B), but dierent patterns on

two LOH boundaries with this group of three strains, on
chromosomes 2 and 7. On chromosome 6, the region of LOKhromosome 5 (the boundary occurs at the rDNA locus) and
is slightly larger in CBS397 than in LO1 and NBRC0288 (ithromosome 3 (left end). Only one region of LOH is visible

crosses the centromere only in CBS397). Strain L02 sharesour triploids, on chromosome 1 in strain LO3. This LOH
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region occupies 4% of the LO3 genome, whereas in theregions must be the result of segmental duplications and not

diploid strains the LOH regions total 25-51% of the genome bxtra copies of the whole chromosome. Puzzlingly, however,

length. these putative segmental duplications were not apparent in the
coverage plot of NBRCO27Rigure 2).

Copy qub_e ' Varigtion anql Partial Phylogenetic Analysis Separates Dairy
Aneuploidy in Multiple Strains E‘Erom Non-dairy Haplotypes

Read coverage in 10kb windows was determined across t . . : o
. . . The presence of strains with di erent ploidy in the dataset
genome of each strain to investigate whether any of therstrai : . .
presents a problem for phylogenetic analysis. In studies on

leplayed aneupllo[dyFqure 2). In this analysis, a value of zero diploid eukaryotes such as mammals, the standard approaches
indicates no variation between expected and actual numbkers ; . Lo
or constructing phylogenies of individuals from SNP data

reads, whereas higher or lower numbers could indicate DNA. .
L . either exclude all heterozygous sites, or randomly chooge on
duplications or deletions. Although the SNP and ow cytometr o
. oo . of the alleles at these sitesiqcher et al.,, 2034 In our
results Figure 1) indicated that there are three groups of strains . " . . .
. S S . “preliminary analyses of th&. marxianusdata, it was noticed
with genomes that are primarily haploid, diploid, and triploid, . L2 . -
that in the diploid strains, one allele was often very similar

there is also e".'def‘ce n multlpl_e strains of partial aneuplpid to the NBRC1777 reference sequence, but the other allele was
segmental duplications, or deletions that alter the copy nemb . . .
onsiderably di erent. We were therefore motivated to constr

of some parts of the genome. These possible aneuploidies 48

not correspond to the regions of LOH described Figure 1 a phylogenetic tree of th&. marxianusstrains that kept the
S o alleles separate—namely, a tree of haplotypes rather thare a tre
indicating that these are distinct phenomena.

1/')f strains.

The clearest case of aneuploidy is in strain NBRCO0617, K haol h iousl
which has an extra copy of chromosome Figure 2). The To make a trge of 1ap otypes, we used a method previously
: developed to investigate the pathogenic yed3andida

analysis of ratios shows that reads from chromosome 7 are L S . : . N
. orthopsilosiswhich is an interspecies hybrids¢hroder et al.,
present at 1.18x the expected frequency flgglue 0.249) in S : . .
. . ; Lo T A 2016. In each of the 5 diploiK. marxianusstrains, each region
this strain. Since NBRCO0617 is primarily triploid, a fourthpgo - .
. of the genome was classi ed as either heterozygous, hornazsyg
of a chromosome should increase the read coverage on th

i R . or the “A’ haplotype (the haplotype more similar to the
chromosome by 4/3D 1.33-fold (cyan line irFigure 2) relative .NBRC1777 reference), or homozygous for the “B” haplotype (the

to the genome average, and many of the 10-kb windows IP1ap|otype less similar to the referenc&jdure 3 see Methods

chromosome 7 are not signi cantly di erent from this value ) .
. R for details). Approximately 18% of the genome was heterozygous

(Figure S2A. Furthermore, the distribution of allele frequency . o .
n all 5 diploid strains, and we then extracted the sequences of

|
values for SNPs on chromosome 7 of NBRC0617 shows a peak at ", ., P . . .
0.25 Figure S2B, which is consistent with the presence of fourkthe A" and "B" haplotypes from these regions in each diploid.

. . rrant (trisomic or tetrasomic) regions of the NBRZDP2
copies of the chromosome, and contrasts with the peaks at O.C:g]e aberrant (trisomic or tetraso . ¢) regions of t e @
enome were excluded from this dataset. A similar process

and 0.66 that are seen when the whole genome of NBRC061795 .
. . . was used to estimate the sequences of the three haplotypes
considered Figure 1A). NBRC0617 also shows increased cop - S L .
; . resent in each of the three triploid strains in these regises(

number of a circa 150 kb segment of chromosome 2 (coordinat

420-570 kb)Figure 2). Within this segment, allele frequencies of thzzerl?elr?eerlggegﬂiggﬁ sgélr;otizesﬁgrl]ogenggfstroenecgf QSELO%F)T; d
0.25and 0.75 are visiblEigure S2B, indicating that it is present g ’ P P ' P

in 4 copies. With the current data, we are unable to determin str_aln appears twice, and each t_rlpI0|d strain appears thr_eesnme
Figure 4). Three clades are evident, but Clade 3 contains only

},Tgrs;ig?tehgzléc%fng Ct(f)le %th?lrggfqrmzlr;e?(;:lairrﬁrir:;r;etlhle haploid strain UFS-Y2791. Despite the high divergence of
9 Py | 9 Y UFs-Y2791 from the other strains, a phylogenetic tree using

the left of it (0-420 kb) may be present at a reduced copy numbek lactisand Lachancea thermotoleraas outgroups con rms
Some intriguing possible examples of copy number variatiort1h'

are seen in strain NBRC0272, which was designated as a diplmﬁi1t it is indeed a strain oK. marxianus(Figure 4, inset). Al

X other K. marxianushaplotypes lie in Clades 1 and 2. Clade 1
based on its overall allele frequency and ow cytometry pake . - . .
L oo contains all the haploid strains except the outlier UFS-Y2791,
Examination of allele frequencies indicates that therethree

and the “A’ haplotypes of each of the ve diploid strains. Clade

genomic regions (in chromos_omes 2,3, and E.S) present at .h'gh%rcontains the “B” haplotypes of the diploid strains, and all €hre
copy numbers Figure 1B). This can be seen in more detail in haplotypes of the triploid strains

the allele frequency plots of those chromosomes for thisrstra
(Figure S3) Chromosomes 2 (left end) and 3 (right end) contain .
SNPs with 0.25/0.75 allele frequencies, indicating theepress Lactose Consumption Phenotypes and

of four copies. Chromosome 6 (right end) contains SNPs witlL AC12 Genotypes

allele frequency peaks close to 0.33/0.66, indicating topes, When the environments from which the strains were isolated
and contrasting with the peaks at 0.5 on the left part of thisare considered, an unexpected relationship is apparent batwee
chromosome. Since the ow cytometryrigure 1C) shows that environment, ploidy and clade~{gure 4). The six strains from
the total DNA content of NBRC0272 is close to diploid, it is“dairy” environments (and strain NBRC0288, from an unknown
concluded that the extra copies of these three chromosomaburce) are all either diploid or triploid whereas, with the
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FIGURE 2 | Plots of sequence coverage in each strain. The Y-axis is lggof the ratio between the observed and expected coverage, fol0-kb windows through the
genome; a value of zero (dashed blue line) indicates no diftnce. Expected coverage is based on the average in the wholgenome. Red lines show the segmental
means for consecutive 10-kb windows calculated using the Riconductor package DNAcopy. Cyan lines for NBRC0617 indicee the value expected for the 1.33-fold
increase in coverage that would result from a fourth copy of @agion in a triploid.

exception of strain NBRCO0272 (isolated from miso), all thefor growth of dairy yeasts, the capacity of the strains to goow
strains from “non-dairy” environments are haploidigble 7).  lactose was assessed to determine whether a similar patbetd w
Since the use of lactose as a sugar source is considered anportemerge Figure 5. Indeed, none of the tested haploid strains
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FIGURE 3 | Haplotype assignment in diploid strains. For each 1-kb windw through the genome, dots show the number of variable sitesn the window with
genotypes AA (black dots),BB (red dots), orAB (blue dots). Each window was then classi ed as either heteromous (yellow background), homozygous for thé
haplotype (blue background), or homozygous for the referare A haplotype (grey background) following rules as describedhiMethods and Figure S1. The green bars
along the bottom axis show the regions (18%) that were hetemygous in all diploids and used for the haplotype phylogenyralysis.

used lactose, whereas all the diploid and triploid strainsewerin all the La€ strains inFigure 5 match were an exact match
LadC, again with the exception of NBRC0272, which is diploidto the functionalLAC1ZC allele, except for NBRC0617 which
but Lac . Although DMKU3-1042 was not available for this matched in 11 positions. Similarly, all the Lastrains exactly
study, our previous work has demonstrated thatitis Lgvarela  matched the non-functiondlAC12allele, except for NBRC0272,
et al.,, 201y, We also previously established that the variablevhich diverged at a single amino aciéFigure S9. None of
ability of K. marxianusstrains to consume lactose is explainedthe diploid strains is & AC12ZC/ heterozygote, due to LOH
by polymorphism of a single gene, the lactose transpa#€12  at the left end of chromosome 3 whetAC12is located (the
and that functional and non-functional (in terms of lactose gene is only 15kb from the telomere). Thus, although all ve
transport) alleles of this gene dier by 13 key amino aciddiploids are AB heterozygous for most of chromosome 3, the four
substitutions {arela et al., 20)7BLAST searches agaidgtnovo LacdC diploids are “BB” homozygous and the Ladiploid strain
assemblies of the genomes showed that the key polymorphisti8RC0272 is “AA’ homozygous in this regioirigure 3). In
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with K. lactis which is considered to be haploid, though it
must be borne in mind that there are as yet no published
production-level studies with that yeast. Variable ploidynt
uncommon in yeasts; for example, among 144 mainly clinical
isolates ofS. cerevisiaghe basal ploidy levels (i.e., ignoring
aneuploid chromosomes) were haploid (11%), diploid (57%),
triploid (16%), and tetraploid (16%Y(u et al., 201

The most striking nding was that all the isolates from a
dairy environment were either diploid or triploid, whereasmo
dairy isolates were haploid. Furthermore, it was possible to
distinguish two genomic haplotypes, described here as “A’ and
“B” that mapped 13/14 strains into distinct clades (Clades 1
and 2). The 14th strain, UFS-Y2791 may represent a third clade.
All the dairy isolates contained at least one of the B haplotype
genomes, suggesting that this is a dairy-niche associatezhge.
In the case of the three triploid strains, the B genome was
represented three times, whereas the diploid strains coethin
one A haplotype genome and one B haplotype genome. The
sequence divergence 2%) between the “A” and “B” haplotypes
indicates that the diploid dairy strains were probably formed b
mating between haploid representatives of Clades 1 and 2, as
opposed to any other mechanism of ploidy change. Nevertheless,
we were unable to examindAT locus genotypes because the
sequence assemblies are too fragmented iMA&/HML/HMR
regions. The phylogeny of the haplotypes indicates that the
diploid dairy strains were formed by at least two independent
matings between parents from the A and B clades, and that the
A parents in these matings were very closely related to each

FIGURE 4 | Phylogenetic tree ofK. marxianushaplotypes. Coloured dots other (much more so than the B parents). Triploids may have
indicate the ploidy of strains as haploid (cyan; 1 haplotypger strain), diploid arisen by self-mating of B-haplotype (clade 2) strains, witk o
(magenta; 2 haplotypes per strain), or triploid (yellow; 3aplotypes per strain). scenario being mating of a BB diploid with a B haploid to form a
The environmental source of each strain is shown (for diptbistrains, the triploid; other routes to a '[I’ip|0id are also possible. Itis iI’Tﬂ}jﬂi
source is only labeled on the “B” haplotype). Orange backgrands indicate in th . that B-haplotype haploid strains should also
LacC strains, grey backgrounds indicate Lac strains, and white n t ese scenarios p }’p P X
backgrounds indicate Lac phenotypes not tested. The tree wa constructed exist, thOUgh none were found in the current StUdy- It is also
from SNP data from regions that are heterozygous in diploidgotalling 18% of notable that in our recent study developing an MLST method for
the genome. Inset, phylogenetic tree constructed from DNA sguences of K. marxianus,all 57 strains that were listed as coming from (6

GCNL1 (an Iarbitrarily chosen large gene), con rming that UFS-Y270is a strain di erent) dairy environments were heterozygous and therefo
of K. mandanus presumably diploid (ittarelli et al., 201R In fact, in that study,
only 13/83 strains were homozygous in the regions incluaded i
the MLST. Itis noted that one well-studied strain in the litense
addition to the polymorphisms associated with a non-functibn is K. marxianusCBS397 and this study and thoseFafsoli et al.
allele, theLAC12gene in NBRC0272 contains an internal stop(2016)and Tittarelli et al. (2018show that this strain is diploid

codon (Figure S§. (Fasoli et al., 2016; Tittarelli et al., 201&hich contrasts with
what appears to be a previous erroneous suggestion based on
DISCUSSION long range PCR of thMIAT locus that it was haploid(ane et al.,
A . - : . 201).
Ploidy in K. marxianus Distinguishes Dairy The data suggest that the B-haplotype is a dairy-associated
and Non-dairy Strains genome. It was gratifying, therefore, to identify one lodns

Although this study relied on a relatively small set of simi this haplotype that confers a growth advantage in milk, the
(14), it delivered some remarkable insights into the lijele LAC12 gene. Our previous work identied positions in the

of K. marxianus Our previous report that natural isolates Lac12p where the functional protein had one particular amino
of this yeast can be either haploid or diploidgne et al., acid and the non-functional protein a dierent oneVérela
201) was conrmed and then extended by the discovery ofet al., 201y, In six of the strains with a B-haplotype genome,
three triploid strains. The sample size is too small to drawthere was an exact match to this functional sequence and in
statistical conclusions but it can be said that haploids, dgdpi the seventh (NBRCO0617), there was a match in 11 positions
and triploids were present at roughly equal frequencies (43Figure S4. Since all these strains grew on lactose as a sole sugar
36, and 21% respectively) in this set. This appears to contrasburce, this now allows us to propose that the number of amino
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FIGURE 5 | Growth and lactose consumption byK. marxianusstrains. Growth in MMC 2 % lactose and lactose consumption are shown in black and whe bars,
respectively. Lactose consumption was calculated by subficting the nal and initial lactose concentrations in the meaim.

acid positions that distinguish a functional and non-furmial ~ Sequence Diversity, Aneuploidy, and LOH
lactose-transporting Lac12p protein can be re ned to these 1jn K. marxianus

amino acids though con rmation would require functionalds.  one of the aims of this study was to assess if the wide phenotypic
The Lac strain with the B-haplotype genome was NBRCO27Zgjversity that has been observed i marxianuswas re ected
which is homozygous for the non-functionaAC12allele. This jn jts genome diversity. The large number of SNP5Q0K)
strain was isolated from a non-dairy environment (miso) @&hé  opserved in the set df. marxianusstrains used in our study
most likely explanation is that it arose like the other diplo&s  ghows relatively high SNP diversity. We found an average
a hybrid between an A and a B strain but since lactose transpofajrwise di erence p) of 12 10 3, which is comparable with
was not required in its niche, it was possible for it to lose the Breported values from other yeasts; for example, 4.0 2 in
haplotypeLAC12allele through a LOH event at the left end of 5 cerevisiaé2 10 3in S.uvarumand17 10 3in L. kluyveri
chromosome 3 whereas the other diploids lost the non-fum@io  (peter and Schacherer, 2016

A-haplotypeL AC12allele via a similar LOH evenE{gure 4). Previous studies wittS. cerevisiaisolates showed variable
The situation in K. marxianus seems to resemble a pjoidy (from 1 to 4 copies of the genome), aneuploidy (unequal
pattern seen inSaccharomycesd Zygosaccharomycsgecies, copy numbers of di erent chromosomes), or variation in the
where strains used in industrial processes or isolated frorgopy number of segments of chromosomé®ge et al., 2015;
industrial environments are often polyploids or interspeciessirope et al., 2015; Zhu et al., 2D18imilar toS. cerevisiaaut
hybrids, whereas “natural” isolates (e.g., from non-aagiogenic  unlike L. kluyveri(Friedrich et al., 201 all these phenomena
environments) tend to be haploid or homozygous diploidwere observed in this study oK. marxianus The most
(Hittinger, 2013; Suh et al., 2013; Wendland, 2014; Ortizanambiguous example of aneuploidy K. marxianusis the
Merino et al., 201). This pattern is thought to re ect selection presence of an extra copy of chromosome 7 in NBRC0617, but,
toward stress tolerance in the industrial environment, taward ~ as described in the results, there are multiple other likelgsas
maintenance of the ability to mate and sporulate in naturalof aneuploidies or copy number variation that would need to be
environments. If this is also the case witk. marxianus investigated in more detail.
it could be expected that the AB diploids display enhanced There are also quite extensive regions of LOH in the diploid
stress tolerance, at least over B-haplotype haploid strains instrains (25-51% by genome length) but not in the triploids.
dairy environment. Experiments to date have not succeeded IDOH arises when the genome homogenises in a region and
identifying any correlations between ploidy and stress toiee it is expected to be rarer in triploid strains, because it will
(data not shown), but more studies that also include B-hajety only be apparent if all three copies of a genomic region were
haploids are required to further address this question. Asilomogenised. The shared patterns of LOH in di erent diploid
mentioned, B-haplotype strains have not yet been positivell(. marxianusisolates was unexpected. This observation could
identi ed but there are La€ candidates worth investigating, for indicate that these strains are closely related and are imitot
example K. marxianusNCYC1424, shown to be homozygousdescendants of a recent diploid common ancestor that had
by Tittarelli et al. (2018)and K. marxianusNCYC1429, which already lost heterozygosity in the shared regions. Altévely,
appears to be haploid based on genetic crossifsgela et al., it could indicate that this species mostly reproduces by nistos
2017. and rarely goes through meiosis and sporulation, at least in
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. . . . Figure S1 | Method of classifying 1-kb genomic windows into haplotypesThe
ThIS StUdy focused on a small set of strains of bIOtec_hHOMQI cutoff values chosen are marked by triangles in all panels (mdows with 3 AB
interest and therefore may not be fully representative of thenps were classi ed asAB heterozygous windows; windows with 9 BB SNPs
species diversity. Indeed, one strain (UFS-Y2791) was fae mowere classi ed as BB heterozygous windows; other windows were classi ed as
diverse than the others, suggesting that there is furtheerdity —AAhomozygous windows). The data plotted are for the diploid sain LO1.
to be accessed. Given that UFS-Y2791 was isolated from ag&ye!istodgram of numbers of SNPs of each type, in all 1-kb windowsn the
.. . . . . . . genome. (B) Heatmap showing the distribution of numbers ofAB and BB SNPs
Juice (m South Afnca)’ itwill be interesting to see whetlserains per window. Cells in the matrix show numbers of windows. The atoff values were
associated with tequila/mezcal fermentation (also fromav@) chosen to coincide with minima on the two axes(C) Distribution of numbers of
in Mexico show any relationship to this strain. The divergenc BB SNPs in windows that have zeroAB SNPs.
between strains usedv either de“berately or tradlthnah the Figure S2 | Allele frequencies and sequence coverage in three straingxdA)
food biotechnology sector is very signi cant in comparisan t chromosome 7 and (B) chromosome 2. Theleft and middle panelsshow
those isolated from “natural” environments. Perhaps theungdt  distributions of allele frequency on each chromosome, as iffigure 1. The
state of K. marxianusis haploid like its sistelK. Iactis, and centromere is marked by a vertical red line. Theight panelsshow log, ratios

. . . . . . S between observed and expected sequence coverage, as ifrigure 2. Cyan lines
dlp|0|ds O_nly a_nse after blotechnologlcal selection. Ip(SSIble for NBRC0617 indicate the value expected for the 1.33-foldnicrease in coverage
that d|p|0|ds will have advantages, thothv other than fotdae that would result from a fourth copy of a region in a triploidThe vertical orange
utilisation, these are not yet apparent. Haploid strains are muciines in(8) mark the 150 kb region from with increased coverage in NBRCOB7
easier to engineer and manipulate so, for most biotechnoldgi (coordinates 420-570kb).

app!lcatlons’ itmay be p_referable to Choqse Clade 1 (A haplmypgpgure S3 | Allele frequencies on each chromosome of NBRC0272. Detailare as
strains. Nonetheless, divergent alleles in Clade 2 (B haplptyps Figures 1A,B . In the plots on the right, red vertical lines mark centromeeeand
may also be functionally important (for examplAC12 so this  blue lines mark the rDNA array.

will still need to be considered in future studies. Figure S4 | Multiple alignment of Lac12p sequences from the strains usgin this

study. Amino acid sequences shown were derived from the haptypes of each
AUTHOR CO NTR | BUT|ONS strain. Haplotypes from diploid and triploid strains are deoted by letters and
numbers, respectively. The residues marked in color are ths® associated with
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