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Abstract

The efficient implementation of biorefineries to producelitsed chemicals and fuels

requires sustainable source of feedstock and robust microbial factories. Among others,
lignocellulose and whey, which are residual wastes deriving from wood/agricattdreairy
industries, represent cheap, sugariched feedstocks. The conversion of lignocellulose and
whey into the desired products using microbial cell factories is a promising option to replace
the fossil based petrochemical refinery. Different bagtetigae and yeasts are currently used
as microbial hosts, and their number is predicted to increase over next years. Minimum
nutritional requirements and robustness have made yeasts a class of microbial hosts widely
employed in industrial biotechnologyxmoiting their natural abilities as well as genetically
acquired pathways for production of natural and recombinant products, including bulk
chemicals such as organic acids. However, efficient and economically viable production of
organic acids has to fagroblems related to low productivity/titer and toxicity of the final
product. Therefore, the exploration of yeast biodiversity to exploit unique native features and
the understanding of mechanisms to endure harsh conditions are essential to develop ultra
efficient and robust industrial yeast with novel properties.

The aim of the research thesis is to evaluate the mechanism of weak acid stress response in t
nonSaccharomyces yeastggosaccharomyces parabagindKluyveromyces marxianu$o

better undrstand the weak acid stress response pambailii, we summarized recent finding

on the species. Knowing the relevant scientific reports, the next study was focused on the
effect of lactic acid stress ah parabailii. This organic acid can be usednasnomer for the
production of biodegradable bioplastic polymers, such as poly lactic acid (PLA). The study
revealed that cells are able to tolerate 409/l of lactic acid without inducing a lag phase of
growth and exhibit a negligible percentage of deal$.celore importantly, during lactic acid
exposure, we observed structural modifications at the level of cell wall and membrane. These
findings confirmed the peculiar ability & parabailiito adapt to weak organic acids via
remodeling of cellular compongs.

The lack of a complete genome assembly and annotation encouraged us to perform a genome
sequencing and genome study of Auparabailii strain. The results revealed tlzat
parabailii is undergoing fertility restoration after interspecies hybrithrag¢vent, which may

shed a light to the process of whole genome duplication. The availabilitypaiabailii



complete genome information allowed us to perform the first RHguencing analysis on the
species exposed to lactic acid stress. The resutgeshupregulation of mitochondrial and
oxidative stress genes, and downregulation of a subset of cell wall genes, in addition to other
specific regulation related to redox balance and ion homeostasis. Remarkably, several
differentially regulated genes diff significantly from thés. cerevisiagounterpart or, in some

cases, even seem not to have a homologue.

Increased interest &f. marxianusapplication in industrial biotechnology led us to study its
multidrug resistance transporters during acetic and lactic acid stress, the first being a
contaminant related to the use o lignocellulose as feedstocks, while the second as final produc
of interest, as mentioned above. The results showed a-spauific response to weak organic

acid stress, and a possible involvement offMOR12in acetic and lactic acid stress resistance,

opening potential for future discoveries and novel studies.

Overall, thiswork contributes to the vast array of studies that are shedding light on yeasts
biodiversity, both as a way for understanding their natural potential and as an instrument for

tailoring novel cell factories.

Keywords: Zygosaccharomyces parabajl{luyveromyces marxiany$TIR, RNAseq,
biorefinery, acetic acid, lactic acid, hybrid, fertility restoratiB®R12



Riassunto

Al fine di rendere efficiente la produzione di biomolecole e biocarburanti tramite le
ELRUDIILQHULH q QHFHVVDULR DYHUH D GLlkélSi&wly]LRQ
microbiche robuste. Fra le diverse opzioni, la lignocellulosa e il siero di latte, sottoproltti de
industrie forestali, agricole e casearie, rappresentano materie prime economiche e ricche c
zuccheri. La conversione della lignocellulosa e del siero di latte nei prodotti desiderati tramite
cell factory PLFURELFKH g XQYRS]JLRQH (tit@idne Wely \rafigevieH S|
SHWUROFKLPLFKH 'LYHUVL EDWWHUL cdlfacté¢yH PDOd- IS Y HW L
che il loro numero aumenti nei prossimi anni. Scarse richieste nutrizionali e robustezza sonc
caratteristiche che hanno resleviti una classe di microrganismi largamente utilizzata nelle
ELRWHFQRORJLH LQGXVWULDOL &Lz q VWDWR SRVVLELO
H DOOYLQJHJQ HbathwadynetdoQliei pérLla produzione di prodotti naturali o
ricombinanti, tra i quali molecole come gli acidi organici. Per essere competitiva e sostenibile
la produzione di acidi organici deve affrontare problematiche connesse alla bassa
SURGXWWLYLWj] SURGX]LRQH H DOOD WRVVLBEtWwWWd&idd O S
ELRGLYHUVLW)] GHL OLHYLWL DO ILQH GL IDU HPHUJHUH
meccanismi di resistenza a condizioni estreme sono essenziali per lo sviluppo di lieviti
industriali ultraefficienti e robusti e identificeE LOL SHU SURSULHW] LQQRYDW

/IR VFRSR GHOOD WHVL GL ULFHUFD g VWDWR TXHOOR GL
da acidi deboli nei lieviti noisaccaromicetZygosaccharomyces parabaiéiKluyveromyces
marxianus Per capire al meglita risposta nei confronti dello stress indotto da acidi deboli di

Z. parabailii, abbiamo innanzi tutto ricapitolato tutti le recenti scoperte riguardo questa specie.
8QD YROWD YHQXWL D FRQRVFHQ]D GHOOH VFRSEAWWH
VXOOTHIITHWWR LQGRWWR GD DFL @ RarébaiivutilizZae n€ IHdstrB R Q | |
laboratorio. Lo studio ha rivelato che le cellule sono in grado di sopportare fino a 40g/L di acido
lattico senza mostrare una fase lag nelle cinetaincrescita, ed una percentuale irrisoria di
FHOOXOH PRUWH OD DQFRU SLe LPSRUWDQWH q GD VR
DOOYDFLGR ODWWLFR DEELDPR RVVHUYDWR PRGLILFD]
membrana cellulare. Qu&¢L ULVXOWDWL KDQQR FRQIHA p&RdbaliRli OD S

adattarsi agli acidi deboli tramite il rimodellamento di alcune componenti cellulari.



La mancanza di un genoma di riferimento completo ci ha spinto a compiere il lavoro di
sequenziament assemblaggio ed annotazione: questo lavoro, oltre a permetterci di evidenziare
la natura ibrida del ceppo di parabaili FRQVLGHUDWR KD DSHUWR OD SF
| risultati hanno rivelato ch&. parabaili VWD VXEHQGR XQ ULSULVWLQR
GHOOMHYHQWR GL LEULGD]LRQH LQWHUVSHFLH FRVD FI
GHOOYLQWHUR JH® RdrebisiBeYdYaHrQJix¥wh Bppa@enenti al medesimo clade.
Avere a dispsizione le informazioni riguardo il genoma completoZi parabailii ci ha
SHUPHVVR GL SRUWDUH D WHUPLQH OD SULPD DQDOLVL ¢
HVSRVWD DOOR VWUHVV GD DFLGR ODMydldziese di, gLV X
mitocondriali e connessi allo stress ossidativo, e la d@gnlazione di una serie di geni
codificanti per determinanti della parete cellulare, in aggiunta alle regolazioni specifiche
ULJXDUGDQWL LO ELODQFLDPHQWROUHGAR/RH B [RPHRR @D
che molti geni sono regolati differentemente rispetto alla controparte. dierevisiago

addirittura non sembrano possedere un omologo nel lievito di riferimento.

/ITLQWHUHVVH VHPSUH FUHVFHQWidni @HK. rRraRx@husRE)aVL G
biotecnologie industriali ci ha portato allo studio dei suoi trasportatatiidrug resistance
durante lo stress indotto da acido acetico e acido lattico. | risultati mostrano una risposte
specifica agli acidi organici e un ptiteo coinvolgimento diKmPDR12nella resistenza
DOOYDFLGR DFHWLFR H DOOYDFLGR ODWWLFR DSUHQGR

Parole chiave Zygosaccharomyces parabajliKluyveromyces marxianu$TIR, RNAseq,
bioraffineria, acid acetico aci latticq ibrido, ULSULVWLQRPORIOOD IHUWLOL
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INTRODUCTION

Environmental context of microbial cell factories

Environmental concerns atide economic landscape around the watddriving society and
industry to renewable, ecologically friendly and economically viable sources ofafakl
chemicals Science and technology dsenging new solutions to address tihemands of the
modern world to develop alternative sources of enefgnese solutions include renewable
energy such as solar and wind, as well as the replacement of petroleum as a $oetcéro$

also fits into a larger goal of developing a more sustainable economy that is not reliant on fossi
resources as a source of fuel energy, or of precursors for the chemical industry. A key goal i

the development of an economy based on sustaifeddstocks and zero carbon emissions.

This goal underpinghe concept of the biorefinery as utilization of renewable biomass, waste
products, recycling of secondary products and valorization gfr@ducts to produce fuel,
power and valuadded chemida (Cheribini, 2010) A biorefineryis similarin conceptto a
petroleum refinery, which converts crude oil to different vadded chemicals and fuels. The
main drawbacks of petroleum refimesare norsustainability of the resource (crude oil) and
contributLRQ WR JOREDO LQFUHDVH RI JUHHQKRXVH JDVHV F
climate and environmer{Solomonet al, 2007) In this context, biorefinggs are seen as
potential alternative to completely substitute petroldaased refinees (Clark and Deswarte,
2014)(Fig. 1).



wastes

&2 &2

Figure 1 Biorefinery concept diagram.Adopted from Clarlet al.,2006

The biorefinery concept embraces a wide range of technologies ranging from biomass
pretreatment tdiinal product transportation The technologies that are jointly applied to
efficiently convert biomass into valuable products can be divided into four groups:

1. Thermochemical processekhe aim of thermochemical process is to convert biomass
into energy and chemical products by gasification and pyrolysis. Gasification is biomass
WUHDWPHQW DW KLJK WHPSHUDWXUH DERYH f& ZL\
Pyrolysis is biomass treatment at intermediate temperature (300& ZLWKRXW R\,
produce pyrolytic oil (or bieil), solid charcoal and light gases like syngas. Both products can
be directly used as a stationary biofuel or as precursors to grother fuel§Spath and Dayton,

2003, Bridgwater and Peacocke, 2000)

2. Mechanical/physical processes: The aim of a mechanical process is to reduce the siz
and separate the components of the biomass, without changing the state and composition of
This process is usually performed before biomass utilization to reduceetod Biomass within
specific ranges for an efficient subsequent procegSing and Cheng, 2002)

3. Chemical processes: The aim of chemical processes is to change the chemica
composition and structure of biomass by hydrolysis. Hydrolysis uses acids, bases and enzyme



to depolymerize polysaccharides into monomers (cellulose into glucose) faegqeehs
processing of the monomers into valuable prod{(#ts and Cheng, 2002)

4. Biochemicé processes: Biochemical processes involve application of fermentation via
microbial cell factories to convert fermentable substrate into desired product. The process occur
at low temperature and slower rate in comparison to thermochemical prodéetmimglincket

al., 2005)

One of the key instrumesnof the biochemical processessdevelopment and usage of efficient,
robust versatile microbial cell factories with innate or engineered metabolism, capable
convering bio-basedsulstrates into desirable produst Thus, the production microorganism
should have minimum nutritional requirements, fast grohityh yield and productivityandbe

safe and amenable for genetic manipulation. In addition, the microorganism should have higt
tolerance to inhibitors present in raw material &mdhefinal product(Gustasson and Lee,
2016)

Being a model organism for fundamental researithis not surprising thathe bacterium
Escherichia colihas been extensively used asplatform organism in various industrial
productioys(Kunget al, 2012, Dwet al, 2011) The knowledge gathered in decadés=search
allowed the industry to engineer and explitcoliasamicrobial cel factory for production of
various chemicals including pharmaceuticals, biofuels and amino @iaset al, 2013)
Nonetheless, this bacteriymssesses innate disadvantages like low tolerance to organic acids,
low pH, furan derivatives and phenolic compounds. In addition, low osmaotic tolerance in high
sugar medium may hindewerall fermentation ability of the bacte(lau and Khosla, 2010)
Although, these limitations are not a serious problem when growing on synthetic medium to
produce high value products for biopharma, they greatly restrict the applicatignalfin
industrial biotechnology. This creates the need to develop alterrfaists to serve as cell
factories. In this regard, yeasts, especitl/yeasBaccharomyces cerevisjdeve provided a
useful option in conditions where theiatural resiliencdo low pH and a variety of toxic
compoundgan be exploited

S. cerevisiaés considered as the first domesticated microorganism, which have been used for
thousands of years in wine making, bakery and brewing. The most prominent feafure of

cerevisiads an ability to ferment glucose into ethanol and carbon dioxide, evenpnethence

3



of oxygen. This phenomenon is caltbe Crabtree effectvhich works by repressing respiration

and prioritizing fermentative utilization of fermentative carbon source (glucose, sucrose and etc)
(Piskuret al, 2006) SinceS. cerevisiadave been used for a long time in food applications, it
has become a eukaryotic model organism for basic research and have been extensively studi
and characterized. Moreov@&, cerevisiaés recognized as generally regarded as safe (GRAS)
by the Amerian Food and Drug Administration (FDA. cerevisiaeneets all the requirements

for efficient, robust and versatile microbial cell factori€berefore, the yeast has become the
main cell factory for production of chemicals from biomass. The advancedenutay biology,

led to extensive investigation to expand the applicatio8.doferevisiaeln the last decades,
many works were published reporting engineered yeast strains capable of producing a wid
range of chemicals starting from bioethagioll et al, 2012, WallaceSalinaset al, 2014)
organic acids(lto et al, 2014, Raabet al, 2010, Porroet al, 1995)to pharmaceutal
compounds such as antimalarial precursors and ofiRulst al, 2006, Galaniet al, 2015)
Moreover,S. cerevisiaavas engineered to ferment pentose and arabinose, which it naturally
unable to consumgCai et al, 2012, Matsushikat al, 2009) The development of advanced
molecular tools together with robust fermentation techniques will further expand the microbial
cell factory capabilities db. cerevisiae

Indeed,S. cerevisiaés a popular organism used as cell factory, however yeast biodiversity can
be a copious source for cell factory applications and inspirations. The use of yeast hosts, othe
thanS. cerevisiaghat have natural traits such as utilization@fircarbon sources and improved
stress tolerance are being explored to be used as novel cell factories.

Kluyveromyces marxianudelongs to Saccharomycotina subphylum and is therefore
phylogenetically related t&. cerevisiag(Llorente et al, 2000) Its respio-fermentative
metabolism along withsomeunique traits, led to many studies to expkitmarxanus for
bioethanol production from lignocellulosiGoshima et al, 2013) and whey biomass
(Guimarae®t al, 2010) The yeast has severalpartant features that are highly desirable for
industrial applications, such as ability to utilize various substrates including-C6 sugars,
thermotolerance (up to 52)Cfast growth in comparison . cerevisiaeand ability to grow at

pH below 3(Lane and Morrissey, 2010Moreover, several strains ¢&f. marxianushave
obtained GRAS status similarly & cerevisiaewhich makes it particularly interesting from an
industrial point of view.The yeast already has been propdsegroduction of various value

added chemicals including bioethanol, flavor and fragrance molecules, solvent ethyl acetate

4



(Morrisseyet al, 2015, Radeckat al, 2015, Loseet al, 2015) However,the wide genetic
diversity ofK. marxianusspecies, together with limited research on its physiologghleimistry

and genetics, create difficulties fudly exploit its potential as microbial cell factofizane et

al., 2011, Rochat al, 2011, Fonsecet al, 2008)

Zygosaccharomyces baiié notoriously known as one the most aggressive food spoilage yeasts,
with an ability to thrive in acidic environme(Btraftord et al, 2013) Z. bailii has a remarkable
tolerance to weak organic acids (WOA), in particular to acetic, sorbic, benzoic and propionic
acids, in additia to high osmotic and ethanol tolerar{téartorell et al, 2007) These traits,
including fermentative behavior in aerobic and anaerobic conditions (with specific nutritional
requirements), mak&. bailii an attractive candidate for microbéall factories. Several studies

in the last decades were dedicated to engineer the yeast for industrially relevant chemica
production.Z. bailii has been studied for productionlofascorbic acid (vitamin Q)Saueret

al., 2004, Branduardit al, 2004) Recently, the potential &. bailii to produce bioethanol has
been reporteqPaixaoet al, 2013) Despite the importance of the yeast for industrial and
fundamental microbiology, accurate identificatiof Z. bailii and related strains is problematic.
The phylogenetic relationships of many industrial isolates formerly kno&ntzslii have been
re-evaluated, and significant differences in rRNA gene sequences were found. These led to th
proposal thathere are two novel species closely related. toailii, namelyZygosaccharomyces
parabailii and Zygosaccharomyces pseudobafiuh et al, 2013) Indeed, further genome
sequencing projects of commonlged strains confirmed that in fact ISA1307 and ATCC60483
are interspecies hybrids @f bailii and closely related species rather than pure stfiliima et

al., 2014, OrtizMerino et al, 2017) Regardless of molecular differences betw&erbailii

sensu latspecies, physiological traits are undistinguishable.

Yeast cell factories for production of organic acids

Global climate change and nsastainability of oil reserves are the major motivations to
develop norpetrochemical alternative for bulk chemicals orbased products. These products
are wholly or partlly derived from renewable materials of biological origin. Most of the bio
based products are derived from plant material, which helps to reducen@$3ion and offers
other advantages such as lower toxicity and recyclability, thus contributing tméuetomy.

Among them the organic acidspresent class ofinteresting chemicals that can be produced

5



via microbial fermentatiorio fulfill the role as a platform chemical for production of more
complex product¢Saueret al, 2008, Beckeet al, 2015, Becker and Wittmann, 2015, Chen
and Nielen, 2016) The US department of Energy has identified top 10 organic aattis w
multiple functional groups that can be produced from plant bior\&®spy and Petersen,
2004) Currently, the organic acids market is small aldsociated with food applications.
However, global endorsement of green technologies, including biorefineries, is growing,
therefore one can envision the future market potential of microbial produced organic acids, with
transition to it from food applicains to building blocks for wide range of chemical
commodities (i.e. plastics, polymers, resi(@hen ad Nielsen, 2016)For example, organic
acids with hydroxyl or carboxyl groups can be used as building blocks for polyesters, while
dicarboxylic acids can be used favlyamide productioBeckeret al,, 2015) As the field that
investigates microbial acid production is moving fast, the industrial scale production of succinic

and lactic acidhas been reached by different companies (Table 1).

Annual Main microbial
Product production host Main feedstock Main established business
(Va)
LAB Beet sugar, corn sugar. NatureWorks (USA),
Lactic acid ~400 000 Yeast wheat, cane, Galactic (Belgium), Purac
carbohydrates (The Netherlands)
3-hvdrox OPXbio (USA), Dow
yaroxy ' -3700 E. coli NA chemicals (USA), Perstorp
propionic acid
(France)
E. coli
Yeast§. Succinity (Germany),
. | cerevisiae C. Glycerol, sugar, Myriant (USA), BioAmber
SLESING a0l | = T kruse) sorghum, corn, starch | (Canada), Reverdia (The
Basfia Netherlands)

succiniciprodcens
Metabolic Explore/

Glycolic acid | Pilot scale | E. coli Glycerol, carbohydrate: Roguette (France)
Itaconic acid | ~40 000 Asperdiliiis Molasses starch, ~30 suppliers
terreus glucose, glycerol, xylos

Table 1.Industrial production of organic acids frdsiomass feedstocks (Beckatral., 2015, Wittmann
and Becker 2015)



The increased interest for succinic acid as a building block for various products such as
butanediol, maleic anhydrate and nylon type polymers, has driven the development of succinic
fermentation process for large scale production. Since succinic acil ilgtemmediate of
tricarboxylic acid cycle, the rational strategy to develop a producing strain relies on elimination
of by-product formation and amplification of anaplerotic flux toward reductive TCA cycle
(Chenget al, 2013, Raalet al, 2010) Several bacterial htsshave been developed for succinic
acid production includin@asfia succiniciproducenand E. coli, which are currently in the
process of commercialization (Table 1). Having advantages of growth in low pH and stress
tolerance, yeasts production hosts have received considerable interest as they can be more c
effective when dealing with downstream pessing and purity of the product. DSM/Roquette
constructed an efficier8. cerevisiastrain that capable to produce 100'gif succinic acid at

pH 3. Moreover, Bioamber has changed fromEheoli platform to the yeas€andida krusei

for low pH fermenation (Jansen and van Gulik, 2014)

Lactic acid has been traditionally usedtlm food, pharmaceutical and cosmetic indestr

Lactic acid isalsoa desiablemicrobial cell factory produatf high importance for sustainable
production of bioplasticdn additionlactic acid can be an inhibitpcompound present in whey
biomass (Christensenet al, 2011) The main source of lactic acid remains microbial
fermentation, anthe global annual productiois estimated at 400 000 to{GShoiet al, 2015)

Lactic acidis typically produced byactic acid bacteria(LAB) fermentation at neutral pH
buffered with chemicals, usually CagDatta and Henry, 2006)The main desired final
product of the fermentation is optically pure protonated lactic acid, whereas LAB fermentation
generates considerable amounts of lactate salts and gyaswe|l ather impurities derived

from complex medium required for thadieria. This increases a purification cost of the final
product, in addition to raw substrate cq§tgzpatricket al, 2003)

S. cerevisiags the most attractive candidate for production of lactic acid in its free form,
resulting in less operational costs related to fermentation and downstream puriffsiétiongh

S. cerevisiaés not a natural producer déactic acid,it canbe engineered to this aim by the
heterologous expression of lactate dehydrogen&a®H), which can efficiently convert
pyruvate to lactic acid using NADH ascofactor. InS. cerevisiagpyruvate is generally
channeled into ethanol production via pyruvakecarboxylation FDC gene), creatinga
competing reaction fdtDH (Fig. 2). Dequin and Barre pioneered in mixed ethanol/lactic acid

fermentation irS. cerevisiaexpressind.-LDH gene fronLactobacillus casan 1994(Dequin
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and Barre, 1994 ) et, the final titer and yield of the product was low due to ethanol fermentation
and not optimized production process. Therefthe next intuitive strategy to increase the final
yield and purity of the product was rewirethe metabolism towasdactic acid production by
reducingthe competing reactions like ethanol and later glycerol formationbgrmptimizing

the production process. The strategy was implemented by many groups throughout the world
with good rate of succegSaueret al, 2010) Further improvement via manipulation of
intracellular redox enable8. cerevisia¢o produce 117 glof L-lactic acid in fed batch mode

with pH controlled at 3.8Leeet al, 2015) Seveal studies showed thKt marxianusexpressing

LDH either via genome integration or plasmid could produce lactic acid up to'Zbgk et

al., 2017, Pecotat al, 2007) Although, the final titer is still low in comparison$o cerevisiae

and conditions are not optimized for industrial purposes, these examples clearly demonstrate
potential of the yeastThe first proof on concept study @ bailii lactic acid productionvas
implemented byheterologous expression of bovine lactate dehydroggBsraaduardiet al,

2004) Although the final titer was very low, it shows that in combination with exceptional low
pH andweak organic acid (WOA)oleranceZ. bailii should not be overlooked aspotential

WOA production hostThe production of lactic acid has been already corommiéed by
different companies using different strategies and fermentation processes, however there i
always a room for further production improvement. Therefore, it is important to explore novel
microbial hosts with innate advantageous traits, whichbeafurther studied to either improve

the trait or transfer it to existing hosts.



Figure 2 Schematic overview of lactic acid production from glucose in yeasfhe glucose is
metabolized via glycolysis into pyruvate. The pyruvate is channeleB@reaction leading to ethanol

or toLDH leading to lactic acid. Only small portion of pyruvate goes to TCA cycle due to the Crabtree
effect. In order to increase production of lactic acid, competitive ethanol production should be abolished.

Weak acid stres response in yeast

Although some organic acids are successfully produced in yeast, the intrinsic toxicity of weak
organic acids (WOA) is a factor limiting development of ulifficient, highyielding strains.
Indeed, the toxicity of WOA is exploited agpeeservation strategy, with the addition of WOA
such as benzoate, citrate and sorbate to certain foods. Initial work on how yeasts responded wi
WOA was centered on the food industry, but latterly there has been a move towards industria
biotechnology beause of cell factory applications. This has also led to a shift in balance from
food-preservation acids such as citrate, towards more industréddlyant ones like lactate and
acetate. Whereas, lactic acid toleranc&.ircerevisiags mainly considere¢h the context of



developing high yield production strains, acetic acid has wider importance because it is preser

at inhibitory concentrations in lignocellulosic hydrosylates.

Lignocellulosic biomass for biochemical production

Complete replacement petroleumbased chemical production requires usage of considerable
portions of renewable biomass. Currently, most of the biobased chemical production relies or
sources like starch amgligar arising ethical concerns about the food used as chemical raw
mateaial and the cost effectiveness of such substrates. Therefore, the key aspect of biorefinerie
is to explore the potential of cheap pedible feedstocks such as lignocellulosic biomass.
Lignocellulosic material is cheap, ubiquitous and rich in sugarseMar, as it does not
compete with food production, its use contributes to environmental sustainébilityand
Cheng, 2002)However, lignocellulosic biomass is a sturdy material, consisting of cellulose,
hemicellulose and lignin and their relative percentage depends on the plant material used. T
release the main components, lignocellulose needs to be pretreated and hydrohee
pretreatment procedure decreases cellulose crystallinity and increase porosity, which enable
easier hydrolysis of the sugar polymers. Steam explosion is the most commonly used way o
lignocellulosic biomass pretreatment. This method relies ongrggsure steam treatment with
subsequent sudden reduction of the pressure, which makes the material undergo explosi
decompositior(Agbor et al, 2011) After pretreatment, the released polymers are hydrolyzed
into free monomer molecules via enzymatic hydrolysis or acid hydrolysis. Depending on the
pretreatment and hyolysis methods used, sugars can be further degraded into inhibitory furans,
hydroxymethylfurfural, furfural and weak organic ac{dlsmayem and Ricke, 2012Acetic

acid isthe most abundant inhibitory weak acid, which mainly released from acetyl groups on
the hemicellulose polymgAlmeida et al, 2007, Jonssonnd Martin, 2016) The elevated
concentration of acetic acid can be detrimental to overall fermentation, in addition to the
remaining inhibitory compounds. Therefore, understamthe weak acid resistance mechanism

is important to develop a robust microbial host, which can use lignocellulosic biomass to

produce bulk chemicals like WOAs.
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Effects of weak organic acids on yeast

At pH below pKa, WOA will predominantly exist ithe protonated form (RCOOH) (Fig. 3).
The protonated form of the acid readily diffuses across the plasma membrane. At near neutre
cytosolic pH, WOA dissociates &proton and respective anion(eBind RCOQ (Fig. 3). Being
charged moleculeshe proton and WOA anion cannot leatree cell interior, causing cytosol
acidification and anion dependent toxicftiyiper et al, 2001) The acidification results in
general declinef metabolism and enzyme activityhile anion accumulation may exert toxicity
depending on the structugBiper, 1999Holyoaket al, 1999) For example, acetic acid stress
generates reactive oxygen species (R@8aging cellular fungns and resulting in ROS
mediated apoptosi§Giannattasioet al, 2005) Lactic acid affects iron availability in the
medium and ell membrane compositio(Narendranattet al, 2001, Stratford and Eklund,
2003)

11



Figure 3 Simplified overview of weak organic acid toxicity mechanismrhe illustration showshe
PDMRU WR[LF HIIHFW H[HUWHG E\ WKH ZHDN RUJDQLF DFLGV
acid to rediffuse into the cell after it was extruded via proton and counteranion pumps.

Yeastresponseto weak organic acids

Most of the knowlede on weak organic acid response comes f&oroerevisiaestudies. The
yeast implements a mufiaceted response to WOAs that includes expression of transporters to
extrude protons and the toxic counterions, remodeling of cell membrane and wall to restrict
WOA diffusion, and activation of antixidant systems to counter intracellular damage.

The immediate response of the yeast cell t&¥@A stress is a maintenance of intracellular pH
homeostasis by proton extrusion out of cytd§operet al, 2001) The H-ATPase and the V
ATPase are the main ATP dependent proton pumps of the cell which are activated during
intracellular acidification (MartinezMunoz and Kane, 2008)The proton extrusion is
energetically expensive and consumes most of the ATP generated in tff&eoelho, 1983,
Serrano, 1991Yesulting in growth rate reductighiolyoaket al, 1996)

To avoid toxic counterion accumulation, yeast activates multidrug resistance trasspdréer
expression of the transporters is W@&pecific and regulated by the Warlp and Haalp
transcription factors. The Warlp regulon is essential for inducti®®D&12 a member othe

ATP binding cassette transporter famiiren et al, 2003) Warlp acts through a e&ting

weak acid responsive element (WARE) preserPDR12promoter region. The induction of
PDR22 following sorbic and benzoic acids stress is rapid, resulting in high levels of Pdr12p in
the cell membrane comparable to Pmalp, the most abundant plasma membranélpetein

et al, 2001, Kreret al, 2003) However,PDR12is not responsive to acetic and formic acids
(Hatzixanthiset al, 2003) but in this case its deletion increase strain robusthigmrdet al,

2014) In line with these results, othetudies demonstratékat Pdr12p is responsible for active
extrusion of longer chain organic acids such as propionate, sorbate and bé@rabatak et

al., 1999, Pipeet al, 1998) andnot shorter organic acids like acetate and forniiggardet

al., 2014)

Haalp, known to be a major gene responsible for regulation of acetic acid responsive genes,
implicated also in lactic acid respon@dira et al, 2010a, Abbotet al, 2008) Among the
regulated genes, Haalp is directly responsible for the inductibR@2andTPO3genes, both
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encoding for H antiporters belonging to the major facilitator superfanfifgrnandet al,
2005) Previously thought to be involved in polyamine transp®pgp2p and Tpo3pare
responsible foweak acid anion extrusiomainly acetic, propionic and benzoic ac(ti&ira et

al., 2010b) Haalp has been considered as an interesting targeéfational engineering &.
cerevisiaeto improve certain stress resposiseor example, Tanaket al, showed that
constitutive expression ¢{AAlin S. cerevisiaeesulted in enhanced acetic acid tolerance and
decrease of intracellular acetic acid concentrafi@makaet al, 2012).

Althoughtheefficiency of weak acid efflux system in yeast is adequate for transient stress, long
WHUP ZHDN DFLG VWUHVV PD\ OHDG WEAs shownLiotigufd. ) D Q
Therefore, yeasnodifies thecell membrane and/or cellal and morphology toeduce overall
diffusion of WOAs The studies conducted & cerevisiaglemonstrated that modulation af
membrane fluidity by changing phospholipids and ergosterol content to a certain extent may
lead toadecrease of cell membrapermeability(Lindberget al, 2013, Berteramet al, 2016,

Xia and Yuan, 2009)Along with cel membraneS. cerevisiaalso remodels its cell wall;
Simoeset al.,showed an important role tiie Spilp GPlanchored cell wall protein in weak

acid resistance. In particular, the authors suggest that expresSiBiloecreasethe cell wall
porosity,thus preventing weak acid accesghe cell membrangSimoeset al, 2006) Yet,
another way for long term adaptation to weak organic stress can be relatetbtphology
change. For example, formation of multicellular clusters canedse weak acid difsion rate

into individual cells(Fletcheret al, 2017, Oudet al, 2013, Leiet al, 2007) In general, the
modification of cell wall and/or membrane and morphology provides stress adaptaivoeak

acid specific way.

While WOA efflux and diffusion reduction are essential part of tferd®, yeast lsto deal
with damage done by permeated W& Ahe yeast exposed to the acids thancrease the pool
of ATP via mitochondrial respiratiofMira et al, 2010c)to empower the efflux systerwhich
increases oxidative stress caused by ROS accumul&tiaddition,certain counteranions can
contribute to ROS accumulation. For exampiggdroxyl radicals are formed vithe Fenton
reaction when cells exposed to lactic a@d et al, 2000) In order to decrease ROS leveds,
cerevisiaeemploys several antioxidant mechanisms starfrogn catalase and superoxide

dismutase activation asnaturalvanguad defense, ending with increasimgROS scavenger
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compounds and precursors like glutathi¢ere abundant neanzymatic antioxidant in yeasty
reviewed in(Farrugia and Balzan, 201Rnowing the importance of ROS detoxification during
WOA stress,Branduardiet al.,demonstrated that introductiontbie L-ascorbic acidg natural
antioxidant compound) biosynthesis pathway iBta@erevisiagmprovedresistance of cells to
oxidative and WOA streg8randuardiet al, 2007)

Yeast biodiversity for lactic acid production

Giving the wide diversity of y®@ VWYV W UD G LW D pENdD agiekharufpykhorse

for biotechnology can be challenged with emergingn-Saccharomyces yeasts. Non
saccharomyces yeasts are evolved to flounsspecific natural habitat possessing beneficial
QDWLYH WUDLWYV ZKL mKkadétionN dnd&rstanding Yhe/ urigDa-fislature of-non
saccharomyces yeasts can be used as a source of inspiration for rational engine®ring of

cerevisiae.

Summary of research aims and outcomes

1. Assess the relevance and potential &f bailii for biotechnology.

Z. bailii has been studied for decades by food sciardisti microbiologis since the yeast is
involved in food spoilage problems. Only in last decades it started to get attention from
biotechnologist as an interesting species fodustrial applications. Therefor€hapter 1 of

my thesis provides a summary £f bailii research from both food science and biotechnology
perspective. laimsto give a reader clear overview of recent findings related td.tbailii.

2. Determine the physiological effects of lactic acid on the yea&. bailii

Since our longerm plan is to exploiZ. bailii for lactic acid production, we first need to
understand how the acid can influence fermentation performance, and more importantly stres
response. Haxe,Chapter 2examine<. bailii performance and viability: thepresence of sub
inhibitory levels of lactic acid. Moreover, using FTIR (Fourier transform infrared spectroscopy)
we studied the impact of lactic acid on cellaatacromolecular level. Thaformation gathered

is important to understand lactic agiiuced changes ia. bailii.

3. Analysis of the genome sequence and structure 8f bailii

Despitethe relevance of the species, the science community still &ac&mplete genome

assembly oZ. bailii. Currently,the public database only héiftle genome sequerdata ofZ.
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bailii (Galeoteet al, 2013, Mra et al, 2014, Palmat al, 2017) and none of them can provide

full genomic information abouthe genome organization angossible evolution. Thus a
complete genome sequencing of our strain was imperative to get further insight into the species
Chapter 3is dedicated téhe genome and evolution of the strain. The study revealed that our
strain is in fact a hybrid, thus to be nanzegbarabailiiasindicated for a different strain {Buh

et al, 2013) Moreover, the study demonstrated how hybridization affetiethating switch,
possibly expining the full genome duplication event occurred in the lineage leading. to
cerevisiag(Wolfe, 2015)

4. Assess the genom@ide response to lactic acid stress iA. bailii

Knowing both physiemorphological response and complete genome assembly, we proceeded
with atranscriptomics study of lactic aetteatedZ. parabailii cells isolated from thprevious

study. We performed RNA sequencing analysis taagésight tothe molecular responses of
lactic acid stress, ant possibly correlate the observationthe physiomorphological data.

The study discussed @hapter 4 represents the first RNAegquencing oZ. parabailii. We
combined different RNAseq analysis methods to optimaeentire analysis and got interesting
results regarding the transcriptoriidéhie RNAseq study can provide a basis for future research
on Z. bailii sensu latas a microlal cell factory.

5. Explore the potential synergies in organic acid response pathways in the alternative

cell factory yeastK. marxianus

Commercially competitive properties i§f marxianushave resulted in a wide range of industrial
applications. Whether baj utilized by the food or the pharmaceutical indudfrymarxianus
performance, similar to other yeasts, is often dependent on process environment conditions
Little information is available on the environmental stress resistance pathwaysarxianus

and what mechanism changes account for stmagtrain variations in response to stress.
Therefore Chapter 5 is dedicated to studthe K. marxianusresponse to weak organic acid
stress (acetic acid and lactic acid) which is commonly encountered dumhgstrial
fermentations for diverse applicatioMe focused our attention on the response mediated by
multidrug resistance transporters during wesak organic acid stress and its relatedness to the

model yeas§. cerevisiae.
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Abstract

Zygosaccharomyces baiis a norSaccharomyces budding yeast known as one of the most
aggressive food spoilage microorganism, often isolated as contaminant during wine
fermentation, as well as from many acidic, high sugar and canned foods. The spoilage ability
relies on the yead/ fV XQLTXH IHDWXUH WR WROHUDWH WKH PRV
dimethyl dicarbonate, acetic acid, and sorbic acid. Therefore, many studies focused on the
description of this peculiar tolerance with the aim of developing preventative meaganest

Z. bailii food spoilage. These studies demonstrated the involvement of diverse molecular anc
physiological mechanisms in the yeast resistance, comprising detoxification of preservatives.
adaptation of the cytoplasmic pH and modulation of thewalllmembrane composition. At

the same time, the described traits unvedledailii as a novel potential workhorse for industrial
bioprocesses. Here we present the yeasbalilii starting from important aspects of its
robustness, and concluding with teploitation of its potential in biotechnology. Overall, the
article describeZ. bailii from different perspectives, converging in presenting it as one of the

interesting species of ti&accharomycotinaubphylum.

Keywords Zygosaccharomyces bajliiveak Organic Acids, genetic engineering, food spoilage
yeast, industrial bioprocesses
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Introduction

Food scientists and biotechnologists have extensively stadiédilii over the last decades.

This yeast has been described on the one hand as a foersmlivated due to its spoilage ability

and on the other hand as a prospective friend boasting unique traits to be exploited. Regardle:
what was the final aim of the study scientists adm#etailii for its capability to thrive in a
number of harsh humamade environments.¢.canned food, wine, mustard sauce, to cite few).
For this reason, additional studies comprising both perspectives can be effective at unraveling
its secrets, which can be used not only for developing novel preventative measursgtsSfagai
contaminations, but also to inspire novel tailoring of cell factories engaged in midvabead
biotransformations, as industrial processes very often impose several constraints that limit cel
potential. In this review, we recapitulate the mdijodings related t&. bailii in respect to food

microbiology and biotechnology.

The spoilage yeast. bailii: a foe for food industry

The process of food quality deterioration, leading to changes in nutritional and organoleptic

properties, is calledobd spoilage{(Doyle, 200}. Growth and metabolic activities of

microorganisms, including bacteria, molds and yeasts, are among the main factors responsibl
for food spoilage. The yeast group nan®ajosaccharomycetroduced as a genus at the
beginning of the 20century and Henging to the phylum Hemiascomycetesmprises several

of the most challenging and notorious spoilage yeasts. The name of the genus derives from tt

dumbbelishaped ascus that contains smooth ascospdaesder Walt and Johanssen, 1p75

The genus comprises twelve yeast speciesbisporus Z. kombuchaensiZ. lentus Z.

gambellarensisZ. machadqi Z. rouxii, Z. sapae Z. siamensisZ. mells, Z. parabailii, Z.

pseudobailij andZ. bailii (Kurtzman and Robnett, 20[lBames and Stratford, 2Q1{Rosa ang
Lachance, 20(055aksinchakt al, 2013|Torriani et al, 2011|Solieri et al, 2008|Suhet al,
2013.

Z. bailii can colonize acidic foods such as soft drinks, fruit juices, dairy products and dressing,

causing significant economic losses in food indugitigrtorell et al, 2007|Stratford, 2006

Fleet, 200). In addition to acidic foodZ. bailii can contaminate wine must during the

fermentation although its activity on grap@ice has been also reported to be beneficial for

vinification (Domizio et al, 2011{Romancet al, 2003(Romano and Suzzi, 19P3ndeed, the

yeast is extremely tolerant to many conditions that are usually detrimental for cell growth such
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as high osmotic pressure, high ethanol concentration, low pH values, andstvecpref weak
organic acids and/or various food preservatives (sulf#€,, dimethyl dicarbonate DMDC)
Martorell et al, 2007|Stratfordet al, 2013 (Table 1). For examplé&,. bailii § Weak organic

acid tolerance varies between 375 to 550 mM for acetic acid and between 4.55 to 9.45 mM fol

sorbic acid, depending on the str:{lStratfordet al, 2013: these concentrations exceed the

legally-permitted for use as preservativgsnon, 199%. Z. bailii osmotolerance is well

exemplified by different experiments: for example, Martorell anduwaihors{Martorell et al,

2007 reported that the yeast is able to grow in media containing up to 72% of glucose (w/v).

The marked osmotolerance and the high fermenta@pacity worsen the effects of spoilage,

since the C@generated during alcoholic fermentation was reported to be responsible of the

explosion of canned and bottled foc{&sratford, 200p Furthermore, despite the fact that it is

widely accepted thaZ. bailii is more sensitive to ethanol th&accharomyces cerevisiae

Kalathenos et al., 1995there are examples of griwin media containing 20% of ethanol

Thomas and Davenport, 1q8ﬁwdicating that the tolerance varies significantly among strains.

In respect to wine contamination, it has been also reported ttilii is able to counteract
important SQ@ concentrations (> 3mg/L) through broad cellular response including sulfur

extrusion, acetaldehyde production and limitation of cellular wall/memebprmeability to

harmful substancegStratfordet al, 1987 |Park and Bakalinsky, 20 1@i|kington and Ross,

1984 |Thomas and Davenport, 1%85n addition to straidependent tolerance, an inoculum

effect has been also described: concentnatiaround 200 mg/L of DMDC usually do not

significantly affectZ. bailii growth, but if the size of the inoculum is small, cells can be sensitive

to a concentration of the preservative as low as 25 nfidértorell et al, 2007|Costaet al,

2009.
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Table 1. Physiology and different stress condition/compounds resistance threshold valuest(MIC
maximum inhibition concentration)

Yeast Optimum MIC

of MICof @ MIC of

MIC of | MIC of = MIC of

growth glucose Sulfur Dimethyl Ethanol Acetic  Sorbic
temperature (M) Dioxide = decarbonate acid acid
range (C) (mg/L) (%,
(mg/L) wiv) (mM) (mM)
Z. baili  25-30* 4.2% 3225 252003 1820° 375 4.55

Stratfordet al.,2013
°Martorell et al, 2007
3Costaet al.,2008

4James and Stratford 2011

SThomas and Davenport, 1985

550>° 9.4%%

The management of production procedures including processing technologies, formulation of

processed foods, the use of antimicrobial compounds (reviev@y’ﬂe, 2007

f) represents the

main weapon to amteract spoilage. Microbial spoilage modeling can be effectively used for

spoilage preventioqﬁDoer, 2007

were described in literatun

HBraun and Sutherland, 20

Cr@uintaset al, 2005

f and examples of modeling of spoilage involvifgbailii

. However,

microorganisms have the extraordinary ability to adapt to challenging environments, a quality

that is generally difficult to include in the currentsilico description. In additionnithe case

of spoilage microorganisms, the description of the model has to take into account that thes

microbes can become effective even starting from extremely low concentratidadlii is not

an exception. Indeed, it has been shown that a singldevicell in a 10 liters volume of

beverages was enough to trigger an undesired spoilage event (James and Stratford, 2003). F

this reason, the comprehension and the description of the molecular mechanisms that accou

for spoilage activity become compaty for the development of novel preservation strategies

andZ. bailii is not an exception.

As mentioned above, high fermentation performance is one of the main traits that.ddkmi

to thrive in high sugar substrate causing spoilage problems dagdgproduction processes.
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Sugar metabolism inZ. bailii

The main characteristics &. bailii that pose severe contamination problems in high sugar
concentration food are the fructophilic metabolism and the tolerance for high osmotic
environments. Fructophilic yeasts are largely diffused in several ecological sithexample

in honeycomb, gme and grape juicet and Z. bailii is one of the few that have been
characterize(*Zott et al, 2009.

Z. ballii transports fructose by a higlapacity and lowaffinity facilitator, whereas a low

capacity and higlaffinity nonspecific hexose sugar transporter drives glucose upbakesa

Diaset al, 1996(Pinaet al, 2004. Furthermorefructose can effect a moderate inactivation of

the glucose transporter and can compete with glucose for the same transpofSystaias

et al, 1999. The gene encoding fa&. bailii fructose transporteFFZ1 (Fructose Facilitator

Zygosaccharomycgswas characterized by the functional complementation when expressed in

S. cerevisiadixt null mutant, where it conferred the ability to grow on fructfRmaet al,

2004. This and earlier workgFuhrmannet al, 1993 support the hypothesis that different

molecular mechanisms are accountable for fructose and otheehexasport. Ffz1 protein has
a predicted size of 616 amino acids arranged in twelve membrane spanning domains
characteristic of membrane transporters. The predicted amino acid sequence of the Ffz1 prote
shares low identity with the sequences ®f cereisiae glucose transporters. Ffzl is

phylogenetically distant also from other sugar transporters, such as Fsyl and Frtl that have bee

described as two Hfructose symporter @. pastorianuandK. lactis, respectivel\{Pinaet al,

2004. Yet, it is phylogeetically close to the Ffz1l fructose transporters describ&d auxii

Leandroet al, 201]}, therefore constituting a novel sugar transporter family mediating hexose

transport via facilitated diffusion. Overall, these observations sugge&ythasaccharomyces

evolved as a clade withFZ genes constituting one of the specific tre*t(tsabralet al, 2015

thatcontribute to the peculiar physiology, metabolism and spoilage activity of this group of
yeasts.
A clear example of the peculiar spoilage natur&.dbailii linked to fructose transport can be

observed considering wine fermentation. Galedt&. described in differerfs. cerevisiagvine

yeast strains the presence of a 17kb genetic cluster that originated. foatii (Galeoteet al,

2013. Interestingly, the cluster comprisesZ1 andFSY1genes and several transigos with

high similarity to theS. cerevisiaddXT gene family, indicating the occurrence of at least one
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event of horizontal gene transfer, possibly captured by niche competition b&iwsshi and

wine strains.

Besides utilizing common hexose sugasnomers Arezet al., (2014) demonstrated that

bailii is able to use sucrose as carbon source thanks to the production of an invertase, the enzyr

catalyzing the hydrolysis of sucrose into glucose and fructose. The authors further demonstrate

that gluose and sucrose were weak inducers of the gene encoding for the invertase, while th

Jerusalem artichoke pulp triggered the highest invertase aﬁﬂvﬁyet al, 2014, opening the

possibility of describing the typical cascade aftwocomponent regulated system. It is

important to mention that sucrose fermentation, which is described as delayed in the absence «

in the case of poor invertase activ

fhomas and Davenport, 1%86an be favored at low pH,

since this condition promotes the hydrolysis of the disaccharide.

Like S. cerevisiae, Z. bailis a Crabtree positive yeafneyva et al, 1999: at high sugar

concentration it redirects part of the carbon metabolism toward ethanol production in aerobic

condtion. InZ. bailii the Crabtree effect is closely related to the carbon source provided: in the

presence of fructose, aerobic ethanol production is more pronounced than in glucose, possibl

sustained by the higher fructephosphorylating activityMerico et al, 2003. This well

correlates with the different capacity of fructose and glucose transport systems. Nevertheles:s

Merico et al.,2003 observed a lower fructose fermentation capaci ofilii (0.83 mot?) in

comparisa to glucose fermenting. cerevisiag1.6 mot') cells (Gombertet al, 2003). The

authors concluded that i balilii the pyruvate dehydrogenase bypass redirects more efficiently

pyruvate towards the oxidative than the fermentative pathway.

Finally, depending on the composition of the growth substZatbailii can prolifeate under

oxygenrestrictive condition. Specifically, in synthetic media supplemented with ergosterol and

Tween 80Z. bailii exhibits extremely slow growth, white. cerevisia@roliferates efficiently.

However, in complex medid. bailii grows rapidly,suggesting specific nutrient requirement

for supporting the anaerobic grow

tRodrigueset al, 2001

. This observation is consistent with

the spoilage ability oZ. bailii detected in hermetically sealed products such asezhfruits,

juices, etc. There are not significant differences Bitlcerevisiasugar catabolisirexcept for

the distinct fructophilic ability due td=FZ gene products and to efficient pyruvate

dehydrogenase bypass. Yet, this does not fully explainzowailii readily colonizes acidic

food products otherwise hostile to other microorganism incluSingerevisiae.
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Weak Organic Acids (WOAs) tolerance ofZ. bailii from a S. cerevisiae

perspective

Z. bailii displays the remarkable ability to tolerate hagincentrations of organic acids, among

which acetic acid in the range of 3350 mM (Stratfordet al, 2013, whereas for the less

tolerantS. cerevisiaghe minimum inhibitory concentration is 860 mM (Martorell et al,

2007 |Mira et al, 2010&(Mira et al, 2010). However, most of the information concerning

WOA s toxicity and tolerance/adaptation are investigated in the modelSeaste\siae(Mira

et al, 2010:11Mira et al, 2010H.

Here we start recapitulating somengeal concepts, together with the main findings and the
FXUUHQW YLVLRQ RI WKH PHFKDQLVPV LQYROYHG LQ :2%
to compare what was revealedznbailii.

The common growth inhibition effect of WOAs derives from the&nucture and chemical
properties. In aqueous solution, a WOA exists in adeldendent equilibrium between the
uncharged acidic and charged anionic form; when the external pH is below the pKa of the WOA,

the undissociated form of the acid (RCOOH) predatas, and permeate the cellular plasma

membrane mainly by simple diffusion. Once inside the cell, themaaral cytosolic pHValli

et al, 2009 leads to the dissociation of the acid in proton¥) @ihd the counteranion (RCOO

). The two charged species, being unable to diffuse back across the membrane bilayer

accumulate inside the cdBrul and Coote, 1998 ambert and Stratford, 19R9Acidification

due to protons release can influence different bwdta functions by perturbing the ionization

state of amino acid side chains: this affects protein acl*lﬂltgbset al, 1983|Braceyet al,

1994(Orij et al, 201]? and the plasma membrane electrochemical gradient. The counteranion

accumulation, besides the generatbhigh turgor pressure, can lead to free radical production
triggering oxidative stress, protein aggregation, lipid peroxidation and the inhibition of

membrane trafficking (reviewed QPiperet al, 2001 Teixeiraet al, 20079) (Figure 1).
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Figure 1 Schematic illustration of the major adaptive responses to weak organic acid strelsailin

as derived by the current state of the @gdll wall and membrandynamic remodeling act to decrease
weak acid diffusion into the cell. Detoxification of weak acid by catabolic pathways insensitive to
catabolite repression, as via TCA cycle. Reduction @Ephl contribute to the limitation of weak organic
acid accumulabn.

S. cerevisiaeells respond to WOAs exposure by the activation of protection systems that are
committed to restore the cellular homeostasis. The plasma membtakiEPldse Pmal and
vacuolar H-ATPase (VATPase) contributes in maintaining the optimurtracellular pH by

proton extrusion and sequesterifdp Kok et al, 2014 |Kane, 200§ Nevertheless, tise

proteins alone would be ineffective in the absence of movement charge that compensates tt

ion homeostasis. The extrusion of the counteranion (RC@Omediated by the plasma

membrane Multi Drug Resistance (MDR) transporgeicyoaket al, 1999 Piperet al, 199§.

The combined action of proton and counteranion extrusion is energyndigigaresulting in

the reduction of biomass yield during acidic stress (reviewd@ipgret al, 200J). In the last

decade, many studies focused on understanding how cells can avoid or reduce the futile cycl
of diffusional entry and active axision of WOAs. Indeed, once extruded from the cell, in the

acidic environment protons and anions associate again and diffuse back across the membrar

resulting in a pointless and energy consuming progegser et al, 200). Therefore, the
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limitation of passive diffusion by the modulation of cell wall composition and membrane

fluidity is recognized as fundamental processes for the adaptation to WOA(Btiesst al,

ZOIOqlKIoseet al, 2013[Simoeset al, 2009 (Figure 1).

In the last two decades, the extreme W@#erance oZ. bailii was also intensively explored

and characterized at molecular level, giving emphasis to metabolic rewiring, proteomic response

and lipid surface remodelingRrodrigueset al, 2012(Guerreiroet al, 2013|Lindberget al,

2013. Although some initial studies suggested tBatcerevisiaeand Z. bailii share similar

preservative tolerance mechanisms, for example via cellular export qygteth, 198?, it was

then clear that superimposing tBe cerevisiagnodel might lead to underestimation of the

unique evolution of th&. bailii. As an example, no PdrdiRe activity was detected iB. bailii

during acidic stresgPapadimitriouet al, 20079: this is in contrast with the widely accepted

mechanism described 8 cerevisiagvhere the Pdr12 extrusion pump is strongly induced upon

WOAa exposurdreviewed in{Piperet al, 20019).

The firstZ. bailii gene appointed for WOAS resistance wWa¥ ME2 which has been proposed

to provide benzoic and sorbic agekistance through acid degradat{Mollapour and Piper,

2001h. The protein encoded by this gene has a high degree of similarity with-tdrenial

domain of theS. cerevisiaéarger mitochondrial protein Yme2p/Rnal2p. By the heterologous
expression ofZbYME2 gene, S. cerevisiaetolerance to benzoate and satd becomes
comparable t&. bailii, yet the counteranion degradation remains dubious. Interestingly, the

cerevisiaecounterparScyme2 do not provide the ability to degrade sorbate and benzoate, but

is involved in free radicals detoxification produdeg the respiratory chaifMollapour and

Piper, 2001p This function was also hypothesized fbYme2 and opened the pending

question whether the enzyme lost the catabolic activify. cerevisiagdetermining its lower
tolerance to acidic environments, or gained a novel functi@n bailii for adaptatiorto harsh
conditions.

Another feature that distinguish&sbailii from S. cerevisia@nd other yeasts is the absence of

glucose repression, mainly named as catabolite reprgsdoome, 199p The absence of such

regulation allowsZ. bailii to cometabolize glucose and acetdfousaet al, 199§. The

involvement of a specific membrane transporter for acetic {émdsaet al, 1999 and the

presence of a high metabolic flux through the ae€gh-synthetase, encoded by thBACS2
gene, allow a fast acetic acid consumption even in the presence of glucose, thus maintaining tr

cytosolic concentration of this acid below the toxic levels, and generating additional energy for
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cellular maintenancdRodrigueset al, 2013. Moreover, the effectiveness @bACS2is

demonstrated by the increaseSofcerevisia¢olerance to acid when this gene is heterologously

expresse*Rodrigue%t al, 2004. Noticeably, despit&cACShas a high degree ofnsilarity
with ZbACS2Rodrigueset al, 2004, the SCACS2s not involved in acetate catabolismSn

cerevisiagVan den Berg and Steensman, 19%6metabolic study conducted d@n bailii cells

cultivated with labeled substrates confirmed thecaonsumptionof acetate and glucose

Rodrigueset al, 2013: glucose is mainly channeled into the glycolytic pathway, while acetate

provides acetyCoA as precursor for protein (through the tricarboxylic acid cycle) and lipid

synthesis. This metabolic reshaping is in agreeméhtproteomic data obtained by Guerreiro

and collaboratorgGuerreiroet al, 2013. Although acetylCoA synthase mediates acetic acid

metabolism inZ. bailii, this protein was not ovaepresented during growth on gluceseetic

acid medium. Nevertheless, several proteins involved in the TCA cycle (mitochondrial malate
dehydrogenaseMdhl, aconitasetAcol, mitochondrial isocitrate dehydogenasdéh?2, citrate
synthasezCitl, dihydolipoamide dehydrogenas# pdl) were found overepresented in this
condition. This response is consistent with the necessity to oxidizac#tylCoA, and might

also indicate thaZbACS2is constitutively expressed. The higher levels of #ebailii
mitochondrial ATP synthase subunits, Atpl and Atp2, in glueastic acid growing cells
suggests an increase of oxidative phosphorylationialtres increase of the TCA flux and to the
concomitant production of reduced cofactors.

The growth ofZ. bailii in a norfermentable carbon source like acetic acid (in the absence of
glucose) is similar to the growth on ethanol -tégulation of enolaseEnol, triose phosphate
iIsomerasexTpil, 3phosphoglycerate kinasePgkl and fructosel,2 biphosphate aldolase
Fbal (a key regulator of gluconeogenesis), are consistent with the increase of gluconeogeni

flux for the biosynthesis of anabolic precurs@iBierreiroet al, 2013. Moreover, an increase

of the transaldolaseall signal, an enzyme of the pentose phosphate pathway, is coherent with
a requirement for redox balance maintenance and the production of anabolic metabolites fo
nucleotides, proteins and fatty acid biosynthesis. FinZllyailii growth on acetic acideems

dependent on the glutamate node, as suggested by the increase of the enzymes glutam:

dehydrogenaseGdhl, and of the mitochondrial and cytosolic isocitrate dehydrogenades

and ldp2, respectivelf,Guerreiroet al, 2013.

The same study showed higher levels of proteins involved in stress response and adaptatic

whenZ. bailii cells were exposed to acetic acid. In particular, they found the mitochondrial
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manganese superoxide dismutaS®sd2 and the mitochondrial portOmp2, which are known

for their protection against oxidative str*@ereiraet al, 20079, but also the dihydrossiacetone

kinase +Dak2 and the phosphomannomutas®ec53. Dak2 upegulation might be involved
in protection mechanisms evoked to reduce the toxicity of dihydroxyacetone during oxidative

stress and in the maintenance of the ATRulad, since a similar mechanism was proposed in

S. cerevisiadGaschet al, 200Q|Norberck and Blomberg, 198Boy-Marcotteet al, 199¢
Molin et al, 2003.

As mentioned before, i8. cerevisiag¢he cell wall reorganization in response to WOAS is an

important protection mechanism to counteract acidic injury by limiting the permeability of

undissociated acid within the ce{lSimoesetal., 2006(Mira et al, 20100. The same defense

mechanism might occur i@. bailii. Recent studies o&. bailii using Fourier Transformed
Infrared micrespectroscopy (FTIR) showed lactic acid dependent changes in the signals of

bands corresponding to glucans and mannans, an indication of cell wall reorganization

Kuanyshewt al, 2019.

Yeast plasma membrane fluidity plays a crucial role in the adaptation to environmental stresse

Kloseet al, 2013, including WOAs. It was demonstrated thaBincerevisia¢he presence of

ethanol or butanokperturbing cell surface organizationincrease passive diffusion of acetic

acid across the membrane, exacerbating the toxicity. Ethanol and other alkanols have also ¢

inhibitory effect on active membrane facilitators, reducing their transport capdesglet al,

199§. This inhibitory effect was also reported forbailii, but in this yeast ethanol up to 2.43

M seems to play a protective role leading to the inhibitfaactive uptake of some organic acids

and thus reducing its intracellular concentrat@usaet al, 1999. This physiological

mechanism can explain the occurrenc& obailii during wine fermentation, characterized by
the abundant concentration of both ethanol and acetic acid.

However, this observation might sound counterintuitive if we consider that the membrane
integrity and the activity of the embedded/associated proteins are strictly correlated. It is
unlikely that membrane damages do not influence protein structure/aendtyice versa
unless we do not imply some difference& irbailii that can justify the major robustness and its
adaptation in harsh environments.

As expectedZ. bailii strains exposed to various stressors show differences in the fatty acid
compositon. The first evidence reported in literature described that the long chain fatty acids

(stearic, oleic and linoleic acids) increased in response to high ethanol concentration, wherea
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the fatty acids with a shorted acyl chain (palmitic and palmitolegtsagicreased mainly at low

temperatureg¢Baileras Couto and Huis in't Veld, 1993dditional investigations generically

suggested that differences in the cell surface structure might also account for higher acidic

tolerance ofZ. bailii compared tcS. cerevisiagqPrudencioet al, 1999. Only recently, an

accurate comparative study of the lipidom&oferevisiaandZ. bailii revealed the pronounced

diversity occurring in the plasma membrane composition between thge@stdLindberget

al., 2013. Specifically,Z. bailii adaptation to acetic acid correlated witlalijuand quantitative

significant changes in fatty acid composition: the authors described enrichment in the
sphingolipids fraction at the expense of glycerophospholipids, leading to a reduced permeability
of the membrane to the acid and reasonably targmmaved support for the functionality of
different membrane proteinsg. Pmal). On the contrary, only minor changes were observed in

S. cerevisiaesuggesting a limited ability for lipid membrane adaptation toward the stress

compared toZ. bailii (Lindberget al, 2013. The results were supported by @nsilico

molecular dynamics simulation, further confirmedibyivo experiments, oZ. bailii plasma

membrane, suggesting that the difference in sphingolipid content can account for thicker anc

more dense membranes, limiting the diffusion of acetic pxi:'r[dzlahl et al, 2019.

Other WOAs could also evoke additional and/or different changes: the above mentioned FTIR
based study showed that the phosphatidylcholine nbdeereased under lactic acid treatment,

once more suggesting a mechanism of adaptation through changes in membrane fluidit

Kuanyshewet al, 2019, and strengthening the active role of thebalilii lipidome dynamic

adaptation in providingtress tolerance.

Together with the preservative degradation ability and the diminished permeability, a reduced
intracellular pH (ph) could also contribute to the toleranceZofbailii to weak organic acids
(Figure 1). It was recently demonstrated aireent heterogeneity i. bailii cellular population:

a subpopulation characterized by a lower {Bl.4-0.8 pH units) is extremely resistant to a

number of organic acidStratfordet al, 2013, a behavior that was also observed by others
Arneborget al, 200Q(Danget al, 2013. Stratford and coworkergStratfordet al, 2013

calculated the increase in intracellular accumulation of sorbic acid (accumulation index) at
different pH (from 4.0 to 6.6) while fixing the extracellular pH.@4units). According with this
calculation, cells with lower ptaccumulated less acid, with beneficial effects on metabolism
and growth, and generating the observed resistanpgpiblation, which may survive hostile

conditions.
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Undeniably,Z. bailii represents industrially attractive yeast, whose robust phenotype can be

exploited and/or transferred to known industrial microorganisms.

Exploitation of Z. bailii: a potential friend for industrial biotechnology

The ability to endure low pH and high WOAswentration makes. bailii a promising platform

to be applied in industrial bioprocesgBsanduardiet al, 2004{Saueret al, 2004|Vigentini et
al., 2005|Camattariet al, 200q|Piperet al, 2009).

To investigate the potential . bailii as cell factoy, traditional yeast molecular tools,
including a set of episomal plasmids basedSWARS andSdcCEN sequences, have been
developed, leading to the selection of transformants producing the desired products. A stabl

integration and multiple integration vecs, both based onEU2 marker selection, were also

successfully adapted far. bailii (Branduardiet al, 2004{Datoet al, 201Q.

Heterologous prein production was successfully carried ouZ irbailii obtaining better yields

compared tcs. cerevisia(?Branduardiet al, 2004|Vigentini et al, 2009. Proteins of different

origins, dimensions and biochemical functions were expressed both at cytoplasmic anc
extracellular level. In comparison & cerevisiagZ. bailii displays a better segtory capacity

in defined media, which can be further improvedG4S1gene deletiofPassolunghet al,

201Q. From an industrial perspective, this is an advantageous feature, since protein secretio

(that can simplify recovery and purification procedures and costs) is among the principal
bottlenecks of heterologous productions.
As in other norSaccharomycegeasts, the poor efficiency of homologous recombination (or

the prevalence of the ndromologous engbining recombination) makes the genome

manipulations troublesome and limitfdacKenzieet al, 1987|Mollapour and Piper, 200La

Indeed so far most of the investigationsZomailii were performed at the single gene level, and

with limited availability of auxotrophic straif®lollapour and Piper, 200} Datoet al, 200§

Passolunghet al, 201Q. The optimization of novel genome editing tools, such as the CRISPR

Cas9 sysim, is essential to expand the potentiakof E D linQustri§l\application.
Yeastbased fermentations for the production of organic acids starting from cheap carbon

sources are well documented in literat{ihmen et al, 2013|Koivistoinenet al, 2013|Valli et

al., 2004|Xu et al, 2013|Zelle et al, 2009, often taking advantage from the ability of these

cells to sustain adequate growth at stressful but desired conditions. Organic acids represel
building-blocks for several products (polynsecosmetics, and pharmaceutics) of industrial and
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commercial interests. Their production by microbial fermentation is willing to represent a

sustainable alternative to fossil-bihsed process¢Saueret al, 2009, but the production costs

need to be maintained as low as possible to be competitive with treeis@inable couatpart.

If fermentation processes are run at low pH, the organic acid of interest is produced in the desire
undissociated form, with a significant reduction of the overall costs. However, this generates &
stressful environment for the microorganism. Iis ttontext,Z. bailii endowed with extreme

tolerance to acidic environment represents the ideal candidate for organic acids production. Th

first attempts were done to produce lactic g4Bidtoet d., 201Q and L-ascorbic acigSaueret

al., 2004 in Z. bailii. Despite yield and productivity were low, the proof of concept was clearly

obtained, and opened the room for further developments and improvements.

As mentioned before, the viability of a bioprocess relies on the reduction of the overall costs,
that for lowadded value compounds almost equally distributes between downstream and
substrate costs. Therefore, the use of residual or wasted biomass can pipgréamt role for

the viability of microbial bioconversion, named sec@aheration productions.

Among abundant polysaccharides that can be a cheap source of sugars for bioethanol productic

there is inulin, which is present in a variety of plaimhi et al, 2013. Inulin is hydrolyzed by

microbial inulinase producing inwoligosaccharides, glucose and fructosdich can be

further fermented to bioethant?Kango and Jain, 20}1Paixaoet al., isolated inulinase

producingZ. balilii strains, which have an indubitable potential for industrial applications

Paxao et al, 2013. Seconelgeneration bioethanol obtained from lignocellulose fermentation

is by far the most sustainable source of bioenergy, due to the abundance of this substrate, at

has the potential to displace fossil raw materials for energylaemhical feedstocid aluceet

al., 2013. Several yeastsS@ccharomycesand norSacharomyces are employed for

commercial production of bioethanol using sugars released from lignocellulosic hydrolysate

such as glucose, xylose, arabint?Margeotet al, 2009. However, acetic acid, formic acid,

furan aldehydes and phenolic compounds (released ligmocellulosic hydrolysate) impose

important limitations to microbial growth and therefore to ethanol yloheidaet al, 2007

that still need to be resolved. In addition, high ethanol concentrations are also harmful for yeas

Laluceet al, 2013. Z. bailii can represent a solution due to its superior ability to endure weak

acid toxicity and harsh conditions, which ispantant for biofuels and bibased chemicals
production.
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Conclusion

The knowledge gathered about the yeasbailii is extremely intriguing and deserves to be
further developed and investigated. Understanding the peculiar physioldgiaifii may help

to improve not only spoilage prevention measures, but also the knowledge about stres:
resistance capability in yeasts. Being a problem for food industbailii may indicate how to
develop new robust strains for biotechnology exploitation.eMamrcurate genome annotations
and genomics analysis will be helpful to improve vkelbwn cell factories and further develop

Z. bailii as a novel one. Interestingly, in the last years it appeared that among the best performin
Z. bailii strains there areome hybrid strains, named parabailii. Some of those genomes have

been partiallfGaleoteet al, 2013 Mira et al,, 2014 or completely (OrtizMerinoet alin press)

assembled and annotated, promising to leverage similar potential as for the hyb8ids of

cerevisiagndustrial straingKrogeruset al, 2017(Steenselst al, 2014.

Overall, the extensive researches devoted to unveil the ba&ibailii tolerance, as well as of
other robust microbial strains, will contribute to improving the sustainability and viability of

industrial bioprocesses.
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Abstract

The ability of Zygosacchromyces bailio grow at low pH and in the presence of considerable
amounts of weak organic acids, lethal conditionSaccharomyces cerevisjaacreased the
interest in the biotechnological potential of the yeast. To understand the mechanism of toleranc
and growtleffect of weak acids a4. bailii, we evaluated the physiological and macromolecular
changes of the yeast exposed to sub lethal concentrations of lactic acid. Lactic acid represen
one of the important commodity chemical which can be produced by micfebiantation.

We assessed physiological effect of lactic acid by bioreactor fermentation using synthetic medie
at low pHin thepresencef lactic acid.Samples collected from bioreactors were stained with
propidium iodide (PI) which revealed thakespie lactic acid negatively influence the growth
rate, the number of Pl positive cells ggnilar to that of the controlMoreover,we have
performedFourier Transform InfrdRed ETIR) microspectroscopy analysis on intact celfs

the the same samples. Theslinique has been never applied before to udhilii under this
condition The analyses revealeldctic acid induced macromolecular changes in the overall
cellular protein secondary structures, and alterations of cell wall and membrane physico

chemicéproperties.

Keywords: Zygosaccharomyces bajliactic acid, FTIR, bioreactor, fermentation
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Introduction

The yeasZygosaccharomyces bailg well-known to be responsible for major spoilage losses

in the food and beverage industflyleet, 2007) This spoilage nature iexplained by its
remarkable ability to grow in harsh environments such as high osmotic préssupd{, low

water activity, and high concentration of weak organic a€itt®mas and Davenport, 1985,
James and Stradford, 201These same traits have drawn attentiod.tbailii as a potential

cell factory for production of biomoleculéranduardet al, 2004, Sauegt al, 2004, Vigentini

et d., 2005) Although initial studies focused on understanding tolerance to weak organic acids
with a view to controlling the yeast in food spoilage, more recemk wims to dissect the
mechanisms of tolerance to agidach as acetic and lactic agjtb facilitate exploitation for
biotechnological applications. Lactic acid is of particular relevance as it represents an importan
commodity chemical that can be produced by microbial fermentatioaviewed bySaueret

al., 2010, Beckeet al, 2015)

Most of our understanding of the toxicibof weak organic acids to yeast cells, and the cellular
response, comes from studies on the mgedektSaccharomyceserevisiae.The lipophilic

nature of most undissociated organic weak aftidsbert and Stratford, 1994)lows them to
diffuse across theemipermeable cell membrane. The ratio of undissociated:dissociated acid,
and hence degree of diffusion into the cell, increasisdecrease of external pPnce inside

of the cell where the cytoplasmic pH is close to neutral, the weak acid disstziatpsoton

and respective anion. The presence of proton acidifies the internal pH causing inhibition of mos
metabolic processes, and the released anions may have additional toxicity causing programmie
cell death(Ullah et al, 2012, Russell, 1992)/arious multiple responseme detected inS.
cerevisiaeto tolerate weak acid toxicitfMost pronounced among them is activation 6f H
ATPases present in the plasma and vacuolar membrantedil@ze internal pH, cell wall and
membrane remodeling to decrease fluidityis preventing/decreasing undissociated weak acid
diffusion, alteration in central carbon metabolism to increase ATP pool, anion extrusion through
MDR-MFS transporters. The meahmism of acetic acid toxicity, model organic acid for stress
response studies, has been extensively studied in theSyeasevisiaéPaivaet al, 2004, Mira

et al, 2010, Nygardet al, 2014) Remarkably, dferent weak acids may have different
physiological and morphological responégsatfordet al, 2013) differing also among diverse

yeasts
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There have been sevestlidiesn Z. bailii, focused on acetic acid tolerance due to its common
use as a weak acid preservative and ubiquitous inhibitor in industrial fermeitatidinerget

al., 2013, Sousat al, 1998, Guerreiret al, 2012, Rodriguest al, 2012) The reports suggest
diverse weak acid toxicity responsesZobailii, during acetic acid exposurg. bailii is able to
modulate cell membranéo decrease weak acid diffusion and acid uptake through active
transport, allowing dose dependent uptake of acetic acid, thus preventing oversaturation o
acetic acid in the cell and its high toxic{youseet al, 1998, Lindberget al, 2013, Rodrigues

et al, 2012) In addition Z. bailii can utilize acetic acid as an extarbon source in the presence
of glucosesuggesting that under certain conditi@n$ailii may even benefit from the presence
of the acid. This simultaneous-consumption of glucose and acetic asigossible becausé

bailii acetytfCoA synthetasas not subject to glucose repressi@@uerreiroet al, 2012,
Rodrigueset al, 2012)

Being the product of interest in industriatmentation and food acidulant, lactic acid represents
great interestLactic acid has generally a weak inhibitory effect in yeaffécting internal cell

pH, acidification and ROS accumulation. However, low amount of lactic acid has beneficial
effect due to its buffering capacity, but with increase of concentration the effect disappears
(Danget al, 2009, Nugrohet al, 2015)

In this study we investigated thghysiological andmacromolecularesponsg of Z. bailii
exposed to lactic acid stress at low aeration andBadieactor fermentation profil@ropidium
iodide staining and Fourier Transfoinfrared (FTIR)microspectroscopy analysigere chosen

to study the growth performance and the cellular responge ludilii to lactic acid at various
time points.The study revealed substantial phenotypic respon&e béilii to lacticacid, in
particular the study shows thetposure to lactic acidhibits the growth without affecting cell

viability andinduced macromolecular changes, which are mostly augmented by time

Materials and Methods

Cell cultivation

TheZ. bailii strains ATCC36947, ATCC60488TCC8766 and ATCC for convenience named
Zbl, Zb2, Zb3 and Zb4 were used. TheerevisaelaboratoryCEN.PK1137D (obtained from

.| W W Hibktitait fur Mikrobiologie der Johann Wolfgang Goethmiversitat, Frankfurt,
Germany)and commercial alcohol yeastU\ (WKDQRO 5HGS )HtBadeu\W LV

France) strains were used. The cells were store804C in YPD glycerol stock. For liquid
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cultivation, the cells were prgrown on YPD plates (2L peptone, 1@L™* yeast extract, 20

gL glucose, 2@)L* agar). Phosphatecitrate buffer at pH 3 was used for buffering the flask
IHUPHQWDWLRQ $00 OLTXLG FXOW X Unthinma YetdbynIroedidn® R Q

(Verduynet al, 1992) Preculture for microaerobic bioreactor batch cultivation was prepared

by transferring one full loop of cells from YPD plate to®Q Verduyn medium in 128nL

flask. The flask were incubated at 160 SP DW f& RYHUQLJKW 7KH-FXOW

culture was renoculated into 50mL Verduyn madnin 250mL flask at ORBeonm1.5 andlet it

grow for 45 hours until OReonm4. The inoculum for the bioreactor cultivatisrasharvested

DW J IRU PLQ DW f & D QlGof@terNexddHEHapdsaddaptidally added

to the bioreactor.

Microaerobic bioreactor cultivation

Bioreactor experiment were performed in 2L volume bioreactors (BIOSTAT B, Sartorius AG,

Germany)with operative volume of 1.5L. Zb2 was cultivated in 2x Verduyn medium containing

40 gL glucose with 40gL? lactic acidor no lactic acid. The cells were grown to mid

exponential phase and inoculated to the daotor, to final absorbance GfDeso 0.1. The

WHPSHUDWXUH ZDV PDLQWDLQHG DW f& S+ DW E\ DGC

setup to 400 rpm. The inlet gas flow was adjusted by two mass flow controllers
%URQNKRUQV-\EISHRIK6MHFHKFW 7KH PDVV IORZ Zdd/aiv HW X

with final concentration of inlet oxygen 5%. The mixture was sparged aw@umiSAntifoam

(Antifoam 204, Sigma Aldrich) was used for foaming control. A minimum of 3 independent

cultivations were performed per each conditifirable 1)

The concenttion of produced COwvas monitored by cfine gas analyzer (Omnitec). The gas

analyzer was always calibrated 24 h before statfiagultivation using synthetic air containing

defined concentration of GO

Samples (20 mL) were collected regularly frahe bioreactor in vials; 1 mL was used for

ODssorm PHDVXUHPHQW DIWHU DSSURSULDWH GLOXWLRQ

PLQ DQG VXSHUQDWDQWY ZHUH FROOHFWHG DQG VW

extracellular metabolites concerttoms.
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Table 1 Bioreactor settings used in this studylhe settings were modified to closely resemble
industrial organic acid batch fermentation, where low pH and aeration is essential.

Control Lactic Acid
Medium Verdyun, 40 gt Glucose Verdyun, 4@L* Glucose, 40 gilLactic acid
pH 3, controlled with NaOH 3, controlled with NaOH
Air flow rate, (vvm) 0,75 0,75
Stirring speed, (rpm) 400 400
Inlet oxygen, (%) Set to 5%, not controllec Set to 5%, not controlled
Initial ODGGOnm 0,1 0,1
d u% E& SpE 30 30

Dry cell weight

The dry weight of the cell mass was measured per each sampling by washing sample®in ddH
and pelleting the cells. The cell pellets were dried in vacuum concentrator using default mode
(Concentrator 530Eppendorf, Germany) before measuring.

Extracellular metabolite quantification

Residual glucose, ethanol and lactic acid were determined viapkiftrmance liquid
chromatography (HPLC, Model 1100, Agilent Technologies) using Aminex-BIRX ion
exchangeFRO X P Q PP i -90°PG YWLRHUPRVWDWHG DW f& 7K
mM sulphuric acid with a flow of 0.5 mimih Lactic acid was detected with an tétector at

210 nm. Glucose argthanolweredetected with a Rl detector.

Propidium iodide staining and flow cytometry

For identification of deadeverely compromised cells, cells were washed three timesHTlis

50 mM, MgCbk 15 mM, pH 7.7) and resuspended in propidium iodide (PI, Sigldach CO.,

St. Louis, MO, USA) solution 0.23 mM, incubated iop for 20 min.Positive and negative
controls werealso preparedin particular, sitive control was prepared by killing celry
incubating in 70%ice cold ethanolfor 20 mins Samples were then analyzed using a
CYTOMICS FC 500 flow cytometer (Beckm&oulter, Fullerton, CA, USA) equipped with an
Argon laser (excitation wavelength 488 nm, laser power 20 mW). The fluorescence emission
was measured through a 670 nm long pass filter (FL4 parameter) for Pl signal. The sample flow
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rate during analysis did hexceed 60@ 00 cells/s. Threshold settings were adjusted so that the
cell debris was excluded from the data acquisition; 25000 cells were measured for every sample
'DWD DQDO\VLV ZDV SHUIRUPHG DIWHUZDUGYV ZLWKI&\IOR
Ltd).
FTIR microspectroscopy analysis
The bioreactor cultivated intact cellsafbailii werecollectedat 18, 24 andd2hours The cells
werewashedhree times in distilled water to eliminate medium contamination. Approximately
O RI WKH FHOO VXVSHQVLRQV ZHUH WacH@gpatidh®kdriedvVH G
at room temperature for at least 30 minutes to eliminate the excess water.
FTIR absorption spectra were acquired in transmission mode, between 4000 and*70§ cm
means of a Varian 61R infrared microscope coupled to the Varian-8REFTIR spectrometer
(both from Varian Australia Pty Ltd), equipped with a mercury cadmium tell(NIET)
nitrogpen FRROHG GHWHFWRU 7KH YDULDEOH PLFURVFRSH DS
Measurements were performed at 2'capectral resolution; 25 KHz scan speed, triangular
apodization, and by the accumulation of 512 scaadzhtions.
Secondderivatives spectra were obtained following the SavitSkjay method (thirejrade
polynomial, 9 smoothing points), after a binomial 13 smoothing points of the measured spectre
(Susi and Byler, 1986using the GRAMS/32 software (Galactic Industries Corporation, USA).
To verify the reproducibility and reliability of the spectral results, three independent
prepaations were analyzed and for each preparation at least ten spectra for sample wer
measured.
Moreover, to better illustrate the discussed spectral variations, for each of the selected IR
DEVRUSWLRQ EDQGV ZH FDOFXODW Hh&@&wkéKtHe [adtit HdittreéQdelH R
and untreated cells. To evaluate their statistical significance, we repor&epplementary
material,Figure S3 WKH DYHUDJH 0,V IURP WKH SHUIRUPHG LQG
standard deviation.
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Results andDiscussion

Establishing the suitable lactic acid concentrationo investigatethe effects onZ. bailii cells
FourZ. ballii strains §ee Materials and Methodsbtained from ATCC collection were tested

by plate assay experiment using different combinatmiaeak acids at pH 3 on Verdyun
minimal medium to identify the best strain to be further studied for lactic acid tolerance. In
addition,laboratory and industri@. cerevisiastrains were included for comparison. The cells
were pregrown on YPD mediaintil exponential phase and drop plated at 16, 102, 103
dilution. No differenesin yeast growth were observed in control plates without weak acid
addition(data not shownWhenevaluated for lactic acid tolerance (&ig 1A and 1B) other

than Zbt all strairs wereonly minimal affected by 4@L™* of lactic acid. A 80gL™lactic acid

only Zb2 and Zb3 showed growth, and even those strains were strongly inhibited by this
condition Next the effects of acetic acid and a combination of acetic axidaxtic acid were
assessed (Fige 1C and 1D). At 5gL* of acetic acid, growth aZ. baili Zb4 and the twd.
cerevisiaestrains was completely inhibitedhereasZ. bailii strains Zbl, Zb2 and Zb3 were
unaffected. No synergistic or additive inhibitory effects ot lactic acid and 3L acetic

acid on any of the strainaveobserved (Figrel, D).Being strains of the same speciéshailii

show inconsistent phenotypoward various stresses as shown in Fig 1. Moreover, genetic
heterogeneity oZ. bailii sensu latostrains may contribute to the phenotypic differences
observed earlySuhet al, 2013) The full genome sequence of the strains used in this study,
which may provide detailed information about the phenotype divergerntebailii strains, is

not yet availableOverall, hese results highlight theaperiorweak acid tolerance relative &
cerevisiaeof Z. bailii strains to weak organic acidstrain Zb2 showed high levels of tolerance
and this particular strain was previously reported to be amenable to genetic manigDiztion

et al, 2010, Passolunglet al, 2010) Zb2 wasthereforechosen for subsequent detailed tests
on the effects of lactic acid. Preliminary shake flask fermentations of Zb2 using Verduyn
medium at pH 3 with different concentrations of lactic acid were carried out to assess sensitivity
to the stressoin liquid medium (Supplementary material, Figure )SXrowth was not
significantly impaired at 4L lactic acid but was strongly reduced at 60 or 80 Igictic acid.
Interestingly, growth was stimulated by @0 lactic acid. This may be attributed to a buffering
effect ofthe weak organic acjavhich may mitigate acidification of the growth mediwaused

by yeastgrowth. At higher concentrations, the toxic effect of the acid would dominate over this

mild buffering. In additionwe performed propidium iodide staining analysis to evaluate the
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percentage fodamaged cells under these test conditions (Supplementary matenaé $2).

In comparison to the control condition, there waty little difference in thepercentagef Pl
positive cells at 18 and 22 hours15%)for culturesgrownwith 20gL*and40gL* lactic acid,
indicating little cellular damage, whereas cells treated withl6band 80gL™ lactic acid show

a high percentage of Pl positive cells, whicla dear evidencéheseor higherconcentrations
significantlyaffect thecell viability. Based on these data, g0 lactic acid was selected as the
optimum sublethal lactic acid concentration for further tests. It should be noted that as the pKa
of lactic acid is 3.86according toHendersorHasselbalch equatidie total concentration of

undissociated lactic acid in the medium was approximately@4!5

Figure 1 Spotting growth assay for weak acid tolerance screening of various bailii and S.
cerevisiaestrains. Cells of the indicated. bailii andS. cerevisiaestrainswere cultivated until mid
exponential phase and spotted to Verduyn minimum medium plate (2% glucose) at pH 3, added witt
different concentration of lactic and acetic acid. Cellswer¢ RO G VHULDOO\ GLOXWHG D«
for 2 days.
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Table 2 Physiological data obtained from microaerobic batch fermentatiorzb2 cells were
cultured in minimal medium using bioreactors. The results were calculated from at least three
biological replicates, and are given as the means with correspondidgrstaeviation.

Control Lactic Acid
"% 1(] PE}ASZ E § RU Z UG FIXii 1Uid FiXi
Biomass yield x/s (g*y 1UitT FiUii  1Uii FiUi
Ethanol yield EtOH/s (g'p iuai FiUil iud FiUi
Specific glucose consumption rate (Uio EixXii (UTR FixX

(g g DCWh™)

Effects oflactic acid on the growth and metabolic profiles oZ. bailii during microaerobic
bioreactor fermentation

Bioreactor cultivationin addition of allowing a precise monitoring and control of fermentation
parametershetter represents industrial conditioiderefore, experiments assess the effect
of 40 gLt lactic acid on strai@b2were performedh a 2L bioreacto(seeMaterial andViethods

for growth conditions). Cells were inoculated from overnight cultur&@a®.1 and growth, as
monitored by the production of G@ommenced after-B hours of adaptation to the new
environment (Figre2). The similar lag phaseegardless of the presence/absence of lactic acid,
suggests thad specific preadaption to lactic @d is notrequired.Nevertheless,tiwas noted
that there was an effect on growth rate and yieldufieig), detailedwith biomass and metabolite

profiles inFigure3. Cells grown in presence of lactic acid (40%gkxhibited a 25% reduction

in growth rate (0.191 * vs 0.14ht“ ) and a 15% reduction in final biomaser
(5.833¢gLt" YV 13/ ). Also thespecific glucose consumption radecreased of
13% reduction in lactic acid treated cells in comparison to control (H38g D TK D YV

1.15g g &: B i1KD 1 ). The reduction in growth rate and yield under bioreactor conditions is
consistent with the described effects of other organic acids in yeast and in part may be
attributable to the energetic cost of maintaining pH homeodiggisimping H ions from the
cytoplasm using the plasma membrane ATPase, which requires energy for its activity in one
proton per ATP ratéStratford and Anslow, 1996, van der Restal, 1995) However, we
should not exclude other intracellular effects of aetcid, which may contribute to overall

growth inhibition.Indeed, the reduction in the glucose consumption and growth rate can be else
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ascribed to a general conservative response, including a decrease in protein synthesis at
inhibition of glycolytic enzynes activity in yeagiPeaceet al, 2001) Despite the difference in
biomass vyield, e presence of lactic acid under our experimental setting did not influence
ethanol fermentatianin other words, weak acid stressed cells prefer fermentative carbon
utilization, which may be uk to higher energy demand at litnitation and/or lactate induced
oxidative stress which affect mitochondria (Table (3pusaet al, 2012) After glucose
depletion, the residual ethanol waswly consumed, contributing to slight increase of biomass

observed starting from 28 hours on, in both conditions.

Figure 2 CO, profile of the Z. bailii bioreactor batch fermentation. Cells were cultivated in
bioreactor. Gas samples were taken et@ryninutes. Dash line (control): Zb2 without lactic acid, solid
line: Zb2 with 40 gL* lactic acid. Results are average values of three replicates.

S. cerevisiags able to consume lactic acid through mitochondridddtate ferricytochrome ¢
oxidoreducase (LLCR) and Dlactate ferricytochrome ¢ oxidoreductasel(DR) activities

(Lodi and Ferrero, 1993kncoded by genes that are targets for glucose repression and highly
depended on aeration. Comparable studies are not present in literatdrebfali. In our

experimental setting, only a slight decrease of lactic acid concentration was detegteeBjFi
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possibly because of lactic acid influx into the cell, even when glucose was exhausted in the
medium.At high aeration condition in bioreactor fermentation, Zb2 consumed lactic acid after
glucose depletion (data not shown). In addition, we obsen@dase of OD, during flask
fermentation at 80 and 160rpm, which may be stimulated by consumption of:20dl40 gt

! lactic acid after glucose depletion (Supplementary material, Figure S1). The consumption of
lactic acid only under conditions of high aeration and glucose depletion suggests that
comparable mechanisms are involved itailii andS. cerevisiaeDuring fementation, control
cultures used around 30 mL of NaOH base for pH maintenance, while cells grown with lactic
acid barely used 1 mL NaOH. This confirms ihéication derivingfrom the shake flask
experiments (Supplementary matertkagure S1) of thelactic acid buffering effect. As with the
shake flask experiment, growiginotpromoedin media with40 gL lactic acid because of the
more dominant inhibitory effects. Interestingly, no acetic acid accumulation was observed in
both conditions at low aerati, which isvery likely in agreement with previous reports
describingZ. bailii for its ability to consume acetic acid even at presence of glucose and
microaerobic conditiofSouseet al, 1998, Rodriguest al, 2012)
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Figure 3 Fermentation performance of Zb2 with and without lactic acid.Cells were cultivated in
bioreactor using Verduyn minimum medium (40glucose) under antrolled condition (5% inlet
oxygen, pH 3). Dash line (control): Zb2 without lactic acid. Solid line: Zb2 with 4blagttic acid.A.

Optical density at 660nnB. Lactic acid concentratiorC. Ethanol production ratd. Glucose
consumption rate. Resultseaaverage values of three replicates. Error bars represent standard deviation
from three independent fermentations.

The viabilityintegrity of cells recovered from bioreactors with and without lactic acid treatment
was assessed using propidium iodide (PI) stainingu(E). There vereno major differences

in the percentage of Pl positive cells between control and treatment conditionsnoanthe

data obtained in shake flasks (Supplementary matdfiglre S1) and supporting the
explanation that an increased energy burden rather than a toxic effect is responsible for the slig|
reduction in growth rate and yield seia treated culture@-igure 3).The minor differencem

Pl positivity measuredt 12h were no

Figure 4 Propidium lodide (PI) staining of Zb2 cells during course of bioreactor fermentation.

Cells were cultivated in bioreactor. Samples were taken at 0, 12, 18 and 42rwbstaiaed with PI.
Damaged/dead cells, positive for the staining, were detected using flow cytometry. The columns
represent percentage of damaged/dead cells measured by fluorescence emission at 670nm (FL3). Bla
columns (control): Zb2 without lactic @ti Grey columns: Zb2 with 40 dLlactic acid. Error bars
represent standard deviation from at least three independent experiments.
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longer apparent at 18 h. There was an increase in the percentage of damaged cells from ~12
to ~20% between 18 h and 42 idathis is likely to be due to glucose starvation atithnol
exposure

FTIR microspectroscopy analysis ofZ. bailii reveals gradual macromolecular changes
during exposure to lactic acid

The results obtained from PI staining indicate that 40gictic acid has no obvious cell
damaging property on this strain, which may be a consequence of some cellular adaptation.
To investigate podsle effects of lactic acidn the composition and structure of the main cell
molecules, we used Fourier transfoimrared (FTIR) microspectroscopy, a nmvasive and

label free technique that enables to obtain a unique molecular fingerprint of the sample unde
investigation within a single experimegi#tmi et al, 2012) IntactZ. bailii cells were collected

at 18, 24 and42 hours after inoculation, respectively, corresponding to theyetate
exponential, and the stationary phases of growth, and analyzed by FTIR microspectroscopy. A
an example, in Figre5 we reported the measured absorption spectrumm ladilii cells, grown

in the absence of lactic acid, at 24 hours after the inbonlaAs illustrated, the spectrum is due

to the overlapping absorption of multiple components representing the different specific cellular
macromolecules. Therefore, to better resolve the absorption bands, an essential prerequisite f
the identificationof peak positions and for their assignmenthe different biomoleculesye
analyzed the seconacdvative spectrgSusi and Byler, 1986)he amide | band (Figure 6a),
between 1700 and 1600 ¢nprincipally gives information on the whole cell protein secondary
structures and aggregatipfamm and Tatulian, 1997, Barth, 200In) early exponeinal phase,

there are naignificantdifferences observed between the treated and untreatedsedlalso
Supplementarynaterial, Figure 8). The spectra are dominated by a band at ~1657 srainly

due to alphdelix and randontoil structures, and by band at ~1638 cf due to
intramolecular native betsheets. Moreover, two minor absorpisat ~1692 crit and ~1685

cmit were present, respectively due to bsit@et and beturn structure§Tamm and Tatulian,

1997, Barth, 2007)As the cells entered later exponential and stationary phase there were only
minor changes to the whole cell protein structure seen in the untreatedncieéd,lin the late
exponential phase we observed only the appearance of two well reabkations at ~1690

cmit and ~1680 cm, respectively assigned to betheets and betarns. More pronounced

changes were instead evident in the treated cellsatéhdxponential phase, we deteciied
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particular a minor busignificant reduction in the intensity of the alpha helix/random coil and
of the native betsheetabsorptionsaccompanied by the appearance weak shouldearound
1627 cmt, mostly due to itermolecular betsheets, typical of protein aggrega(8sshadret

al., 1999, Amiet al, 2003) Moreover, the upshift of the ~1690 ¢rbetasheet absorption to
~1694 cmt again indicates the enrichment in proteins with intermoleculardbetats. These
changes were even mageident in the stationary phase consistent with a preiyeegffect of

the exposure to lactisee alsdSupplementary material, Figure3}s and possibly ethanoloic

stress on protein structure and folding.

Figure 5 FTIR spectrum of Z. bailii intact cells. FTIR absorption spectrum & bailii cells, grown in
Verduyn minimum medium in the absence and in the presence of 40 g/L of lactic acid (LA). FTIR
analysis was performed at 24 hours after the inoculation, corresponding to the late exponential phase «
growth. The assignment of selected baweddfhie main biomolecules is reported.
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Next we explored the IR response between 1BPI0 cm* (Figure 6b), mainly due to the
deformation modesfdhe lipid hydrocarbon tails and head groujpsparticular, the second
derivative spectrum of the unchallengeells is characterized by a component at ~ 1467, cm
due to the overlapping absorption of £&hd CH; moreover, the bands at ~ 1455tm438
cmitand 1368 cm are due to Ckj and the ~ 1416 crhabsorption to Ck(Casal and Mantsch,
1984, Arrondo and Goni, 1998, Nataleib al, 2013) In addition, two spectral components
were present at ~ 1397 chand ~ 1387 cm, respectivelymainly due to the Ckibending
vibration of the N(CH)s head group of phosphatidylcholine (PC) and to the @#dormation
arising from ergosterdiCasal and Mantsch, 1984, Berterashal, 2016) Finally, a broad band

at ~1248 cnt was also observed, due to the,PSretchingnode mainlyof phospholipids and
nucleic acidg§Casal and Mantsch, 1984, Banyatyal, 2003) There were no majaiterations

of the lipid compoents in lacticacid ttreated cells in the early exponenfidase, but in the

later exponential and stationary phases laatid inducedn particularsignificantreduction in

the intensity of the ~1400 chband (Supplementargnaterial, Figure $), marker of PC
(Berterameet al, 2016) Notably, phosphatidgholine- one of the most abundant membrane
phospholipids- affects membrane fluidityNagle and TristrarNagle, 2000, Fajardet al,

2011) Therefore, the PC reduction observed in cells challenged with lactic acid might contribute
to make the membrane more compact and, consequently, to counteract the lactic acid influ;
(Berterameet al, 2016) Moreover, in later growththe PC reduction waaccompanied by a
slight increase of the ergosterol component 4887 en'?, though this change was less evident

in stationary phase.
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Figure 6 Second derivatives of the FTIR absorption spectra &. balilii cells, in the absence and in

the presence of lactic acidCells were grown in Verduyn minimum medium in the absence (control)
and in the presence of 40 g/L of lactic acid (LA). FTIR analysis was performed at 18 hours, 24 hours anc
42 hours after the inoculation, corresponding to the i: early exponential ghasd;axponential phase;

iii: stationary phase of growtla: amide | bandb: vibrational modes mainly due to lipid hydrocarbon

tails and head groups, as well as to phosphate grougtsetching modes from lipid hydrocarbon tails;

d: spectral range domated by the absorption of the cell wall carbohydrates, bn andd derivative
spectra have been normalized to the tyrosine band at ~ 154 @vbite inc spectra have been normalized

at the CHband at ~ 2958 ¢
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Next, we analyzed the spectral ramgpiween 305@800 cm' (Figure 6¢) that is mainly due to

the stretching vibrations of the lipid hyad=rbon tailfCasal and Mantsch, 1984, Arrondo and
Goni, 1998) In particular, the spectrum of cells grown in absendaabic acid is characterized

by four well resolved bands due to the gt ~2921 crit and 2851 cm) and CH (at ~2958

cm't and 2872 crit) absorption. Iraddition, a low intensity band was detected at ~ 300%, cm

due to the olefinic =CH groups syl chaingCasal and Mantsch, 1984)actic acid treated

cells displayed very similar spectral features to those detected in not exposed cells, suggestir
that lipid acyl dain length and or/saturation degree were not significantly affected by the
exposure to the stressing agent in the exponential phase of growth. In stationary phase cel
exposed to lactic acid displayed a slightly lower intensity of the lipid hydrocagdo@ H>

bands (~ 2921 crhand ~2851 cnm) compared to cells grown in the absence of lactic acid,
which could reflect a decrease of the acyl chain leegtbf lipids (Supplementarynaterial,

Figure ) likely affecting membrane fluidity.

We finally analyzed the complex range between 1200 cm® (Figure 6d), dominated by the
absorption of carbohydrates, with additional overlapping contributions of phosphate groups
mainly from phospholipids anduoleic acids(Casal and Mantsch, 1984, Kacurakova and
Mathlouthi, 1996) The analysis of this spectral range can provide information on cell wall
properties that involve in particular the yeast envelope carbohydrate comp{Saidchetet

al., 2001, Zimkuset al, 2013)The second derivative spectrumafbailii cells not exposed to

lactic acid is characterized in particular by the simultaneous presence obbweetions at
~1156 cm', ~1081 cmt and ~1022 cm, altogether marker of glycogéNaumann, 2000)We

should QRWH WBK@uasans, as well as sdrbing at ~1103 crh can have overlapping
contributions with glycogen at ~1156 drand at ~1081 crh(Galichetet al, 2001, Zimkuset

al., 2013) The two bands at ~1042 crand ~966 crm are mainly assigned to maensGalichet

et al, 2001, Zimliset al, 2013) Even in early exponential phase, these spectral features were
partly found to change in cells challenged with laati (Supplementampaterial, Figure S),

and in particular an important reduction of glycogen occurred. This result suggesastibat

acid treated cells have faster glycogen turnover, possibly due to energy demand required tc
maintain cell homeostagiBrancois and Parrou, @0). By late exponential phase, in lactic acid
treated cells there was a reduction in the intensity of the absorption mainly due to glycogen
(~1156 cm', 1081 cmt, 1022 cmt ,Q DGGLWLRQ D VOLJKW UHGXFW
absorption (~1156 cth ~1103 cm', ~1081cmt DQG RI WKH : JOXE®aERV DW
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also detected, suggesting that the exposure to the stressing agent induced a reorganization of 1
cell wall components. The changes were even more profound in the stationary phase
(Supplemetary material, Figure 8). Interestingly, glycogen was not detectable in either
untreated or treated cells, but dramatic changes in the carbohydrate compotrenteibivall
wereobserved. Particularly, the 998 cm' absorption due to : J O X Fdd@nshifted to ~

993 cm!, likely reflecting a modification of the carbohydrate interactions with the surrounding
molecules of the cell wall. Furthermoregctic acidtreated cells displayed significant
UHGXFWLRQ LQ WKH LQWH Q Vdambardd, addKdfithe mamhgh®and:at 7026
cmt (Zimkus et al, 2013)compared to cells in absence of lactic acid. $pectrum of cells
grown in the absence of lactic acid was then characterized by a new band, not observed in tr
other phases of growth, at ~ 1028 tnWKDW FDQ EH DV Yluch§ditGhohdR
(Naumann, 2000)Interestingy, this component almost disappeared in cells challenged with
lactic acid. These results indicate that lactic acid led to a dramatic rearrangement of the cell wal
properties mainly involving the carbohydrate componeritsat started in the early expaorizl

phase and continued progressivelytie stationary phase.

Significant modification in cell membrane and wall compositioZ obailii induced by lactic

acid inform us about adaptive response of the cells toward the stress. Similar studies were als
implemented inS. cerevisiaeusing different approaches. The results, however, displaying
similar pattern still showed diverse outcome. émtjgular, lipodomics analysis &. cerevisiae
showed the modulation of cell membrane composition toward acetic acid stress, yet the proces
and degree of modulation was different4n bailii (Lindberg et al, 2013) The study of
transcriptional changes B. cerevisiashow a significant induction @ED1gene, responsible

for cell wall architecture modulation, during lactic acid str@&swahataet al, 2006) The
reports suggest that SED1 encodes for cell wall protein which being overexpressed confer:
Zymulase restance to the celléShimoiet al, 1998) which might reflect that the gene involved
either in cell wall repair or thickening. Recently, FTIR studysoterevisia@xposed to lactic

acid demostrated a lactic acid induced cell wall modifications, specifically slight decrease in
signals of glucans and manngBerterameet al, 2016) In the case of current stud¥, bailii

FTIR analysis clearly reveals a dramatic decrease in glucans and mannans. Being closely relate
to S. ceevisiae Z. bailii growth niche increased and improved the weak acid stress resistance
by enhancement not only catabolism of weak acid, but also the degree of cell and wall

modifications which may play crucial role in extreme resistane béilii.
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Summaizing the insights obtained from the FTIR analysis, the laxatid treatment results in

four major types of cellular changes. (1) An increase in the level of protein aggregation causec
by lactic and ethanol stresaiggesting that it likely induces protein misfolding; (2) a reduction

in glycogen, possibly caused by energy requirements for homeostasis; (3) modification of lipids,
affecting in particular membrane fluidity; and (4) carbohydrate cell wall remodelinge $6m
these alterations are consistent with other studies on organic/lactic acid stresseailinor

other yeastsThe reduction of PC and the simultaneous slight increase in ergosterol could
account for a reduction eiembrane fluidityFajardoet al, 2011)that in turn could lead to the
observed increased resistance to lactic acid. Lipidomic profilirdy dfilii under acetic acid
stress reported a high basal level of sphingoligldadberg et al, 2013) In our system,
KRZHYHU ZH GLGQYW G Hmpbriahy vaiatipis bf theQspiingwlipid content
induced by lactic acid treatment. In addition, the slight but significant decrease detected in lipid
acyl chain length in the stationary phase of growth could also contribute to lower membrane
fluidity.

Interestingly, changes in cell wall properties induced by weak acids have previously been
reported inS. cerevisiaewhere exposure to weak acids inducedfthimation of a more rigid

cell wall resistant to zymolyase digesti(@imoeset al, 2006) Although the mechanism of
response may be differentZn bailii, the common response of cell wadbdifications sggests

that this is an important tolerance mechanism in yeasts.

In conclusionthe knowledge gathered during the study will help to better understand the weak

acid tolerance oZ. bailii in the view of further amelioratinigs biotechnological potential.

Acknowledgments

This work was supported Hyuropean Union FPKarie Curie ProgrammgYEASTCELL -

7PQ MARIE CURIE (124-200110640)] and partiallyby the SYSBIO - Centre of Systems
Biology (SysBioNet, Italian Roadmap for ESFRI Research Infrastructure). D.A. acknowledges
the University of Milano Bicocca (Fondo Grandpparecchiature) for the acquisition of the
FTIR spectrometer Varian 671&. The authors are grateful to Prof. Silvia Maria Doglia

(University of MilaneBicocca) for helpful discussions.

63



Supplementary materials

Supplementary Figure 1 (S1) Flask fermentations using different lactic acid concentration and

rpm. Cells were shake ODVNV FXOWLYDWHG DW f& XVLQ Juddded wWithQ P L C
different lactic acid concentration, as indicatAdZ. bailii flask fermentation under 80 rpm agitation.
Open circle 0 gt (control), open square 20 di.open triangle 40 gt, open diamond 60 gi, asterisk

80 gL1. B. Z. bailii flask fermentation under 160 rpm agitation. Solid circle 8 @lontrol), solid squee

20 gL%, solid triangle 40 gt, solid diamond 60 gt, asterisk 80 gt.

Supplementary Figure 2 (S2Propidium lodide (PI) staining of Zb2 cells during preliminary flask
fermentation. Cells were cultivated in Verduyn minimal medium. Samples werentak 0, 18 and 22

hours and stained with Pl. Damaged/dead cells were detected using flow cytometry. The columns
represent percentage of damaged/dead cells measured by fluorescence emission at 670AnZ(FL3).
bailii flask fermentation under 80 rpm ofitgion. B. Z. bailii flask fermentation under 160 rpm of
agitation. Different greetone scale represents the increasing concentrations of lactic acid in the
medium, gL* (0, 20, 40, 60, 80).
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Supplementary Figure 3 (S3Btatistical analysis of FTIR data.For each of the selected IR absorption
EDQGY ZH FDOFXODWHG WKH GLIITHUHQFH RI WKH LQWHQVLW
FHOOV 7KH DYHUDJH 0,V IURP WKH SHUIRU P hvith thé€)Gtarsldtd) G H C
GHYLDWLRQ )RU WKH . JOXFRVKBLF EDQEXMDWWHGFIRY WKH
where the 1028 ctis absent has to be ascribed to the contribution of the tail of the the glycogen band
at 1022 crt. Analogously, KH G, FDOF X O D W H &bdRidt WX hhtensitieE Bre taken from

the second derivative spectra.
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Abstract

Many interspecies hybrids have been discovered in yeasts, but most of these hybrids are asext
and can replicate only mitotically. Whetgenome duplication has been proposed as a
mechanism by which interspecies hybrids can regain fertility, restoringatbiéty to perform
meiosis and sporulate. Here, we show that this process occurred naturally during the evolutio
of Zygosaccharomyces parabaijlan interspecies hybrid that was formed by mating between
two parents that differed by 7% in genome sequemcd by many interchromosomal
rearrangements. Surprisinglf, parabailii has a full sexual cycle and is genetically haploid. It
goes through matintype switching and autdiploidization, followed by immediate
sporulation. We identified the key evolutiogaevent that enabled. parabailii to regain
fertility, which was breakage of one of the two homeologous copies of the rnge@VIAT)

locus in the hybrid, resulting in a chromosomal rearrangement and irreparable damage to on
MAT locus. This rearrangesnt was caused by HO endonuclease, which normally functions in
matingtype switching. With one copy MAT inactivated, the interspecies hybrid now behaves

as a haploid. Our results provide the first demonstrationMiAdt locus damage is a naturally
occuring evolutionary mechanism for wheggenome duplication and restoration of fertility to
interspecies hybrids. The events that occurredZiparabailii strongly resemble those
postulated to have occurred to cause ancient wied®me duplication in an ancestor of

Saccharomyces cerevisiae
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Author Summary
It has recently been proposed that the wiggleome duplication (WGD) event that occurred

during evdution of an ancestor of the yeaSaccharomyces cerevisiagas the result of a
hybridization between two parental yeast species that were significantly divergent in DNA
VHTXHQFH IROORZHG E\ D GRXEOLQJ RI WKH JHInakeH FR
viable spores. However, the molecular details of how genome doubling could occur in a hybrid
were unclear because most known interspecies hybrid yeasts have no sexual cycle. We sho
here thatZygosaccharomyces parabailirovides an almost exactrgredent for the steps
proposed to have occurred during tBecerevisiaeWGD. Two divergent haploid parental
species, each with 8 chromosomes, mated to form a hybrid that was initially sterile but regainec
fertility when one copy of its matintype locusbecame damaged by the matiyge switching
apparatus. As a result of this damage, Zhearabailii life cycle now consists of a 16
chromosome haploid phase and a transienrtt8@mosome diploid phase. Each pair of

homeologous genes behaves as two indig@nVendelian loci during meiosis.
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Introduction

A whole-genome duplication (WGD) occurred more than 100 million years ago in the common
ancestor of six yeast genera in the ascomycete family Saccharomycetaceae, includin
Saccharomyce@/Nolfe and Shields, 1997, Woli al, 2015) Recent phylogenomic analysis

has shown that the WGD was an allopolyploidizatiotinat is, a hybridization between two
different parental lineagéMarcetHouben and Gababn, 2015)One of these parental lineages
was most closely related to a clade (ZT) contairfiygosaccharomyceand Torulaspora
whereas the other was closer to a clade (KLE) contaikiogveromycesLachanceaand
EremotheciumThe ZT and KLE clades@the two major groups of naVGD species in family
Saccharomycetaceae. The WGD had a profound effect on the genome, proteome, physiolog
and cell biology of the yeasts that are descended from it, but the genomes of these yeasts ha
changed substantiallin the time since the WGD occurred, with extensive chromosomal
rearrangement, deletion of duplicate gene copies, and sequence divergence between ohnolo
(pairs of paralogous genes produced by the WGD). These changes have made it difficult tc
ascertain tb molecular details of how the WGD occurred. Ancient hybridizations are rare in
fungi, or at least difficult to dete¢Campbellet al, 2016) but numerous relatively recent
hybridizations have been identified using genomics, particularly in the ascomycete genera
SaccharomycegHittinger, 2013, Wendland, 201,4¥ygosaccharomyceflameset al, 2005,
Gordonand Wolfe, 2008, Solieet al, 2013b) Candida(Pryszczet al, 2014, Pryszcet al,

2015, Schrodeet al, 2016)andMillerozyma(Leh Louis et al, 2012)

Marcet + RXEHQ D Q G(MarcetHouBen@nd Gabaldon, 201&pposed two alternative
hypotheses for the mechanism of interspecies hybridization that led to the &GBnin the
Saccharomycebneage. Hypothesis A was hybridization between diploid cells from the two
parental species, perhaps by cell fusion. Hypothesis B was mating between haploid cells fron
the two parental species to produce an interspecies hybritezjgitowed by genome doubling.
Under both hypotheses, the product is a cell with two identical copies of each parental
chromosome. These identical copies should be able to pair during meiosis, leading to viable
spores. While there are no known examplesatural yeast hybrid species formed by diploid
diploid fusion (hypothesis A), three examples have been discovered where hybrid species wer
apparently formed simply by mating between haploids of opposite mating types from different

species (hypothesis B)hese ar€andidametapsilosigPryszczet al, 2015) C. orthopsiloss
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(Pryszczet al, 2014, Schrodeet al, 2016) and Zygosaccharomycestrain ATCC42981
(Gordon and Wolfe, 2008, Bizzaet al, 2016) These interspecies hybridizations occurred by
mating between parents with14% nucleotide sequence divergence between their genomes.
However, none of these three hybrids can sporulate, which could be either because thi
homeologous alomosomes from the two parents are too divergent in sequence to pair up during
meiosis, or because pairing occurs but evolutionary rearrangements (such as translocation:
between the parental karyotypes result in DNA duplications or deficiencies aftesisneio
(Hunteret al, 1996, Delneret al, 2003, Litiet al, 2006, Morales and Dujon, 2012one of

these three hybrids has undergone the genome doubling step envisaged in hypothesis B.

Several groupgMarcetHouben and Gabaldon, 2015, Scanretllal, 2006, Wolfe, 2015,
Morales and Dujon, 2013jave proposed that genome doubling could occur quite simply by
means of damage to one copy of MAT locus in the interspecies hybrid, which could cause
the hybrid cell to behave as a haploid, switch mating type, and hencediploidize. This
proposal mimics laboratory experiments carried out by Geeigl (2002)in which hybrids
between different species &accharomycewere constructed by mating. The hybrids were
unable to segregate chrosmnes properly and were sterile, but when one allele d¥ithé

locus was deleted they spontaneously -@lipdoidized by matingype switching and were then

able to complete meiosis and produce spores with high viability. Each spore contained a full se
of chromosomes from both parental spe¢@®02) While genome doubling ViMAT locus
damage is amttractive hypothesis consistent with hypothesis B al{MarcetHouben and
Gabaldon, 2015n0 examples of it occurring in nature have been described. We show here that

Z. parabailii has gone through this process.

There are 12 formally described species in the g&ggesaccharomycds$iulin and Wheals,
2014) The most studied of these 4s rouxii, originally found in soy sauce and miso paste
(Ohnishi, 1963, Mori and Windisch, 1982)thers includ&. mellisfrequently found in honey
(James and Stratford, 201BndZ. sapaefrom balsamic vinegaiSolieri et al, 2013a, Solieri

et al, 2014) Species in th&. bailii sensu lat@lade Z. bailii, Z. parabailiiandZ. pseudobailij
(Suhet al, 2013) are of economic importance because they are exceptionally resistant to
osmotic stress and low pH. Their réaisce to the weak organic acids commonly used as food

preservatives makes them the most frequent spoilage agent of packaged foods with high sug
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content such as fruit juices and jams, or low pH such as mayorfiia@@as and Davenport,
1985, Deak and Beuchat, 1996, Mollapour and Piper, 2001, Stratfatd2013, Paimat al,

2015) These same characterstimakeZygosaccharomycea®levant to biotechnology since

high stress tolerance and rapid growth are often desirable traits in microorganisms to be used ¢
cell factories. The strain we analyze heteparabailii ATCC60483, has previously been used

for production of vitamin GSaueret al, 2004) lactic acid(Datoet al, 2010) andheterologous
proteins(Vigentini et al, 2005)

Despite the diversity of the genus, genome sequencesbieawepublished for only two nen
hybrid species oZygosaccharomyceshe type strains of. rouxii (CBS73Z; (Soucietet al,,

2009) and Z.bailii (CLIB213"; (Galeoteet al, 2013). The genus also includes many
interspecies hybrids with approximately twice the DNA content of pure species (20 Mb instead
of 10 Mb;(Jamest al,, 2005, Gordon and Wolfe, 2008, Mital, 2014, Bizzarret al, 2016).

Mira et al.(Mira et al, 2014)sequenced the genemfZygosaccharomycesrain ISA1307 and
found that it is a hybrid betweeh bailii and an unidentifie@ygosaccharomycespecies. In

2013, Sutet al (Suhet al, 2013)proposed that some strains that were historically classified as
Z. bailii should be reclassified as two new speceparabailii andZ. pseudobailii,based on
phylogenetic analysis of a small number of genes. Séguences of tiRPBlandRPB2genes

that they obtained frord. parabailii andZ. pseudobailiicontained multiple ambiguous bases,
consistent with a hybrid natu®lira et al, 2014) In the current studywe sequenced the
genome of a second hybrid strain, ATCC60483. We show that ATCC60483 and ISA1307 are
both Z. parabailii and are both descended from the same interspecies hybridizationByvent
sequencing ATCC60483 using Pacific Biosciences (PacBiontéayly we obtained near
complete sequences of evetyparabailii chromosome, which enabled us to study aspects of
chromosome evolution in this species that were not evident from the lllumina assembly of
ISA1307(Mira et al, 2014)
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Results

Z. parabailii ATCC60483 genome assembly by PacBio

We first tried to sequence tlae parabailii genome using lllumina technology, but even with
high coverage we were unable to obtain long contigs. The data indicated that the genome was
hybrid, so insteaeve switched to PacBio technology which generates long sequence reads (6
kb on average in our data). Our initial assembly had 22 nuclear scaffolds, which we refined into
16 complete chromosome sequences with a cumulative size of 20.8 Mb by manuallyindentify
overlaps between the ends of scaffolds, and by tracking centromere and telomere locations. W
annotated genes using the YGAP pipeline, assisted by RNAseq data to identify introns. The
nuclear genome has 10,087 proteauling genes, almost twice as masyZ. bailii CLIB213"

(Table 1).

Table 1.Comparison oZ. bailii andZ. parabailii genome assemblies.

Genom Scaffold Protein
tRNA
Strain Species  size  ScaffoldsN50 Reference coding
genes
(Mb) (Mb) genes
Galeote et al.
CLIB213 Z.bailii 10.2 27 0.9 161 5084
(2013)
ISA1307 Z.parabailii 21.2 154 0.2 Miraet al.(2014) 513 9925
ATCC60483 Z.parabailii 20.8 16 1.3 This study 499 10087

aWe predicted the tRNA gene content of each genome assembly using tRMEaowe andEddy, 1997)

Most of the chromosome sequences extend into telomeric repeats at the ends. The consens
sequence of the telomeres&rGGGTGGGG Which matches exactly the sequence of the template
region of the two homeologoud.C1 genes for the RNA coponent of telomerase that are
present in the genome. Chromosome sequences that do not extend into telomeres inste:
terminate at gene families that are amplified in subtelomeric regions, or contain genes that ar

at chromosome ends in the inferred Ancgjpre WGD) gene order for yeast&ordonet al,
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2009)indicating that they are almost fuéngth, except for three chromosome ends that appear
to have undergone breakduced replication (BIR) and homogenization with other chromosome
ends.

We identified one scaffold as the mitochondrial genome, which magpa 30 kb circle
containing orthologs of al.cerevisiaemitochondrial genes. We also found a plasmid in the 2
micron family (5427 bp), with 99% sequence identity to pSB2 which was first isqE28d)

from the type strain of. parabailii (NBRC1047 / ATCC56075).

Z. parabailii ATCC60483 is an interspecies hybrid, withZ. bailii as one parent

Visualization of the genome using a Circos gidhanget al, 2013)shows that most of the
genome is duplicated, indicating a polyploid oridtig( 1). However, although most genes have

a homeologthe chromosomes do not form simple collinear pairs. Instead, sections of each

chromosome are collinear with sections of other chromosomes.
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Figure 1 Circos plot of relationships among theZ. parabailii ATCC60483 chromosomedn the outer
arcs, purple and green coloring indicatesaftdd Bgenes on the Watson and Crick strands of each
chromosome. Arcs in the center of the diagram link homeologous (A:B) gene pairs.
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Comparison t&. bailii CLIB213" shows that, for each regiafi theZ. bailii genome there are

two corresponding regions of tlZe parabailii genome: one almost identical in sequence, and
one with approximately 93% sequence identity, which demonstrates a hybrid (allopolyploid)
origin of Z. parabailii and suggests #h Z. baili was one of its parents. To analyze this
relationship in detail, we estimated the parental origin of exgpgrabailii ATCC60483gene
based on the number of synonymous substitutions per synonymou&ssitdén compared to

its closes¥. bailii homolog Fig. 2A). This analysis revealed a bimodal distributioiKe¥alues
where 47.1% of th&TCC60483 genes are almost identical to CLIB24@nesKs ” DQG
a further 42.5% are more divergent (0.0B<<”

Figure 2 (A) Histogram of the distribution of synonymous site divergence (KS) values for 18,087
parabailii ATCC60483 genes compared to their closésbailii CLIB213T homologs. (B) Pie chart
showing the proportions of genes classified into each category. The twd leategsories refer to A

genes and Bjenes that are in A:B pairs. N means genes for which. tailii homolog was found or

.6 WR = EDLOLL H[FHHGHG U $-yeheD DEBpes/ §s ar@lEedib panel R W
C. (C) Breakdown of the numbers of genes assigned to il B-subgenomes, that are not in A:B
pairs. See S1 Data for category stsuand KS values for each gene.

From this relationship, we infer that parabailii ATCC60483 is an interspecies hybrid formed

by a fusion of two parental cells, which we refer to as Parent A (purple) and Parent B (green)
Parent A was a cell with a geme essentially identical @. bailii CLIB213". Parent B was a

cell of an unidentifiedZygosaccharomycespecies with approximately 93% overall genome

sequence identity t@. bailii, corresponding to a synonymous site divergence peldko0.16
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(Fig. 2A). We refer to the two sets of DNA it parabailii that were derived from Parents A

and B as the Aubgenome and the®ibgenome respectively. We refer to theaAd Bcopies

Rl D JHQH DV KRPHRORJV DQG ZH XVH D VXIldafe whBI$§ R L
subgenome they come from.

The genome contains ribosomal DNA (rDNA) loci inherited from each of its parents. Our
assembly includes two complete rDNA units with 26S, 5.8S, 18S and 5S genes. Phylogeneti
analysis of their internal transcribed spadéTS) sequences shows that the rDNA on
chromosome 11 is derived frod bailii (Parent A), whereas the rDNA on chromosome 4 is
derived from Parent B and contains an ITS variant seen only in Dtiparabailii strains §1
Figure). A third rDNA locus in @r assembly (at one telomere of chromosome 15) is incomplete
and does not extend into the ITS region. The rDNA unit on chromosome 4 is also telomeric,
whereas the unit on chromosome 11 is located at an internal site 165 kb from the right end. Non
of the genes in the interval between this rDNA and the right telomere of chromosome 11 have
orthologs inZ. bailii CLIB213.

Z. parabailii has 16 chromosomes. We identified its 16 centromeres bioinformatically, which
correspond to two copies (A and B) of each of the 8 centromeres in the AncesiNdGpre
yeast genomeT@ble 2) (Gordonet al, 2009, Gordoret al, 2011b) In contrastZ. rouxii has

only 7 chromosomes due to a telomerdéelomere fusion between two chromosorfwewed

by loss of a centrome(&ordonet al, 2011b) The missing centromere #h rouxii is Ancestral
centromereAnc_CENZ2 which maps t&Z. parabailii centromeresCEN4 and CEN11, located
between the genedET14 and VPS1.The Z.rouxii centromere must have been lost after it
diverged from theZ. bailii/Z. parabailii lineage. Alignment of th&.rouxii MET14VPS1
intergenic region with th&. parabailii CEN4andCEN11regions shows that the CDE Il motif

of the point centromere has been deleted. mouxii (S2Figure).
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Table 2Z. parabailii ATCC60483 chromosomes and centromeres.

10

11

12

13

14

15

16

MtDNA

Total (nuclear) 20,829,031

bp
2,110,500
2,005,801
1,751,495
1,516,135
1,443,312
1,315,104
1,283,838
1,249,162
1,240,939
1,189,704
1,115,933
1,091,360
1,077,716
1,007,293
858,772
571,967

29,945

Proteincoding tRNA ' Ancestral

genes

1010

1009

868

718

709

614

638

634

579

576

522

520

517

494

406

273

13

10087

genes| centromeré

62

55

31

29

44

22

29

28

43

28

16

24

25

16

37

10

20

499

Anc_CENS5 (B
Anc_CENS6 (A
Anc_CEN4 (A
Anc_CEN2 (A
Anc_CENS5 (A
Anc_CEN7 (B
Anc_CENS6 (B
Anc_CENS (B
Anc_CENL1 (B
Anc_CENS3 (A
Anc_CEN2 (B
Anc_CEN4 (B
Anc_CENS3 (B
Anc_CEN?7 (A
Anc_CENL1 (A

Anc_CENS (A

Z.rouxii
centromere
Zr_CEN2
Zr_CEN3
Zr_CEN7
absent
Zr_CEN2
Zr_CEN4
Zr CEN3
Zr_CENG6
Zr_CEN5
Zr CEN1
absent
Zr_CEN7
Zr_CEN1
Zr_CEN4
Zr_CEN5

Zr_CENG6

aSynteny correspondence betw@eparabailii centromeres and yeast Ancestral {ff&D) centromere

locations(Gordonet al, 2011b) A and B indicate the subgenome assignments ofZthgarabailii

centromeres.

b Z. rouxii lost Anc_CEN2 in an evolutionary fusion of two chromosoi@asrdonet al, 2011b)
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Z. parabailii inherited the mitochondrial genome of & bailii parent. A complete
mitochondrial genome sequence Zobailii is not available, but we identified 55 small mtDNA
contigs in the CLIB218 assembly, which together account for most of the genome, and
calculated an average of 96% sequence identity betwesse tand ATCC60483 mtDNA.
CLIB213" lacks two of the five mitochondrial introns that are present in ATCC60483: the
omega intron of the large subunit mitochondrial rDNA, and intron @K1 Intraspecies
polymorphism for intron presence/absence, and coabpardevels of intraspecies mtDNA
sequence diversity, have been reported in other yeast spaméerset al, 2015, Wuet al,
2015)

Pre-hybridization chromosomal rearrangements in Z. parabaili 1V S D Udta@/@/ 16

Z. bailii

When genes in the Circos plot are colored according to their parent of origin, it is striking that
many Z.parabaili FKURPRVRPHY DUH HLWKHU DOPRVW FRPSC
FRPSOHWHO\ p%Y JUHHQ RXWHU ULQJ Ld@ndtidrm collih¥dd Q W
pairs. This pattern can be seen in more detail in a dot matrix plot be&Zvéaiii and

Z. parabailii (Fig 3). From this plot, it is evident that most of thes@lbgenome is collinear with

Z. bailii scaffolds, whereas the&ibgenomeontains many rearrangements relative.toailii .

For exampleZ. parabailii chromosome 1 is derived almost entirely from theuBgenome but
maps to about 12 different regions on tAebailii scaffolds. In contrastZ. parabailii

chromosome 3 is derd from the Asubgenome and is collinear with a singléailii scaffold.
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Figure 3 Dot-matrix plot between Z. bailii CLIB213T scaffolds (Galeote,et al., 2013) andZ.
parabailii ATCC60483 chromosomesEach dot is a proteinoding gene (purple: enes; green, B
genes). Red triangles indicate chromosome ends that appear unpaired due to BIR. M and m indicate tt
active and broken MAT loci . parabailii, respectively.

In total, from Fig 3 we estimate that there are approximately 34 breakpoints in synteny betweer
the Z. parabailii B-subgenome and. bailii, but no breakpoints between thesAbgenome and

Z. bailii, when posthybridization rearrangement events (describeldw) are excluded. This
difference in the levels of rearrangement in theafid Bsubgenomes relative @. bailii
indicates that the two subgenomes were not collinear at the time the hybrid was formed.
Therefore, most of the rearrangements between thestilsgenomes are rearrangements that
existed between the two parental species prior to hybridization. The two parents both had ¢
chromosomes, but their karyotypes were quite different. Because each event of reciproca
translocation or inversion creates twynteny breakpointéSankoff, 1993 we estimate that
about 17 events of chromosomal translocation or inversion occurred between the two parents i
the time interval between when they last shared a common ancestor and when they hybridizec
The situation irZ. parabailii (hybridization ketween parents differing by 17 rearrangements and
7% sequence divergence) contrasts with that in the hitilidrozyma sorbitophilalonly 1
detectable rearrangement between the parents, despite 15% sequence difieehdrmaiset

al., 2012).
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Posthybridization recombination, loss of heterozygosity (LOH) and breaknduced
replication (BIR)

Although theZ. parabailii genome largely contains unrearranged parental chromosomes, there
have been two major types of rearrangement after hybridization. Firsthydwgdization
recombination between the subgenomes at homeologous sites has formed some chromosorr
WKDW DUH SDUWO\ pu$YT DQG SDUWO\ p%»Y 6HFRQG D SUI
places in which one subgenome overwrote the other, resulting in gienéhat are A:A or B:B.

This process is commonly called loss of heterozygosity (LOH) or gene conversion. Based or
theirKsdistances fronz. bailii, the genome contains 4153 simple A:B homeologous gene pairs,
300 A:A pairs and 84 B:B pairs.

To examinehie genomic locations of LOH and rearrangement events in more detail, we further
classified genes using a scheme that takes account of their pairing status as well as the
divergence fron¥Z.baili *HQHV ZHUH GHILQHG DV u$9Y Kdistéade DV |
from Z. bailii could not be calculated-ig 2B,C). We then assigned each gene to one of 7
FDWHIJRULHVINQ@RKLOVWNS$ %I BOQHU XRSDBUHG™ DQG SORW
genes in each category. The resulting map of the gerfeigé)(allows LOH and recombination
events to be visualized.-fnes (black in Fig 4) are seen to be mostly located near telomeres.
Several points of recombination between theaAd Bsubgenomes are apparent, such as in the
middle of chromosome 4. LOH tentdsoccur in stretches that span multiple genes. For example,
on chromosome 13, LOH has formed eight runs of consecutiyen&s in a chromosome that

LV RWKHUZLYV Hgenés %are WidtrthardHof$A:A pairs. They were probably formed by
homogenization (gensonversion without crossover), although they could also be the result of
double crossovers followed by meiotic segregation of chromosomes. Patches of LOH are
frequently seen adjacent to sites of recombination between the two subgenomes (Fig 4). Thre
large regions of apparently unpairedg&nes near the ends of chromosomes (1L, 5L and 9R;
light blue in Fig 4) are probably artefacts caused by biedikced replication (BIR), which is

a process that can make the ends of two chromosomes completely ideoticahfinitiation

point out to the telomer@osco and Haber, 1998)hese regions have 2equence coverage

84



in our lllumina data, and we can identify the probable locations of an identical second copy of

each of them at other chromosome ends (Fig 4).

Figure 4 Subgenome and duplication status of each. parabailiigene.Each gene was classified into

one of 7 categories and colooded as shown in the legend. For each chromosome, seven rows were
then drawn, showing the locations of genes in each category (the 7 rows appear in the same order fro
top to bottom as in thedend). R shows the locations of rDNA clusters. M and H indicate the locations
of MAT and HML/HMR loci. Circles with arrows mark the three chromosome ends where our sequence
is incomplete due to BIR; in each case the missing sequence is apparently itettieaind of another
chromosome as shown. For example, we infer that at the right end of chromosome 14, our assembl
DUWHIDFWXDOO\ ODFNV D VHFRQG FRS\ RI WKH JHQHV WKD)
chromosome 9. The high sequence idgniftthe chromosome 9 and 14 copies of this region caused
them to ceassemble, and the -@ssembled contig was arbitrarily assigned to chromosome 9.

5HDUUDQJHPHQW FDWDO\]HG E\ +2 HQGRQXF\\ sl DQG
TheZ. parabailii genome contains tWAT loci (one of which is broken) and foldML/HMR
silent loci(Fig 5). In S.cerevisiae matingtype switching is a DNA rearrangement process that
occurs in haploid cells to change the genotype of M€l locus (Haber, 2012) During
switching, the activéAT locus is first cleavedyban endonuclease called HO, andbiter .-
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specific DNA is removed by an exonuclease. The resulting detitzslad DNA break alAT

is then repaired by copying the sequence of eitheHtie . RKMRa locus. This process
converts &1ATa genotype ttMAT. Rite versaRepeated sequences, called Z and X, located
besideMAT and theHM loci act as guides for the DNA strand exchanges that occur during this
repair process. ThelM ORFL DUH pVLOHQW fYa W@ BU.DYH TNXLIHWH\H [IRQ
because gnes at these loci are not transcribed due to chromatin modificationMadalyis
transcribedHaber, 2012)

Figure 5 (A) Organization of MAT, HML and HMR loci in Z. parabailii ATCC60483 The genome
contains six MATrelated regions, with one MAT, one HML and one HMR locus derived from each of
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the A ard B parents. Pink and green backgrounds indicate sequences fromahd Bsubgenomes,
respectively. The MAT locus in the-gubgenome (position 294 kb on chromosome 7) is intact and
expressed. The MAT locus of thedBbgenome has been broken into twagay cleavage byHO
endonuclease. All six copies of the X repeat region (654 bp) are identical in sequence, as are all si
copies of the Z repeat region (266 bp). Gray triangles indicate the disruption of splicing of intron 2 in
0$7. DQG +0/. RdubyeabmésBindingtsss for primers A= used for PCR amplification are
LQGLFDWHG E\ JUD\ DUURZV % 6HTXHQFHV DaEriwdksequieiicesOR F
The HO cleavage site (CGCAGCA, givinga@XFOHRWLGH 9 RYHUKDQJ LV KLJK
GDA1-YEF1 intergenic region from the equivalent regionZofbailii CLIB213T, and homologous
sequences from the-dubgenome o#. parabailiichromosomes 2 and 16. A sequence (ACAAC)

that became duplicated during the rearrangement is underlined. (C) SejqueRde 0$7. LQWUR
(lowercase) from the Aand Bsubgenomes. An A®-$& PXWDWLRQ UHG DW WKH
moved the splice site by 2 bp in thesBbgenome, causing a frameshift and premature translation
termination. The splice sites in both gemneere identified from RNAseq data.

We infer that the parents @f parabailii each contained AT locus and two silent locHML .
and HMRa), similar toS.cerevisiaeand Z. rouxii haploids(Watanabeet al, 2013) Fig 5A
shows thaf. parabailii has aMAT locus on chromosome 7, flanked by Z and X repeats and
full-length copies of the gen&t.A2andDIC1, similar to theMAT loci of many other species
(Gordon et al, 2011a, Watanabet al, 2013) This MAT locus is derived from Parent A.
Chromosome 7 also contaiH$/L . D ®IK8Ra loci (derived from Parent B) near its telomeres.
However, the BV X E J H QNRAT lddLi¥ is broken into two pieces. Most akibn chromosome
EXW LWV OHIW $3MBUW WKKH=UHQBDRM DQG BLAMHis@MHLJIKI
chromosome 16 (Fig 5A). Chromosomes 2 and 16 also each contdMlan RHMRa locus
from the Asubgenome.
Examination of the breakpoint in the B X E J H Q RATHJEMs shows that the break was
catalyzed by HO endonuclease, because it occurs precisely at the cleavage site for this enzyn
(Fig 5B). InS.cerevisiag HO has a long (~18 bp) recognition sequence that is unique in the
genome, and it cle@s DNA at a site within this sequence leaving @ X FOHRWLGH | F
(Nickoloff et al, 1990) Although the recognition and cleavage sites of HO endonucleases in
other species have not been inigegied biochemically, they can be deduced because the core
of the HO cleavage site GCAGCA) invariably forms the first nucleotides of the Z region in each
specieqGordonet al, 2011a) Moreover, the HO cleavage site corresponds to an amino acid
sequence motiffaQQ) in theMAT. SURWHLQ WKDW LV VWURLQ.JO\ FRQV
The two parts of the brokedviAT locus are located beside the ge@GE3AlandYEF1(Fig 5A),
which are neighbors i#. bailii CLIB213" and in the Ancestral yeast genof@aleoteet al,
2013,Gordonet al, 2009) 7TKHUHIRUH DIWHU +2 HQG RA@NXdécGsHtbeV H F

broken ends of the chromosome apparently interacted witE#€l-YEFlintergenic region
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of the A-subgenome, causing a reciprocal translocafitiis site is the only synteny breakpoint
between the Asubgenome oF. parabailii and the genome d. bailii (scaffold 9; Fig 3).
Comparison of the DNA sequences at the site (Fig 5B) shows no microhomology between the
two interacting sequences, and that DNA repair led to duplications-bpas&quencerCAAC)

from theGDAL-YEFLlintergenic region and al segence ¢A) fromMAT. VXJJHVWLY
nonhomologous enpining (NHEJ) as the repair mechanism. We hypothesize that this genomic
rearrangement occurred during a failed attempt to switch mating types, which resulted in a
reciprocal translocation instead ofrnl repair oMAT by HML or HMR.

While the BVXEJHQRATHIVYHQH LV FOHDMA\ EIHRNHQ@ONVNWRWSSH
nonfunctionalMAT. KDV WZR LQWURQV DQG RXU 51$VHT GDWD
this gene ZPAR0G01480_AndZPAROB05090 Bare VSOLFHG $ SRLQW PXWDYV
of intron 2 of the Bgene changed its AG splice acceptor site to AC, with the result that splicing
now uses another AG site two nucleotides downstream (Fig 5C). This change results in &
frameshift, truncatingthe BRS\ RI WKH . SURWHLQ WR DPLQR DFL(
presumably inactivating it.

Surprisingly, theZ. parabailii genome does not contain aMATal (or HMRal) gene. This

gene codes for th&l protein, which is one subunit of the heterodimafic. WUDQVFULS)
repressor that is formed in diploid (( FHOOV DQG ZKLFK DFWV DV D VHQ\
transcription of haploid functions such as mating, while permitting diploid functions such as
meiosis(Johnson, 1995)Theal gene is present ib. rouxii andZ. sapae(Soucietet al, 2009,
Watanabeet al, 2013, Solieriet al, 2014) but it is also absent fro. bailii CLIB213" and

must have been absent from ParenTBe Z. bailii CLIB213" MAT organization is not fully
resolved(2013)butit contains daMAT ORFXV ZLWK . DQG . JHQHWNRQ VFI
locus with only ara2 gene on scaffold 19. Evolutionary losse8/#Tal have previously been

seen in som€andidaspeciegLogueet al, 2005, Butler, 2010Q)ut not in any species of family
Saccharomycetaceae. In contrast, the gene for the other subunit of the heteMdifmer, LV
present in alZygosaccharomycespecies and is probably maintained because it has a second
role in repressing-specific genes in this gen(Bakeret al, 2012) Solieri and colleagues a
reported evidence thal-. LV QR QIXQ FXydgoRraQdhaPontyes Douxii/pseudorouxii
hybrid where its two subunits are derived from different spéBigzarriet al, 2016)
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Z. parabailii strains ATCC60483 and ISA1307 are descendants of the same interspecies
hybridization event

The two subgenomes apparent in the Illumina scaffolds aitbesaccharomycdwgy/brid strain
ISA1307, previously sequenced by Matal.(2014) are both 99.00% identical in sequence

to the A or B-subgenomes of ATCC60483. Therefore ISA1307 is also a strdirpafabailii.
Importantly, the ISA1307 genome sequence contains the sameatdlyzed reciprocal
translocation betweelAT. R W-8ubHgelitome and th@DAL-YEF1lintergenic region of

the A-subgenome (Fig 5A). Because this rearrangement is so unusual, and because it did nc
involve recombination between repeated sequences, it is highly unlikely to have occurred twice
in parallel. The rearrangement is much more likely to have occurrecbnog; in a common
ancestor of the twd. parabailii strains after the hybrid was formed. It cannot-gage the
hybridization because it formed junctions between thamdl Bsubgenomes, which originated
from different parents.

ATCC60483 and ISA1307 arendependent isolates &. parabailii, both from industrial
sources. ATCC60483 was isolated from citrus concentrate used for soft drinks manufacturing
in the Netherland@Putet al, 1976, Put and De Jon§982) and ISA1307 was a contaraimt

in a sparkling wine factory in Portug@alfeito-Ferreiraet al, 1990, MalfeiteFerreiraet al,

1997a, MalfeiteFerreiraet al, 1997b, Miraet al, 2014) We found several examples where the
two strains differ in their patterns of LOH, which confirms that they have had some extent of
independent evolution. All three large regions of BIR (on chromosomes 1, 5 and 9; Fig 4) are
unique to ATCC60483. ISA1307 contains A:B homeolog pairs throughout tlegsens
whereas ATCC60483 has onlygenes which we infer to be in A:A pairs. Other examples of
differential LOH include a 4«b region around homologs of tl&cerevisiaegeneYLR049C

that exists as B:B pairs in ATCC60483 but A:B pairs in ISA1307, amgéme<AR4which is

an A:B pair in ATCC60483 but only a-8ene (single contig) in ISA1307. Notably, the section

of theRPB1gene (also calleBRPO2) that Suhet al. (2013)used for taxonomic identification

of Z. parabailii andZ. pseudobailiiexists as an A:B pair in ATCC60483, but only as agehe

in the ISA1307 geome. The absence of theddpy ofRPB1made Miraet al. (2014)hesitant

to conclude that ISA1307 &. parabailii.
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Z. parabailii ATCC60483 is fertile and haploid

Both ATCC60483 and the type strain Bfparabaili ATCC56073 have previously been
reported to be capable of formingcasporegPutet al, 1976, Put and De Jong, 1982, Sath

al., 2013) We confirmed that our stock of ATCC60483 is able to sporufatetA,B). On malt
extract agar plates, we observed that sporulation occurs directly in zygotes formed by
conjugation between two cellsgsulting in asci in which the two former parental cell bodies
typically contain two ascospores each. Such dumisiha@ped (conjugated) asci, indicative of
sporulation immediately after mating, are characteristic of the gémgesaccharomyces
(James and Stratford, 201and have previously been described in othdrailii (sensu latp

strains (Kudrjawzew, 1960, Phafét al, 1966, Barnettet al, 1983, Barnettet al, 2000,
Kurtzman and James, 2006, James and Stratford, 204 joresence of conjugagircells in a
culture grown from a single strain indicates that ATCC60483 is functionally haploid (capable
of mating), and that it is homothallic (capable of matiyyge switching). Since the zygote
proceeds immediately into sporulation without further vatyee cell divisions, the diploid state

of Z. parabailii appears to be unstable. Although ®tilal. (2013)reported that asci of the type
strain ofZ. parabailii contain two spores, we consistently observed that asci occur in pairs of
mated cells connected by a conjugation tube (Fig 6A,B), indicating that four spores are formec

per meiosis.
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Figure 6 (A,B) Ascospore formation inZ. parabailii ATCC60483. White arrows show conjugation

tubes in dumbbelvVKDSHG DVFL %ODFN DUURZV VKRZ EXGGLQJ YHJHYV
were grown on 5% malt extract agarfer6 GD\V DW f& & ([DPSOHV RI 3&5 GH
locus genotypes in tetds. Pairs of PCR primers as shown in Fig 5A were used to amplify the MAT
locus in colonies grown from spores after dissection of conjugated asci. PCR primer pairs AB and AE
amplify the left side of the MAT locus including the Z region (AB, 1485 bp prodtRP 0$7. $(
2103 bp product from MATa). Primer pairs DC and DF amplify the right side of the MAT locus including
WKH ; UHJLRQ '& ES SURGXFW IURP 0%7. ") ES SURGX
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sequenced to determine whether they origiddtom the A or B-subgenome. (D) Summary of MAT
genotypes in colonies grown from spores from 13 dissected tetrads. Magenta circles denote colonies wit
A-VXEJHQRPH DOOHOHV 0$7DBuU RU 03%$7.B$%$ DQG &subgeh@ne-FLUF
alleles  MA7TDB% RU 0%$7.BEAUFOB®OY UHSUHVHQW FRORQLHV WKDW |
products.

We dissected tetrad asci from ATCC60483, grew colonies from the spores, and then used colon
PCR to determine their genotype at the inM&LT locus on chromosomé Among 13 tetrads
analyzed, nine showed a ratio oMATa : 2 MAT . colonies Fig 6C,D ZR WHWUDGYV
1:3 or 3:1 ratios, and the other two yielded betATa and MAT . PCR products from some
singlespore colonies. The genotype of the ATCC60483 starting strétAiB. from the A
subgenome (designat®tAT._A), so the presence bfATa genotypes in colonies derived from
spores made by this strain confirms that matype svitching occurred at some point. We
sequenced the PCR products and found that thend BsubgenoméiMRa loci were both

used as donors for mathtgpe switching: among the puMATa colonies, 18 werdlATa_A

and 7 wereMATa B (Fig 6D). Quite surprisinglyfour tetrads with &2 . segregation had one
MATa_A and oneMATa_B spore colony, which is inconsistent with simple meiotic segregation
from ana/ . diploid. Because all the spores contain a functibt@ene, the genotypes of these
four tetrads (#1, #7, #1920) probably result from additional switches during the early growth
of some colonies. Similarly, switching during early colony growth may explain the presence of
MAT ._B genotypes in tetrad #11, and the colonies with madéedgenotypes (in tetrads #11

and #13), as well as the presence of faint PCR products corresponding to the altetAdtive
genotype in some other colonies (Fig 6C). Srcerevisiae homothallic diploid HO/HO
MATe/MAT. VWUDLQV VKRZ MAVdlelds kh ddirdid, BuQafiepore germination

the haploid cells can then switch mating types as often as once per cell di8isaihern and
Herskowitz, 1979)leading to mating and colonies that contain mostly diploid @edsskowitz,

1988) by contrast, most (but not all) of tle parabailii sporederived colonies conitzed a

single mating type (Fig 6C,D).

We found that almost all the genes involved in mating and meiosis thateMak (2014)
reported to be missing from th& parabailii ISA1307 genome are in fact present in both
ATCC60483 and ISA1307S5(1 Tablg. For example, we annotated And B-homeologs of
IME1, UMEG6, DON1, SPO21SPO74REC104andDIG1/DIG2 as well asvIATa2, MAT. DQG
MAT. :H DOVR LGHQWLI LddBor ahtigfdcior IfReforddiesME . D Q/Ga).
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TheMF. JHQHV FRGH IRU DQ XQXVXD O QV)kia B-regidue RdplileR | F
whose consensus sequengeLVRLSPGAAMF, is quite different from that of other yeasts
including Z.rouxii (7/13 matches) ané.cerevisiae(4/13 matches)YWolfe et al, 2015)

Z. parabailii and Z. bailii do lack mat of the ZMM group of genes, involved in crossover
interference during recombinatig8hinohareet al, 2008) even though these are presenf.in
rouxii (S1 Table). Interestingly, identical sets of ZMM genes have been lost in
Z. bailii/Z. parabaili relative toZ. rouxii, as were lost in modtachanceaspecies relative to

L. kluyveri(Vakirlis et al, 2016) ZIP2, CST9 (ZIP3)SP0O22 (ZIP4)MSH4 MSH5andSPO16

are absent, as well _H2 which is not known to be a ZMM gene, wher@&B1 is retained.

A similar loss of ZMM genes has occurreddremothecium gossypilative toE. cymbalariae
(Wendland and Walther, 2011)

Posthybridization gene inactivations

A small number oE. parabailii $7 & & JHQHV KDYH pGL\Aameshifsbf P X\
premature stop codons that prevent translation of a normal protein product. The majority of
these mutations are present in only one subgenome of ATCC60d &Beaunique to this strain.

For example, there is aldp insert in the Ahomeolog of the DNA repair geMéLH1, which is

not present in the Aomeolog, nor in ISA1307 or CLIB213In a systematic search we found

a total of 10 Agenes and 948enes thatvere inactivated only in strain ATCC60483Tablg.

In each case the other homeolog was intact and the mutations, discovered in the PacBi
assembly, were confirmed by our lllumina contigs of the ATCC60483 genome.

We found a further eight disabling mutats that are shared between ATCC60483 and
ISA1307. One of these is the AC to AG splice site mutation in therBeolog ofMAT .
described above (Fig 5C). Another is tH® endonuclease gene, whosehémeolog contains

an identical 1bp deletion in both ATC&0483 and ISA1307, whereas théhBmeolog ofHO

is intact in both strains (S2 Table). It is perhaps surprising th&t@hgene that degenerated is

the A-homeolog, whereas the brok®IAT locus is the Bhomeolog, but the two endonucleases

are likely to havénad identical site specificities because the HO cleavage site is well conserved
among species. The existence of these eight shared disabling mutations provides further suppc
for the idea that the two strains Hfparabailii are descended from the salmdrid ancestor,
because these mutations may not be viable in the absence of the intact homeologous copies
these genes. Only one of them is present also in CLIBEBTable).
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In-frame introns and other features of the genome

We annotated 447 intron® the Z.parabaili ATCC60483 genome, most of which are
confirmed by our RNAseq data. There are 428 inttontaining genes, including 19 that have
two introns. We did not find any examples of intron presence/absence differences betweer
homeologs. Intestingly, we found several genes with affri@ame introntthat is, an intron that

is a multiple of 3 bp long and contains no stop codons, so that both the spliced and unsplice
forms of the mRNA can be translated into proteins. Genes wittaine intronsare likely to
undergo alternative splicing, making two forms of the protein with different functions. One of
these loci iIsPTC7 (ZPAR0J04940 Aand ZPAROAO6900 B Both of the Z. parabailii
homeologs contain a 69 bp-rame intron within the ORF of the genlt has previously been
shown that alternative splicing of a similarframe intron inS.cerevisiaePTC7leads to the
translation of a mitochondrial protein isoform from the spliced mRNA, and a nuclear envelope
protein isoform from the unspliced mRNAgnd that the intronic region codes for a
transmembrane domain of the proté¢duneauet al, 2009) Thus, the alternative splicing
mechanism IrPTC7is conserved betweeBaccharomyceand Zygosaccharomyce§Ve also

found inframe introns in th&. parabailii orthologs ofS.cerevisiae NUP10INCB2andHEH2,
identically in their A and Bhomeologs. None of these genes is known to be alternatively
spliced inS.cerevisiaeln each of these examples, there tyygcal splice donor, branch and
acceptor sequences within the long form of the ORF.

SURJUDPPHG p 1T ULERVRPDO IUDPHVKLIWLQJ D SURFHV
one nucleotide when translating an mRNA, is known to occur in three geBesdarvisiae

OAZ1 ABP140andEST3(Farabaugtet al, 2006) and we found that +1 frameshifting is also
required to translate th2. parabailii orthologs of these three g&s) in both the Aand B
homeologs. We also found two new loci that apparently undergo +1 frameshifting. Translation
of both homeologs dIR1(ZPAR0O02690 A, ZPARO0I0272(Q mBquires a +1 frameshift at a
sequence identical to tHeST3frameshifting site: TT-A-GTT where the A is the skipped
nucleotide. Translation of both homeologs 0YJR112\WA (ZPARO0O02960_A,
ZPARO0I02990 PBrequires a +1 frameshift at a sequence identical t&Bi#L40frameshifting

site: CTTFA-GGC.

In S.cerevisiag the CUP1locus confergesistance to copper toxicity by a gene amplification
mechanismCUP1codes for a metallothionein, a tiny cysteneh coppetbinding protein. The
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referencesS.cerevisiaegenome sequence contains two identical copigdUR1 duplicated in
tandem, but urel copper stress this locus can become amplified to contain up to 18 tandem
copies of the gen@arin et al, 1984,Zhaoet al, 2014) There are at least five different types

of CUP1repeats in differen$. cerevisiaestrains, which must have originated independently
from progenitors with a singl€UP1 gene(Warringeret al, 2011, Zhacet al, 2014) In

Z. parabailii we found a slightly different organization. At homeologous loci on chromosomes
2 and 7, ATCC60483 has multiple ideyal copies of a 1458p repeating unit. Each unit
contains two metallothionein gend¥,T-58 and MT-47, coding for proteins of 58 and 47
residues respectively. There is only 56% amino acid sequence identity betweshavid MF

47 proteins. The chromosonie locus contains five copies of the repeating unit, and the
chromosome 2 locus contains two copies, so ATCC60483 has 14 metallothionein genes in tota
These loci are not syntenic wicerevisiagCUP1, but they are syntenic with metallothionein
genes inCandida glabrataandZ. rouxii (Mehraet al, 1989, Byrne and Wolfe, 2005)

Discussion

Our results show that. parabailii is a hybrid speciethat was formed by fusion between two
8-chromosome parental species, one of whichZvasiilii. The low sequence divergence of the
ATCC60483 Asubgenome from the type strain éfbailii (the modalsynonymous site
divergence is less than 1%; Fig 2A), dhe almost complete collinearity of these genomes (Fig
3), indicate that the Aarent ofZ. parabailii should be regarded a& bailii itself, and not
merely a species closely relatedztdailii.

The unusuaMAT locus structure of this hybrid raised questions about how it was formed and
whetherZ. parabailii currently has a full sexual cycle. At first glance MAT. MAT. K\EULG
genotype of ATCC60483 might suggest ti@aparabailii could not have been formed by
mating. However, this genotype could also be the result of magoegswitching. We propose

that the following steps occurréBig 7). Z. parabailii was formed by mating between strains

of parent A Z. bailii) and parent B, of opposite mating types. Them®ntal genomes already
differed by about 34 chromosomal rearrangement breakpoints, so the hybrid was unable tc
produce viable spores by meiosis. The hybrid also hadAital gene, so it could not form the

al-. KHWHURGLPHU WKDW afehhB Edr&Yisipe{Nerskdoiiz, @388)Orieloc VW
the roles of theal-. G L P HSJceteQisiaeis to repress transcription diO endonuclease,

which is only required in haploid cells. We suggest that in the newiged Z. parabailii
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hybrid, transcription oHO was not repressed. Continued expression of this gene resulted in
genotype switching at thAT loci (perhaps several consecutive switches betwe&nQ G

and eventually breakage of thesBbgenome@MAT locus due to an illegitimate recombination
with the GDAL-YEF1 intergenic region instead dfiML or HMR. At some point after
hybridization, theHO genefrom the Asubgenome also degenerated by acquiring a frameshift

mutation.

Figure 7 Cartoon of key steps in the origin of theZ. parabailii genome.Chromosome regions (thick

bars) are colored according to their locationn bailii (magenta outlines). The corresponding
homeologous regions are scrambled in Parent B (green outlines). Circles represent centromeres. (
Interspecies mating occurred between Parer.Addili)) and Parent B. The genomes differed by about

34 rearrangemeitreakpoints and 7% nucleotide sequence divergence. The resulting zygote was unable
to form viable spores due to the roallinearity of its chromosomes. (ii) Expression of HO endonuclease

in the zygote, due to absenceofal UHV XOWHG L QB-EdpHIDtMeOMAT I6cLIs\Erid idctopic
recombination with the GDAYEF1 region of the Asubgenome, causing a reciprocal translocation. (jii)
The resulting genome has only one functional MAT locus and behaves as a haploid. Recombinations an
other exchangessbveen homeologous regions of the two subgenomes, such as those that exchanged th
HML/HMR regions, occurred but are not shown here for simplicity. (iv) The current life cyde of
parabailii involves mating between ighromosome haploids to form-8&ronosome diploids, which
immediately sporulate to regeneratectBomosome haploidZ. parabailiiis homothallic because it
FRQWDLQV DQ LQWDFW +2 JHQH ZKLFK DOORZV LQWHUFRQYH!
autodiploidization.
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The breakage oW K HMATddcuscan be inferred to have been one of the first rearrangement
events that occurred after the hybridization, but also to have been recent. It must have been or
of the first posthybridization events, because tl@DAL-YEF1 breakage that oacred
simultaneously with it is the only point of n@ollinearity between the Aubgenome and the

Z. bailii genome (apart from sites of inrteomeolog recombination or homogenization; Fig 4).

It must have been recent because the pseudogene fragmemtddkbnMAT locus have not

yet accumulated any other mutations. There are no nucleotide differences in 2298 bp betwee
the brokerlMAT.B% ORFXV RQ FKUHRRRB/%R R FXQQ®PRVRPH TR
two observations suggest that the interspecies métiat formedZ. parabailii occurred less

than 10 generations or 1000 years afRolland and Dujon, 2011)Such a recent origin is
consistent with the very low numbers of gene inactivations that have occurred since
hybridization, with the facthat most of these are not shared between the two sequenced
Z. parabailii strains (only 8 of 27 inactivating mutations are shared; S2 Table), and with the
retention of rDNAs from both parents. We expect that, ifZhparabailii lineage survives, it

will accumulate extensive inactivations and deletions of redundant duplicated genes over the
next few million years as seen in older WGDs.

The net result of the evolutionary changes to the genome i< tpatabaili now has 16
chronosomes (all different in structure but containing homeologous regions), oneMgfive
locus, one activeHO gene, and four silefHML/HMR loci. A genome with this structure
resembles haploi&.cerevisiae(Wolfe and Shields, 1997%nd is potentiallycapable of both
matingtype switching and mating. We confirmed that both of these processes occur in
ATCC60483.Z. parabailii has a life cycle in which 26hromosome haploids mate to produce
32-chromosome diploids (Fig 7), that sporulate immediately lscabe diploid state is
unstable; there is nMATal gene and hence red-. KHW HU R G L2 phtabailiiKsXav
allopolyploid that regained fertility by genome doubling after interspecies mating, as a
consequence of damage to one copy d¥lisl locus.

Two previous reports that. parabailii strains produce only mitotic sporéRodrigueset al,

2003, Mollapour and Piper, 2001gan be ranterpreted in view of the hybrid nature of the
genome. Their experimental data are fully compatible with the meiotic sexual cycle we propose
for Z. parabailii. Rodrigueset al. (2003)made a derivative 0fSIA1307 in which one copy of
ACS2was disrupted by the G448sistance markekPT1and the other copy was not. After

sporulation of this strain, all 80 spores they tested were @&Eistant, and all 16 spores from
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4 tetrads contained both an intact copyA@¥S2and anacs2::APT1disruption, which led
Rodrigueset al. (2003) to conclude that the spores were made by mitosis. However, this
inheritance pattern is exactly the pattern expected if the two copid€®82are haneologs
(different Mendelian loci) rather than alleles of a single Mendelian locus, and if ISA1307 is a
haploid that autaliploidized before it sporulated. Thus their strain could be described as haploid
acs2_a::APT1 ACS2 Bwvhere theACS2_Aand ACS2_Bloci have independent inheritance
(they are on chromosomes 10 and 13 in our genome sequence). Similarly, Mollapour and Pipe
(Mollapour and Piper, 200djsrupted one of the two copiesYdfIE2in strain NCYC1427 with
akanMX4cassette, and found that all the spores produced by this strain retained both an intac
YME2andyme2::kanMX4They concluded that the spores were vegetative, but again the result
is consistent with meiotic spore production if the tdME2loci have independent inheritance
(they are on chromosomes 4 and 6), and if the disruption was made in a haploid strain-that aut
diploidized before sporulating. The sequence datéMollapour and Piper, 2001allows
NCYC1427 to be identified agZ.parabailii and not Z.bailii as originally described.
Furthermore, in both ISA13Q(Rodrigueset al, 2003)and NCYC142{Mollapour and Rper,

2001, James and Stratford, 20149pores are formed in pairs of conjugated cells, similar to Fig
6A. We conclude that ISA1307 and NCYC1427 have sexual cycles identical to the one we
describe for ATCC60483.

The evolutionary steps that form&dparabailii by interspecies mating, and restored its fertility

by damage to one of idAT loci, are essentially identical to one of the mechanisms (hypothesis
B) proposed for the origin of the ancient WGD in $heerevisiadineage(MarcetHouben and
Gabaldon, 2015, Scannadt al, 2006, Morales and Dujon, 2012, Wolfe, 2016ur study
therefore validates genome doubling aET locus damage as a real evolutionary process that
occurs in natural interspecies hybrids, enabling them to resume mating and meiosis. The
Z. parabailii hybridization was very recent, so any period of clonal reproduction that elapsed
before fertility was restored must have been short, which is as expestadse there is no
selection to maintain meiosis genes during clonal grqMibrales and Dujon, 2012, Wolfe,
2015) The posible role of MATal in the ancient WGD remains unclear. In
Zygosaccharomyceshe absence of this gene makes zygotes proceed into sporulation. In the
ancient WGD it is likely that MATal gene was present in the initial zygote, in which case the
zygote wold have been stable until it sustainkl\T locus damage, but this is not certain
because the ZT parent might have lackbtiTal. The specific cause of damage to HhaT
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locus inZ. parabailii was incorrect DNA repair after cleavage by the matypg switcling
endonuclease HO. Th¢O gene is present in the ZT clade, but not in the KLE cf@dedonet

al., 2011a, Butleret al, 2004) which were the two parental lineages of the interspecies
hybridization that led to the ancient W@BlarcetHouben and Gabaldon, 2019pecies that
containHO show evolutionary evidence of repeated deletions of DNA from besideMiAdir

loci, caused by accidents durimgatingtype switching(Gordonet al, 2011a) Indeed, the
disappearance of thklATa2 gene from Saccharomycetaceae genomes, which occurred at
approximately the samiéme as the WGD, must have been due to some sort of mutational
damage to th#AT locus. Although HGmediated damage can only occur in the small clade of
yeasts that contaiHO, other types of mutational damage to one copWAf are a plausible
mechanisnior fertility restoration in other fungal interspecies hybrids.

Materials and Methods

Strain and growth media

The strain analyzed here originally came from the collection of Thomassen & Brgvblifa

NV in the Netherland@utet al, 1976, Put and De Jong, 198#)d wD V F DSadohdi@mpces

baili VWUDLQ T LQ WKRVH VWXGLHV W ZDV LVRODWHG

material for soft drinks. It was later deposited at the American Type Cultures Collection as

ATCC60483. Sulet al.(2013)identified it asZ. parabailii by molecular methods.

PacBio DNA sequencing, assembly, and annotation

ATCC60483 genomic DNA was prepared using the Blood & Cell Culture DNA Mini Kit
4LDJIHQ DFFRUGLQJ WR WKH PDQXIDFWXUHUYTV PDQXDC

sample was not vortexed. The final genomic DNA amount waggl&s determined by Qubit

Fluorometer (Thermo Scientific). Pacific Biosciences sequencing was carried out by the

Earlham Institute (Norwich, UK) using 8 SMRT cells, which generated 218x mean coverage

for the nuclear scaffolds. We assembled the raw data using the computatiditigsfatithe

Irish Centre for HighEnd Computing (ICHEC), with the HGAP3 protocol of the SMRT

Analysis suite version 2.3.(Chin et al, 2013) We initially obtained 22 nuclear scaffolds,

which we reduced to 16 chromosomes by nadlgudentifying overlaps between scaffolds. In

parallel, we also obtained 198x lllumina read coverage of the genome (Genome Analyzer lIx;

University of MilaneBicocca, Department of Clinical Medicine), which we assembled
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separately into contigs that weresed to verify the status of rearrangement points and
pseudogenes discussed in the text.

The Z. parabailii chromosomes were annotated using an improved version of our YGAP
automated pipelinéProuxWeraet al, 2012) which uses information in the Yeast Gene Order
Browser(Byrne and Wolfe, 2005and the Ancestral (pré/hole Genome Duplication) gene
order (2009)to generate a syntefhasd annotation. The automated annotation was curated
using transcriptome data from ATCC60483 cultures grown in a bioredidtonina RNAseq

was generated at Parco Tecnologico Padano (ltalg)made d@e novdranscriptome assembly
using Trinity(Grabherret al, 2011)) DQG FRPSDUHG WKH WUDQVFULSWYV I
using PASA(Haaset al, 2003)and by manual inspection of spliced mRNA reads.
Chromosomes were numberedl@ from largest to smallest. Genes were given systematic
names by YGAP such @&PAR0D01210 PBwhereZPARindicates the specieq) indicates the
genome sequence versidD;indicates chromosome 4€1210is a sequential gene number
counter that increments by 10 for each pretading gene (genes that were added manually
have numbers that end in 5 or other digits); twedsuffix_Bindicates that this gene is assigned

to the Bsubgenome as described below. NCBI nucleotide sequence database accession numbe
are CP019490+CP019505 (nuclear chromosomes), CP019506 (mitochondrial genome), and
CP019507 (Znicron plasmid).

The mitochondrial genome & bailii CLIB213" ZDV QRW UHSRUWHG ZLWK Wl
genome(Galeoteet al, 2013) and is highly fragmented in the assembly. We identified
mitochondrial contigs in the original CLIB3™ assembly by BLASTN using the ATCC60483
MtDNA as a query, assembled these contigs into 55 larger contigs using the CAP3 assemble
and SSPACE3Huang and Madan, 1999, Boetzsral, 2011) and calculated a weighted

average nucleotidieentity of 96% from noroverlapping alignments totaling 23,197 bp.

Gene assignments to the Aand B-subgenomes

We assigned most genesdrparabailii ATCC60483 to either the-Aubgenome (highly similar

to theZ. bailii CLIB213" genome) or the Bubgenora (derived from the other parent in the
hybridization), using their levels of synonymous nucleotide sequence divergence from
CLIB213" genes. For this purpose, we used BLASARschul et al, 1990)to compare every
annotated protein from ATCC60483 to the CLIB2pBteome andebignated the best hit as a
homolog. The corresponding ATCC60483 and CLIB2IBNA sequence pairs were then
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aligned using CLUSTALWLarkin et al, 2007)and their levels of sequence divergence were
calcubkted using the yn00 program from the PAML s(iftang, 2007)ATCC60483 genes were
assigned to the Aubgenome if the level of synonymousetigence waks ” DQG WR
B-subgenome if 0.05 Ks ” D QG JLAOH @ siff@ on the gene name accordingly.
Genes for whiclKs > 0.25, or for which n&. bailii homolog was identified, were given the
suffix _N. To identify inactivatedyenes systematically, we searched the annotated A:B gene
pairs for cases where one of the homeologs was less than 90% of the length of the other, ar
then examined these cases manually (S1 Table).
1RWH WKDW RXU XVH RI WKH O BEthemé wsid bpNig au@014G L |11 H
IRU VWUDLQ ,63% ‘H GHVLIQDWHG HDFK JHQH KRPHR
divergence fronZ.baili CLIB213" ZLWK pu$9 DO ZD\VZ hajiGike-dweolgl W K
6RPH FKURPRVRPHY WKHUHIRUH FRQW D lt&pd3thybidizdtiery R 1 |
recombination or homogenization between the two subgenomes. In contrastt Mi(@2014)
identified homeologous pairs of scaffolds in their assembly and arbitrarily designated one
VFDIIROG DV u$Y bQG WKH RWKHU DV pu%T VR WKDW HI
FRQVLVWHQW UHODWLRQVKLS EHWZH HRoniK 6f apitbfebldyG 9
in their scheme.
Tetrad dissection andMAT locus PCR amplification
Cells were left for sporulation on malt extract (5%) agar for 5 days. A small loop of cells was
washed in sterile distilled water, resuspended in a 1:20 dilution ofolase 100T and
LQFXEDWHG IRU PLQ DW f& 7KH =\PRO\DVH VROXWLR
pellet resuspended in distilled water (50D A 10 | drop was placed in the middle of a YPD
plate, and dumbbeihaped asci were dissected usigireger Sporeplay dissection microscope.
7KH <3' SODWH ZDV LQFXEDWHG |RU -de@Bd tbldns wefefusedQ G L
for MAT locus genotyping by colony PCR using Q5 polymerase-fidglity 2x master mix

1(% DQG DQQHDOLQ JSaygtidacsidi POR XrundrsFAAr& given in S3 Table.
Primers E and F were designed to bind equally tbiti& regions of the Aand Bsubgenomes.

Primers AD are specific for the Aubgenome.
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Supplementary Material

Suplementary Figure 1 (S1)Phylogenetic tree of internal transcribed spacer (ITS) regions of
rDNA. Chr4 and Chrl1 are the ITS sequences from the chromosome 4 and 11 rDNA unii in the
parabailii ATCC60483 genome. All other sequences are fromebah (Suhet al, 2013)for strains

of Z. parabailii (Zpar),Z. bailii (Zba), andZ. pseudobailii(Zpse). Letters-a are ITS variant
designationgSuhet al, 2013) The tree was constructed by PhyMlLilwe Seaview package using
default parameters.
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Supplementary Figure 2(S2) Sequence alignment of the VPSHET14 intergenic regions fromZ.
rouxii and Z. parabailii. TheZ. parabailiiregions contain CEN4 and CEN11 whereaszheuxii
region is not a centromere. Putative CDE | and CDE Il motifs are boxed.
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Supplementary Table 17. parabailii ATCC60483 orthologs 0b. cerevisiagenes involved in

mating or meiosigattps://doi.org/10.1371/journal.pbio.2002128.s003

Supplementary Table 2Homeolog pairs in which one gene is damaged and the other is intact, in
ATCC60483https://doi.org/10.1371/journal.pbio.2002128.s004

Supplementary Table 3PCR primer sequences used for MAT locus genotyping.

https://doi.org/10.1371/journal.pbio.2002128.s005

Data S1 Excd spreadsheet containing, in separate sheets, the underlying numerical data for Figure
panels 2A, 2B and 2[Bitps://doi.org/10.1371/journal.pbio.2002128.s006
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Abstract

Lactic acid has a wide range of applications starting from its undissociated form and its
production using cell factories requires streserant microbial hosts. The interspecies hybrid
yeastZygosaccharomyces parabatfias a great potential to be expdd as a novel host for

lactic acid production, due to high organic acid tolerance at low pH, a remarkable
osmotolerance, and a fermentative metabolism with a fast growth rate. Here we ussgédQRNA
to analyzeZ. parabailifV WUDQVFULSWLRQDO UHVSRQVH WR ODFW
biological mechanisms involved in toleranZe parabailii contains two homeologous copies

of most genes. Under lactic acid stress, the two genes in each homeolog pair tend tandiverge
expression to a significantly greater extent than in control conditions, indicating that stress
tolerance is facilitated by interactions between the two gene sets in the hybrid. Lactic acid
induces downregulation of genes related to cell wall and plasenabrane functions possibly
altering the rate of diffusion of lactic acid into celBenes related to iron transport and redox
processes were upregulated, suggesting an important role for respiratory functions and
oxidative stress defense. We found difeces in the expression profiles of genes putatively
regulated by Haal and Aftl/2, previously described as lactierasbnsive in

Saccharomyces cerevisidairthermore, formate dehydrogenaSBk) genes form a lactic
acidresponsive gene family thatdaeen specifically amplified i. parabailiias compared

to other closely related species. Our study provides a starting point for engireering

parabailii as a host for lactic acid production.
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Importance

Hybrid yeasts are important in biotechnology because of their tolerance to harsh industrial
conditions. The molecular mechanisms of tolerance can be studied by analyzing differential
gene expression in conditions of interest, and relating gene expressionsgati@otein
functions. However, hybrid organisms present a challenge to the standard use of mMRNA
sequencing (RNAseq) to study transcriptional responses to stress, because their genomes
contain two similar copies of almost every gene. Here we used sirimggping methods and

a highquality genome sequence to study the transcriptional response to lactic acid stress in
Zygosaccharomyces paraballiTCC60483 a natural interspecies hybrid yeast that contains
two complete subgenomes that are approximatelgiv&gent in sequence. Beyond the
insights we gained into lactic acid tolerance in this study, the methods we developed will be

broadly applicable to other yeast hybrid strains.

Introduction

Species belonging to tl®ygosaccharomyces baiiensu lataeclade have aemarkable
resilience against stress induced by weak acids, some of which are widely used as food
preservatives and/or are versatile chemical platf@Mastorell et al, 2007, Stratforet al,
2013) Therefore, on the one hartiese yeastepresent ahallenging problem ithefood
industrybecause they adtenfoundas contaminastin production pipelines fawvine, high
sugarproductsandcannedoods On the other hand, they are promising cell factdoes
biotechnologcal applications involving organic acids that can be produced by microbial
fermentationKuanyshewet al, 2017, Beckeet al, 2015)or released by lignocellulosic

pretreatment of biomagkimayem and Ricke, 2012)

Lactic acid is one of the useful organic acids thatbmproduced by yeasts as a microbial
factory. This compountlasawide range of industrial applicatisrincludingfood

preservation, atitives and pharmaceutical€astillo Martinezet al, 2013) and potential to

be usedor bioplastic prodation from a renewable sour¢®aueret al, 2010) Natural

fermenation by lactic acid bacteria has long been the main source of industrial lactic acid
production(Datta and Henry, 2006INevertheless, the latter approach has low cost
effectiveness due twomplex nutritional requiremesnandlow final productpurity (Fitzpatrick

et al, 2003) together with the need to convert lactate to lactic acid, whereas engineered yeast
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platforms cultivated at pH &l below the pl4 of lactic acid (3.78) have already shown

promising potentia{Sauetret al, 2010, Chen and Nielsen, 2018he production of several

weak organic acids, including lactic acid, has reached the industria(Bealeret al, 2015)
butthereis still room for further production improvemely enhancing production host
robustness and/or exploiting novel microbial hosts. Therefore, understanding the mechanism
of weak acid tolerance in néddaccharomycegeasts such adygosaccharomyces important

for the future development of ultedficient production platforms.

The mechanisms of weak adtiesgolerance and responkeve been studie@xtensivelyin

the model yeas$. cerevisiag Giamattasioet al, 2013, Miraet al, 2010, Pipeet al, 2001,
Berterameet al, 2016, Martanet al, 2015) However, this knowledge is far from complete
and cannbbeappliedeasilyto non-SaccharomycespeciesPrevious research on tolerance to
weak organic acids revealed the capabilitg dbailii sensu latdo catabolize acetic and
benzoicacidseven inthe presence of glucog®odrigueset al, 2012, Mollapour and Piper,
2001) In addition, differen. bailii strains display specific adaptation traits such as the
ability to modulat theircell wall and membraneomposition in order tdecreaséheinflux of
weak acia@ (Lindberget al, 2013, Kuanyshegt al, 2016)

Importantly, theZ. bailii sensu latalade is characterized by substangjaheticdiversity:.

Some strains that were previously considered tpitbe EP ZGIIWUH UHFODVVLILHG 1L
two new species calledl parabailii andZ. pseudobaili{Suhet al, 2013) 7 KH Q R.Balliip
sensulatgf LV XVHG WR UHIHU WR WKH VSHFLHV FR&SWIH[ WK
as other strains that were not reclassifiedo@ilii sensu stricth The widely studied strains
CLIB213" and IST302reZ. bailii sensu strictgGaleoteet al, 2013, Palmat al, 2017b)

The grains ATCC60483(used in this study) and ISA13@reZ. parabailii, which is a hybrid

that was formed naturally by mating betweerbailii sensu strict@and an unidentified
ZygosaccharomycespeciegMira et al, 2014, OrtizMerino et al, 2017) Z. parabailii

genomes contain two copies of almost every gene, differing by 7% in nucleotide sequence on
averaggOrtiz-Merinoet al, 2017) These genes are referred as homeologs given they are
derived from different organisms and to distinguish them from paralogs which are originated

from one particular organis&loveret al, 2016)
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We are exploring the possibility of usidg bailii sensu latspeciesas alternative yeast hosts

for lactic acid production. We focused dnparabailii strainATCC60483because our

previous work demonstrated its high tolerance to lactic acid at low pH, characterized by
growth without any detectablag phaser acid consumptioKuanyshewet al, 2016) under
microaerobic conditiond'hese natural characteristi@e promising in terms of possible
exploitationfor organic acid production only if the molecular basis of its unusual tolerance to
low pH, high inhibitor concentrationandother traits of interest are clarified. As a

preliminary step towards metabolic engineerimghis study we sought to investigabe
molecular mechanisnt lactic acid tolerance in ATCC6048¥ means oRNA-seq In

general, we found that th# parabalii transcriptome responds to lactic acid stress by
inducing genes related to oxidative stress response and iron homeostasis in a different way
thanS. cerevisiagloes. In additionZ. parabailiimodulates the transcription of genes related

to the cell wdl in agreement with our previous data.

Results

Transcription al profile of Z. parabailiihomeolog pairs and duplicated genes in lactic acid
stress

Our previous study showed that lactic acid at a concentration of ZQ@lgds not affecZ.

parabailii ATCC60483 cell viability but exerts phenotypic and morphological changes
(Kuanyshewet al, 2016) Our aim here was to study this tolerance response, by comparing the
transcriptomes of cultures grown in the presence or absence of lactic acidt4atdiine
points(18 h and 42 h) specifically chosen to ascertain comparable growth kinetics and exclude
growth phase related biasig. 1). After normalizing and filtering the raw RNgeq read

counts, ve detected expression for >95% of theparabailiigenes in at leasine condition,
including 36 genes that were transcribed only in lactic acid and 31 that were transcribed only

in control conditionsTable 1).

We used stringent mapping of RNs&®(q reads to the genome (see Methods), in order to

capture expression differees between homeologous gene pairs even when they are highly
similar in sequence. About 82% of the 10,072 genes id.tparabailiinuclear genome show
WKH SDWWHUQ FKDUDFWHULVWLF RI K\EULG JHQRPHV IF
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the A-genecame from one parent in the hybridization and thgeBe came from the other
(Ortiz-Merino et al, 2017) Most of the remaining loci in the genome are also present in two
copies, but are either A:A or B:Bajs due to loss of heterozygosity after hybridiza(Ortiz-
Merino et al, 2017) We calculated the ratio of expression between each of 4136 A:B
homeolog pairs as described in the methods section and the values are preseégted Al

but 21 pairs showed evidence of expression of both homeologs.

Strikingly, the distribution of gxression ratios is broader in lactic acid than in control
conditions, at both time points. In other words, in the stress condition one of the two genes in
each homeolog pair tends to become predominantly expressed. If we define unbalanced
expression as axpression ratio that lies outside the rangeQ064Fig. 2), the proportion of
homeolog pairs with unbalanced expression is-18.8% in the control conditions but

increases to 3B3.4% in lactic acid conditions. The difference in variance of expressios

is statistically significantKlignerKilleen test; P value = 1.5@8at 18 h, and P value = €5
6lat421).

The distribution of expression ratios is approximately symmetritégl @) indicating that in
some homeolog pairs thedene is more lghly expressed than thedgne (ratios > 0.5)
whereas in others the-@ene is higher (ratios < 0.5). Thegénes were derived from the
parental species. bailii in the hybridization, and the-Benes were derived from the other
parent (an unidentifiedygosaccharomycespecies)Ortiz-Merino et al, 2017) Thus, broadly
speaking the cell responds to lactic acid stress by inducing greater divergence of expression
between the genes in a homeolog pair, without a strong preference as to whethgeieeoA
the B-gene is the higheexpressed one. However, tittical analysis indicates a weak bias
towards Agenes, derived from th& bailii parent. All four distributions ifrig. 2 have slight

but consistent negative skew values, indicating a trend towards higher expression-of the A
genes (able 2). This diffelence is also illustrated by the larger numbers of loci for which the
Reads Per Kilobase of transcript per Million mapped rgaé&M) for the Agene exceeds

that of the Bgene, as opposed to the convefisg(e 2, Ab and aB columns). Aenes

showing higheRPKM values than Bjenes are greater in lactic acid, this is significant at 18 h
and borderline significant at 42 Tigble 2). In summaryZ. parabailii has a slight tendency to

express its Agenes more highly than its@enes, this tendency is maintaingdler lactic acid
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stress, but the magnitude of this tendency is small compared to the grossly increased

divergence of expression levels between homeologs that occurs in lactic acid stress.

Our method of higtstringency mapping of RNAeq reads to a higuality genome sequence
detected transcriptional profiles of homeologous gene pairs even with highly similar genes.
Nevertheless, we needed to modify it to determine read counts for genes that occur in identica
pairs (See Methods). Specifically, among 402 genes that have no evidence of expression in
WKH 3IXOO0" FRXQW GDWDVHW DUH JHQHV WKDW ZHUH
A:A pairs or B:B pairs). The modified method enabled us to measure the combined expressior
of 230 duplicated gees inZ. parabailiiincluding the two orthologs of th®. cerevisiaengor
mitochondrial Dlactate dehydrogenagd D1 (104780_AandN05010_A and the minor
isoformDLD2 (B01190 NandG05430_N. Althoughwe cannot investigate the expression of
thesedentical gene pairs individually, their RPKM values are low when compared with all
duplicated genes on lactic acid conditioD& D1 combined=1317DLD2 combine&710.5;

mean RPKM on lactic acid at 18 h = 4028, mean RPKM on lactic acid at 42 h = 9230).
Furthermore DLD1 shows a statistically significantfdld expression decrease in lactic acid at
both timepoints whered3LD2 shows no significant expression chandeaté Set S4. These
observations are consistent to the previously reported lack of laatic@tsumption oZ.

parabailii (Kuanyshewet al, 2016)

Upregulated genes are related to oxidatiomeduction processes and ion transport in the
mitochondria.

7KH 3IXO0O" VHW RI FRXQWV 6HH OHWKRGV IRU WKH

were then used for differential expression analysis, filtering the results for adjusted P value <
0.05 and |logl R O G F K D RatdiSet €5%. This analysis is completely independent from

that for the abovementioned duplicated genes and identified a total of 227 genes upregulated
in lactic acid, of which 117 are specific to 18 h and 83 to 4kablé 3). Similarly, a total of

1019 downregulated genes were found, including 430 specific to 18 h and 431 to 42 h. We
then performed a Gene Ontology (GO) term enrichment analysis to identify GO terms that
were enriched at both time points in either the upregulated geiesA) or the

downregulated geneki@. 3B).
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When we refer to 8. cerevisiagiene in the following functional analysis, we refer to either
one or both of its orthologs inZ& parabailiihomeolog pair. These genes are referred in our
functional analysis if at least one of the membersaf@arabailiihomeolog pair was

differentially expressed.

The enriched GO term associated with the highest number of upregulated genes in our datase
is GO:0055114IRU 3R[LGBH®X RW L R(Bg.3B, B&#&ISEYVSH. This term is

associated with 33 genes including homologs o&theerevisiagenesGOR1, AIM17, CCP1,

MET13 SOD2 SOD1, GND1/2,andGRX1/2 some of which are also related to enriched
mitochondrial termsGO:000558 for example). We also observed enrichment for genes in

the glyoxylate cycle (GO:0006097) and the glyoxyso@©:000951%including homologs of

ICL1 andIDP2. The upregulation of these genes along W1 could indicate atvation of

the anaplerotic reactions, probably caused by oxygen limita&iGhl1 with CoA transferase

activity, andZ. parabailiigeneL05300_Npredicted to have epoxide hydrolase activity, were
upregulated at both time points and are presumably involved in enzymatic detoxification

process.

The siderophore transmembrane transport t&®:0044718was also found enriched in
upregulated genes.e@es in this category are members of\eS_1family of transporters,
potentially involved in iron retention and/or transp@enesA10040 _BB02380_A
G04250_BI00120_N105800_A 000120 _N, and upregulated at 18 h. These genes are all
classified as itegral components of the membrane. Other genes specifically upregulated at 42
h includeFIT2, STL1andK05040 Nwhich shows no sequence homologystacereisiae

genes but is predicted to be a transmembrane transporter (see Methods).

Downregulated genesre mainly related to components of the cell boundaries and

protein translation.

The GO term enrichment analysis for downregulated genes showed 63 genes related to
ribosomal functions (GO:0003735), and 38 to cytoplasmic translation (GO:00QFig13B,

Data Set S§. Most of those genes were downregulated at 42 h, implying a general decrease in
protein synthesisThis response seems to correspond to a general mechanism olasssvad

other yeast used asell factorieseg. S. cerevisia@nder stress calitions(Simpson and
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Ashe, 2012andKomagataella phaffi{(Pichia pastori$ used for heterologous protein
production induced by methan@aueret al, 2004)during stresspossibly related to
resilience or energy maintenan&ame of these genes are also relatetdegenriched terms
G0:0000932AndG0:00104940r P-body and cytoplasmic stress granules known to be
involved in mRNA translation and turnover during different stress conditioBsderevisiae
(Decker and Parker, 201a}jhes categories are downregulated &thin lactic acid treated
cells.One ofthe componentsf stress granulehatis also downregulated 42 hencodes for
ahomolog ofS. cerevisia®abl, the major polyA binding protewhich has been
demonstratetb promotethe formationof stress granulgSwisher and Parker, 201®) recent
study conducted i. cerevisiaeeportedthatstress granulegre not formed in lactic acid
treated cellglwaki and Izawa, 20129nda similar situatiormight be alsdrue forZ.

parabailii.

Among the downregulated genes, we also identified many with functions that we summarize
as being related to the boundaries of the cellthe cell wall and the plasma membrane. The
GO terms in this group include the actin cortical pa@®:0030479), cell cortex
(G0O:0005938), extracellular regio©:0005576), fungatype cell wall GO:0009277, and
structural constituespf thecell wall (GO:0005199 (Fig. 3B). Consistent with this, we
noticed enrichment of the GO terms fpucan enddl,3-betaD-glucosidase activity
(GO:0042973and chitin bindingG0O:000806). These observations indicate that the cell
wall is modulated upon lactic acid stress, in agreement with our previous fiflungsyshev
et al, 2016) Other genes downregulated at 42 h predicted totbgrd componert of the
membranereH01670_Bwith unknown functionQPTJ1, andHBTL1 We also found
downregulation oCWP1, acell wall protein homolog, anlDS2 which is involved in the

assembly of th&. cerevisiaspore wall.

Involvement of Haal andAftl/Aft2 regulated genes in lactic acid stress response
Previous studies on lactic acid stress response mechaniSinedrevisiaéndicated an
important role of the transcription factors Haal, Aftl/A#bbottet al, 2008, Kawahatat
al., 2006) Therefore, we extracted all tBe cerevisiagenes reported to be targets of either
Haalor Aftl/Aft2 in YEASTRACT (Teixeiraet al, 2006) in addition to those identified as
lactic acidresponsivé€Abbottet al, 2008) We then tested whether tAeparabailii orthologs

119



of theseS. cerevisiagenes are differentially expressed in our dataset. In this case we ignored
the logfold change cubff to enable detection of small but still significant changes. The
results are shown iData Set S7

We found differential expression of 42 orthologsSotcerevisiagenes putatively controlled

by Haal Fig. 4A). These include the membrabeund and major weak acid response genes
YPC1/YDC1TPO2/3 VPS62/TDAGPDR16 andPDR12 This set also includes the
transcription factor81SN4/2 COM2, andthe transcription factor itselHAA1/CUP2.
Interestingly,we obsered the major weak acid stress response gam&32/TPO3and
SPS100YGP1las downregulated, although they are upregulated during lactic acid st&ss in
cerevisiag/Abbottet al, 2008) Here we also founBFK27with a response changing from
upregulated at 18 ltdownregulated at 42 h, aMiTH1/STD1going from downregulated at
18 h to upregulated at 42 h. These changes in glaegpensive genes could possibly reflect
the diauxic shift.

We performed a similar search strategy as above for genes putativelythendentrol of
Aft1/Aft2 which in S. cerevisia@re related to iron utilization and homeost#Bistherfordet
al., 2003) Results are shown Fig. 4B andData Set S7 This revealed orthologs of &.
cerevisiaegenes where 6 adownregulated at both time poinSET1/AFT2coding for the
transcription factor itselfAKR1/AKR2an integral component of the membrane with
palmitoyltransferase activity EU2 involved in lewine biosynthesisMRS3/MRS#ron
transportes, APE1with metalloaminopeptidase activjtgndAHP1, a hiol-specific
peroxiredoxin The rest of these genes are upregulated, at both timepd®1s/CTH1
involved in mRNA processingCCC2a Cu**-transporting Rype ATPaseUBC8which
negatively regulates gluconesmesis ECL1thatincreases oxygen consumption and
respiratory activity SMF3a putative divalent metal ion transport&RA2 aNAD-dependent
arabinose dehydrogenasé€T3 aFerraO2-oxidoreductaseandPEP4,a vacuolar protease
Most of these upreguladegenes are related to ion transport and redox functions, in agreement

with our GO term enrichment analysis.
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Multi -gene familiessignificantly modulated uponlactic acid exposure

We identified an unusual regulatory pattern in a family of genes relatedctrevisia&DH1,
which codes for formate dehydrogenase. Zhparabailiigenome contains six genes in this
family (101900_B 001850 _AP02220 NHO05680_NN02280_NandF04070 N) although
formate dehydrogenase activity has not been demonstrated for any oAthsix FDH-like
genes were highly upregulated at 18 h of lactic acid exposure, and the last two were also
significantly downregulated at 42 Bdta Set S%. Formate dehgrogenases perform the
NAD* dependent oxidation of formate to carbon dioxide. $heerevisiastrain CEN.PK
1137D contains twd-DH genes FDH1 andFDH2), whereas only¥DH1 is intact in the
laboratory strain BY4741 becauSBH2 is truncatedOverkampet al, 2002) The function of
FDH genes irS. cerevisiaés not well charact&zed, but these enzymes have been better
studied in methylotrophic yeasts suctKasnagataella phaffivhere they are involved in the

last step of the methanol dissimilation pathwaighkov and Popov, 2004)

Interestingly, the phylogenetic distributionfeDH genes among sequenced yeast genomes is
rather patchyTishkov and Popov, 2004nd indicative both of recent gene amplifications and
of multiple gene losses. We searcli@d-DH homologs in the NCBI databases and

constructed a phylogenetic tréddd. 5). Many yeast species la€OH genes completely,
containing only homologs of distantly related genes su€hG@i’1(glyoxylate reductase).
Nevertheless, the phylogenetic tedaship among thEDH genes of the few species that do
retain this gene agrees well with the expected relationship among these sfigcis This
observation suggests that the patchy distribution of the gene is due to numerous losses of an
ancestraFDH gene (for example, in the gendrarulaspora LachanceandKluyveromyces

and not the result of horizontal gene transfer. There is essentially no conservation of synteny
among the existingDH genes, which shows that multiple speepscific gene ddjations

and gene relocations have occurred. Of th&sparabailii FDH-like genes, four are closely
related and form a phylogenetic cluster wiidliccharomycespecieskig. 5). The other two

form a cluster with the onlifDH-like gene we identified irhe genome o€LIB213", a

Z. ballii sensu strictstrain The sister specieas rouxii has four-DH-like genes that cluster
together in the tree. Thus, amplificationd=aiH-like genes by gene duplication have

occurred separately i parabailiiandZ. rouxii, and in the former species they are highly

induced by lactic acid. This differenceMDH gene copy number betweé&nparabailiiand
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Z. bailii may be a contributory factor to the difference in their tolerance to lacti@aa@dr
previous study shwed thatZ. parabailii ATCC60483is more resilient to lactic acid than the
Z. bailii sensu strict@trainsATCC8766andATCC58445 (synonymous with CLIB213
(Kuanyshewet al, 2016)

We searched systematically for otiZeparabailiigenes assigned into multigene families,
which havesignificant expression changes in lactic adidis was done by searching for sets
of 3 or moreZ. parabailiigenes that share the saéailii ortholog We examined a total of
123Z. parabailiigenes in multigene families of this type, of which 22 are differentially
expressed in at least one timepoint (classified as catego&anSet S). These 22 genes
belong to 12 different multigene families significantly modulated in lactic acid. Fonga
F06230_NNO00190 AandO04100_Aare homologs of thEFZ2 transporters specific to
Zygosaccharomycespecies and able to transport both fructose and glucose when
overexpressed i8. cerevisiagéLeandroet al, 2011, Cabragt al, 2015) In this family,
F06230_Nis upregulated in lactic acid at both time points whelN@2®190 As upregulated
only at 18 h, an@©04100_Adid not show significant expression changes. Another interesting
family is A10020_NG00240_NandP00180_Nwhich are all significantly upregulated in
lactic acid (when ignoring the leigld change cubff) and are homologous to the iron
siderophore transport&iT2 putatively under control of Aftl/2Hg. 4B, Data Set SY. This
family also include0014 AandC00210_Nor which we did not observe any evidence of
expression. Furthermore, given tk&10140_Ais identical to the onl{¥IT2 homolog

annotated irZ. bailii strain CLIB213 (BN860_19394g1 Yland it is not differentially

regulated, there might be certain functional relevance only for genes speZifipabailii.

Discussion

We found that lactic acid stress induces robust and statistically significant divergent
expression responses beemehe two genes in homeologous gene pairs parabailii. These
differences need to be further explored when considering differentially expressed genes as
engineering targets, but the overall stress response we saw amongst them is striking.
Homeologougene pairs are present in all hybrid (allopolyploid) organigaiaveret al,
2016) Most previous transcriptomic analyses including homeolog pairs have been carried out
in plant specie§Rappet al, 2009, Yocet al, 2013, Combest al, 2015) although there are
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examples with fungiCox et al, 2014)and yeast§Tiroshet al, 2009, Wangpt al, 2015) We

are not awaref any previous studies that found a similar genavige increase in homeolog
expression divergence under stress conditions. Our study differs from the previous work on
yeast hybrids as we examined gene exgioesin a natural hybrid isolate whereas preceding
studies analyzed synthetic hybridsroshet al, 2009, Wanget al, 2015) Furthermoe we
compared expression between homeolog pairs under two different growth conditions while
previous comparisons where done against the parental Gereshet al, 2009, Wanggt al,

2015) even when using more than one conditié#).(

We observed upregulation of genes related to reactive oxygen species (ROS) detoxification
which could be linked to the respiratory chain upregulation. Lactic acid stress has been
reported to imbalance the prooxidant/antioxidant r@iper, 1999)and trigger the

accumulation of ROS via the Fenton reac{idh et al, 2000) Accordingly, overexpression

of cytosolic catalase or introduction of thathwayfor biosynthesis of tascorbic acidgwell-
knownantioxidant) intdS. cerevisia@mproved resistance to oxidative aadtic acidstress
(Abbottet al, 2009, Branduardt al, 2007) Therefore, an increase in ROSadétication

can help to alleviate lactic acid stress. The upregulation dfDihemultigene family inZ.
parabailii could be related to the ROS detoxificati@me hypothesis fahis involves ROS
detoxification by ketoacids leading to formate accumulation, which consequently catabolized
by Fdhto NADH and CQ (Yokotaet al, 1983) Thismechanism wadescribedn the

bacterum Pseudomonas fluoresceas an antbxidative defence mechanigifihomaset al,

2016, Alhasawet al, 2015)and we speculate that the multiple Fdh enzymé&s parabailii

might serve a similar role.

There are significant differences between the response to lactic acid that we obs&rved in
parabailii and the responses previously reporte8.icerevisiagKawahateet al, 2006,

Abbottet al, 2008) While many of these differences may reflect differences in the

physiology of the two species, there were also differeimctee experimental setup used. We
usedmicroaerobic conditions, whereas previous studies used anaerobic chemostat conditions
(Abbottet al, 2008) and batch flask fermentatigkawahataet al, 2006) Nevertheless, we

also identified some similarities between the lactic acid respon§SeserevisiaandZ.

parabailii, involving iron homeostasis genasich as siderophore transportansliron
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transporterslt has been shown that high concentration of lactate ions in the growth medium
chelates free iron reducing its availability for cellular functiOhsbott et al, 2008) and
triggering a strong regulation of iron homeostasiS.icerevisia¢Abbott et al, 2008,

Kawahateet al, 2006)We observed a similar response to lactic acid stressparabailii.

Z. parabailii cell wall modulation shows to be a response towards lactic acid stress. The cell
wall is generally considered as a barrierlfwge molecule¢Aguilar-Uscanga and Francois,
2003, Lesage and Bussey, 200€¢vertheless, studies &n cerevisiadave reported

regulation of genes coding for cell wall compond®isnoeset al, 2006) or related to cell

wall integrity (Regoet al, 2014)as a response to acetic acid or a low pH environment
(Kapteynet al, 2001) In Z. parabailii, downregulation of cell wall related genes can be

linked to the decrease of cell wall mannoproteins and J O X E®IQ observed in our
previousFTIR analysigKuanyshewet al, 2016) and together with the peculiar plasma
membrane compositiafindberget al, 2013)this can contribute to the superior lactic acid
tolerance of thisyee WV FRPSDUHG WR WKH EDNHUYV \HDVW

The expression of Haal regulated genes during the stréspanabailiiis rather different

from S cerevisiaeHaal is a transcriptional activator of genes responsive to acetic and lactic
acid inS. cerevisiaéAbbottet al, 2008, Miraet al, 2010, Kelleret al, 2001)and inZ. bailii

(only in acetic acidfPalmaet al, 2017a, Palmat al, 2017b) It is intriguing to observe a
different expression patterns for g#eogenes iZ. parabailiiduring lactic acid stress and

further studies are necessary to explain these observations.

Our study is a pioneering approach to examining a hybrid yeast response to lactic acid stress.
This was possible by the availability if a high quality genome refer@te-Merino et al,
2017)which is dten not the case for other hybrid organisms. It also required higfihgent

and tailored methods to study the expression of highly similar genes and even identical copies
With this we showed that homeolog gene pairs have different expression pattems

subjected to acid stress: this could reflect or override transcriptional control mechanisms
inherited from the parental strains of this hybrid. This hybrid nature is one of a few differences
we observed in comparison with the lactic acid responsetegpiorS. cerevisiaandZ.

bailii. Our observations still need experimental validation given that changes in transcript
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levels are not always reflected in protein activitiesivo. Nevertheless, our observations for
the duplicated homologs 6fLD1 andDLD2 being lowly expressed, and even repressed, in
lactic acid are consistent to the previously reported lack of lactic acid consumpfion of
parabailii (Kuanyshewet al, 2016)which is a key feature needed for a lactic acid producing
host. Our study provides methods and data to facilitate the understanding of molecular
responses during acid ess in this or other hybrid yeasts, which is important both for

fundamental and applied science.

Materials and Methods
Cell growth, RNA extraction and sequencing
Z. parabailiistrain ATCC60483 was used for bioreactor fermentati@tl. aliquots, storedat -

f& LQ <3' JO\FHUROW W Rig dkpadéhtilBHphabefore beingnoculated to
the bioeactor at final absorbance ©Dss00.1 We used®x Verduyngrowthmedium
(Verduynet al, 1992)at pH 3containing 40yL™ glucose with 4@L* lactic acidor no lactic
acid(control condition) and the fermentationsre performed in 2 volume bioreactors
(BIOSTAT B, Sartorius AG, Germany) with operative volume oflL.Bhe temperature was
PDLQWDLQHG DW theadditida of IMMNaOH and the stirrer speed was set to 400
rom. The inlet gas flow was adjusted by two mass flow controllers (Bronkh@/r§5 + LJK 7 HF |
EL-)/2:S6HOHFW 7KH P DV \¢6btahRidixiii2 b N Bhd/aivwurh final
concentration of inlet oxygenf 5%. The mixture was sparged at 0\ABN. Antifoam
(Antifoam 204, Sigma Aldrich) was used for foaming control.
Thesamples foRNA sequencing were taken in triplicate at 18 h and 42 h from the bioreactor
fermentation, corresponding to log phase and post diauxic shift, respe(tivalyysheet
al., 2016) Thetotal RNA was then extracted usidgmo Research-ungal/Bacterial RNA
OL QL 3WH@wnhe, USA) and the quality of RNA samples were evaluated with Agilent
Bioanalyer.The RNA samples were sequenced using the llluidigzq200@latformwith

100nt-long pairedend reads at Parco Tecnologico Padano (Lodi, Italy).

RNA-seq analysis
We used ourecently published. parabailii ATCC60483 genome annotation as a reference
(Ortiz-Merino et al, 2017) This consists of 10,072 nuclear and 13 mitochondrial protein

coding obtained using an improved version of the Yeast Genome Anndigielme(Proux
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Weraet al, 2012)and includes adddnal metadata as an aid for functional interpretation.
Briefly, because of its hybrid nature, tBeparabailiigenome contains two homeologous

copies of most genes. We use suffixes _A and _B in gene names to indicate the two copies,
where _A indicates ge copies that are virtually identical to th&irbailii sensu stricto

orthologs, and _B indicates copies that are more diverg&i%osynonymous sequence
divergence). A few genes have the suffix _N because they could not be assigned to either of
thesetwo groups.

Some extra information was added to the original annotation and is contaDathiSetS1

This includes functional domains and protein family membersibpmned by aligning all the

Z. parabailiiATCC60483 amino acid sequen@inst the PFAM databa@énnet al,
2014)usingHMMER v. 3.0(Finnet al, 2011) A genomewide annoation of transmembrane
proteinswasalsoperformed by comparing th& parabailiiproteome against the TransportDB
2.0(Elbourneet al, 2017)database using BLAST v. 2.2(&2tschul et al, 1990. The

sequences were then filtered based on identity (>35 %) and coverage (>80%) and submitted tc
theTMHMM server v. 2.qKrogh et al, 2001)to determine a minimum of 2 potential
transmembrane domains per sequence. BlasiZa@ et al, 2008)was then used to generate

a custom Gene Ontology (GO) annotationZoparabailiiavailable inData SetS2

Theraw RNA-segreads were mapped agaittst Z. parabailii ATCC60483nuclear and
mitochondrialgenomgOrtiz-Merino et al, 2017)using bowtiev1.1.2(Langmead, 2010)ith

the parameterss 0-k 10--best-M 1. The parametew O gives high stringendyy allowing no
mismatches in the alignments discriminating between highly similar regions in the genome,
and discarding reads with sequencing artefacts. The parantel€rsbest-M 1 report only

the best possible alignment out of up to 10 alternatinéls in case there are two equivalent
best hits, only one is reported at random. This reportaibed multimapping reads with the
WDJ 3;0 L ~ DQG D PDSSLQJ TXDOLW\ 0%$34 HTXDO WR

The mapped reads were subsequently counted usingduaaty0.6.0(Anderset al, 2015)
using two different settings. In the first case hisegnt was used over the full sethf
parabaili JHQHYV ZLWK GHIDXOW SDUDPHWHUY DQG UHIHUUHC

alignments for multmapping eads as their quality is artificially set to the lowest possible
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value. Therefore, a different htsequnt run was performealith the parameteia 0 allowing

for MAPQ >= 0. To avoid spurious leguality alignments, this second run used only the
alignmentsZLWK WKH 3;0 L ~ WDJ DQG D VXEVHW RI GXSOL
full-length hits and 100% blasfAltschul et al, 1990)nucleotide sequence identity with one

or more differenZ. parabailiigenes. The counts from this second hsaqover duplicated

genes withmultiPDSSLQJ UHDGV DQG DUH UHIHUUHG DV 3GXSOL
counts represent a homogeneized dighéwo or more identical genes and potential different
TXDOLW\ YDOXHV ZKLFK LV QRW WKH FDVH ZLWK WKH 3IX
were analysed completely separate. All the analyses reported were done with the full counts

unless statkotherwise.

The read counts were split in 4 groups according to condition and time point, each group
containing 3 libraries. One of the libraries for the control condition at 18 h contained few reads
(5.9 million in total compared to the average36f5 million from the other libraries) and was
excluded from further analyses. We therefore used the TMM méRuaizinson and Oshlack,
2010)implemented in edgeR 8.18.1(McCarthyet al, 2012)to normalize the read counts

and provide better comparability across our different sized sanGeasts per million (CPM)

were then calculated from the normalized counts using edgg@R8:1(McCarthyet al,

2012)and the genes with less than 1 CPM in at least 3 samples from the same condition were
considered to have no evidence of expression. [¢¢ecalculatedReads Per Kilobase of

transcript per Million mapped reaR@PKM) using edgeR \8.18.1(McCarthyet al, 2012)

7KLV ZzDV GRQH IRU WKH QRUPDOL]J]HG DQG ILOWHUHG VH
SDLUV DQG IRU WKH 3GXSOLFDWHG™ FRXQWYV IRU WKH

An expression ratio index was calculated for the 4139 A and B hompaisgasExpression

ratio = avgRPKM / (avgRPKMa + avg RPKMBg) where the subscripts A and B indicate the
parental origin of the corresponding gene on the homeolog pair. This index ranges from 0 to 1
where values of 0.5 mean there is no difference in the expression levels of the A gene as
compared to its correspondiBghomeolog. Averaged RPKM values for each homeolog on a
pair are available iData Set S3We calculated descriptive statistics from the expression ratio
for the different groups using the R package psych v. {Re&elle, 2017)Exact binomial
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tests and FligneKilleen tests were performed using the R functiomoii.test and fligner.test

correspondingly.

The normalized and filtered datasets were then \loamsformedLaw et al, 2014)to

consider the differences in count sizes (or sequencing depth) and the overall dataset
variability. This was followed by differential expression analysis (DEA) with adjusted P value
<0.05and|logl ROG FKDQJH_+ IRU VVDEXA\SeMSMIRAD O KH. 3 QX OICF D\
Data Set SSIRU W KH 3G X S BothRiieWdoG frawsfokihatiand the differential

expression analysis were dam&ng Limma v.3.32.2(Ritchieet al, 2015) TheZ. parabailii

GO annotation was then utilized for GO term enrichment analysis with the R package goseq v
1.28.0(Younget al, 2010) This was performed for the 3 sets of differentially expressed

genes found to be upregulated at 18 h, upregulated at 42 h and upregulated at both time point
in addition to the corresponding 3 sets of difféiadly expressed genes found as
downregulated@ata Set S§. The output of gosefpr the upregulated genes at both time
pointswas visualized usingpsetRv. 1.3.3(Conwayet al, 2017)in the same way as for the

downregulated genes

Nucleotide sequence accession numbers.

The data discussed in this publication have been deposited in NCBI's Gene Expression
Omnibus(Edgaret al, 2002)and are accessible through GEO Series accession number
GSEL046544 https://www.ncbi.nIm.nih.qov/qeo/query/acc.cqit?a@-SE10465]Iﬂr This
LQFOXGHY WKH UDZ 513$VHT IDVWT ILOHV FRXQWYV IRU VW

normalized), and RPKMs for the duplicated genes.
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Category Control Lactic Acid Intersect Union

No evidence of expression 438 433 402 469
Expressed 9647 9652 9616 9683
Specific 31 36 NA NA

Table 1. General overview of the&Z. parabailii transcriptional profile.

. Standard Unbalanced

Group Mean Median deviation Skew  Ab aB P value (%)
C18 0.5 0.5 0.079 -0.045 2077 2059 0.396 13.8
LA18 0.503 0.505 0.113 -0.009 2151 1985 0.005 31
C42 0501 0.501 0.089 -0.146 2088 2048 0.272 18.7
LA42 0.5 0.503 0.115 -0.085 2119 2017 0.058 33.4

Table 2. Expression ratio between homeolog gene paif3.values obtained from one sided exact
binomial test using confidence intervals of 95% for the gene waiese the A member shows higher
expression than the B member (Ab). C18: control at 18 h; LA18: lactic acid at 18 h; C42: control at 42
h; LA42: lactic acid at 42 h

Category 18hr specific 42hr specific Intersect Union
Upregulated 117 83 27 227
Downregulated 430 431 158 1019

Table 3.Z. parabailii differential expression analysisThe upregulated and downregulated

rows show the numbers of genes with an adjusted P value < 0.05 andRl0gs FKDQJH -
log-IROG FKDQJH ” UHVSHFWLYHO\ 7KRVH VHWYV RI JHQH
and 42 h specific, where thei@énsect shows expression in both time points and the union

shows the total.
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Figure 1.Z. parabailii fermentation profile. Batch bioreactor fermentation was performed in

Verduyn medium at pH 3 with addition of 40-glactic acid (red lines) or withousctic acid (black

lines). The samples for RNA sequencing were taken at 18 h and 42 h (indicated by arrows),
corresponding to exponential phase and post diauxic shift. Solid lines represent glucose consumption
rate while dash lines corresponding opticaigity values at 660nm.
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Figure 2. Expressionratios in 4136homeologusgene pairs.Expressiormratio is defined as
A/(A+B) where A and B are the RPKM values (reads per kilobase of mMRNA per million
transcripts) of the Aand B homeologous genes, respectively, averaged among replicates.
Histograms show the distribution of expression ratio value&)ic@ntrol conditions at 18 h;
(B) lactic acidat 18 h; (C) control conditions at 42 h; (D) lactic acid at 42 h.
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Figure 3 Enriched GO terms among differentially expressed geneBar plotsshow the numbers of
differentially expressed genes associated with a GO term (dots) or with a group of GO terms (dots
connected by vertical lines). Upregulated genes are shown infamel downregulated genes in

panelB. For example, among the 33 upregat genes with the term GO:0055114 for oxidation

reduction process in panel A, 19 show only this term, and 2 also show the term GO:0001320 for
DIHIGHSHQGHQW UHVSRQVH WR UHDFWLYH R[\JHQ VSHFLHV 7
biological proess, CC cellular component and MF molecular function) and by decreasing adjusted P
value, always < 0.05 (values are in Table S3).
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Figure 4 Log-fold changes forZ. parabailii genes putatively controlled by the Haal or the Aft1/2
transcription factors. Geres under Haalp control are shown in panel A and genes controlled by
Aft1/2 are shown in panel B. Asterisks (*) are used to rifarderevisiagenes reported as lactic acid

responsive by Abbatt al, whoseZ. parabailiihomologs display an opposite respapsofile {.e.
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upregulated irs. cerevisia@and downregulated iA. parabailii). Positive logfold change values in
lactic acid vs control are coloured in red as a sign of upregulation whereas negative values are blue.
The colour scale is shown at thetoat of the corresponding panel and all the changes shown have an

adjusted P value < 0.05.

Figure 5. PhyML phylogenetic tree of formate dehydrogenase aminoacid sequences across yeast
speciesHomologs taS. cerevisiaglyoxylate reductase were addedautgroup and are indicated with
the GOR1 suffix. Th&. parabailiigenes are shown with their corresponding gene codes whereas the
Z. rouxiihomologs are labelled with a code starting with ZYRO and the only oiZe bailii has

ZYBA as a prefix. Nodes show bootstrap coefficients with 100 replicates.
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Abstract

In present study, we investigated the effect of acetic and lactic acid on two diKerent
marxianusstrains, CBS6556 and CBS397. The results revealed a-sfraaific response
toward these weak acids. The expression of the MDR ge@Bg, TPO2andPDR12in
response to both acids was assessed. The most notable finding iPi3RA2eXpression in
CBS6556 was highlnduced in response to treatment with either acid althoughrtie s
more sensitive than CBS397 to both acids. Further investigation revealed that there are two
copies ofPDR12in mostK. marxianusstrains and these arose from a duplication event after
the divergence dK. lactisandK. marxianus There is only oneopy in CBS6556, however,
and this arose from a recombination betwe&R121 andPDR122 in this strain. The
hypothesis is proposed that this recombination has createdfamaiional protein and the
induced expression is a futile effort to combat thea effects of acetic and lactic acid.

Molecular approaches to test the hypothesis are proposed.
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Introduction

The emerging tendency to switch from-bdsed to bigproduction of fuels and chemicals
requires development of robust microbial hosts. Biotechnology has been exploiting bacterial
hosts for production of various chemicals including pharmaceuticals, W@&ndlamino acids
(Chen, et al., 2013). However, the bacterial platform suffers from low tolerance to organic
acids, acidic pH, furan derivatives and phenolic compounds. These limitations are not a
serious problem when growing on synthetic medium to pm@tiigh value products for
biopharma, but they greatly restrict the applications of bacterial hosts in industrial
biotechnology. Therefore, the ye&siccharomyces cerevisiaghich has been used for
centuries in different fieldsepresents a major micratbiplatform for industrial

biotechnology. Althougl®. cerevisiagemains the firsthoice organism for bibased
production of bulk chemicals, modern biotechnology is exploring alternative non
Saccharomyces yeasts, with native unique traits. Among tleastsKluyveromyces
marxianushas great potential to substitiBecerevisiaén production of value added
compounds and chemicglsane and Morrissey, 2010)

K. marxianuds an emerging neSaccharomyces yeast relevant for indastpplications. It
possesses important traits such as thermotolerance (up ), 5@s€growth and ability to
utilize various substrate including C5 sugars (xylose in particular) and I¢tarse and
Morrissey, 201Q)In addition,a high secretory ability along with high biomass yield,
compared t&. cerevisiagnakes it an excellent candidate for protein produdi@ombertet
al., 2016) The yeast already has been proposed for production of variousadklad
chemicals, such as flavour and fragrance molecules and the solvent ethyl(dMetasseyet
al., 2015, Radeckat al, 2015, Loseet al, 2015) In addition, the respirermentative
metabolism led to many studies to exploit the yeast in bioethanol production from
lignocellulosic(Goshimaet al, 2013)and whey biomas&Guimaraest al, 2010) There is
now considerable interest in extending the applicatio& afarxianugo other biebased
chemicals, but tisiwill require better understanding of how the yeast performs in industrial

settings.
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Bio-based chemical production from renewable biomass has drawn the attention of scientists
to address issues with excessive carbon emission and fossil resource ussrgé dbevent
renewable resources have been used as a substrate for microbial fermentation. Lignocellulosi
biomass represents a cheap, ubiquitous and renewable source, consisting of cellulose,
hemicellulose and lignin. To release the free sugars (mgimtpse and xylose) for

subsequent fermentation, lignocellulose needs to be pretreated and hydfdbym=bret al,

2013) Whey biomass, primarily consisting of lactose, is a major byproduct of the cheese and
dairy industry. However, these feedstocks are not easily fermentable and contain several
inhibitors, which can hamper the fermentation. For example, during lignosalulo

pretreatment and hydrolysis, the process generates considerable amounts of fermentation
inhibitors, including acetic aci@onssoret al, 2013) Whey may contain an excess of lactic
acid, due to lactic acid bacteria contaminatighich can be potentially harmful for the yeast
(Christenseret al, 2011) Thus, in different industrial fermentations, the presence of weak
organic acids (WOA) like acetic or lactic acid may become a problei. forarxianus

performance.

WOAs have been used a®tbpreservatives for a long time, and their physiological effect on

cell growth have been well studied. The main mechanism of WOA toxicity derives from the
ability of the protonated acid to diffuse into the cytosol, where, at near neutral pH, WOAs
effectively dissociate, releasing a proton and respective #Riperet al, 2001) Since

charged molecules cannot escape the cytosol, accumulation of protons decreases internal pH
while the (counter)anion exerts toxticdepending on its nature. For example, lactate anions
increase reactive oxygen generation and affect cell membrane fatty acid comgésitedn

al., 2000, Narendranatt al, 2001) while acetate anions induce programmed cell death
(Giannattasieet al, 2013)

The weak organic acid response mechanism has been well stuBieceirevisiaeTo

decrease the condeation of intracellular weak acids, the yeast activates different membrane
transporters to extrude protons and anions. Exposure of yeast to inhibitory concentrations of
acetic or lactic acid causes rapid acidification of the cytosol and induces the plasmbaane
proton pumps HATPase (Pmalp) and-XTPasegSchulleret al,, 2004, Mollapouet al,

2004, Carmelet al, 1997) The pumps exports protons at twst of ATP to maintain the
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optimum internal pH. Respective anions are removed via multi drug resistance (MDR)
transporters, which are regulated by the Haalp and Warlp transcriptional factors. Haalp is
required for weak acid adaptation to relatively I&ssphilic weak acids like acetic, lactic and
propionic acidg§Fernandest al, 2005, Abbotet al, 2008) The regulon is responsible for
activation of a wide range of genes associated with acetic and lactic acid addptatcet

al., 2010) among them MDR transportef®02/3andAQRY, previously reported as direct

Haalp target&Keller et al, 2001) The expression AiPO2/3is highly-induced upon acetic

and lactic acid exposure, however deletion of the genes has no effect on lactic acid sensitivity,
while rendering sensitivity to acetic acid. Yet, tt@alnull mutant exhibits a strong growth

defect in the presence of inhidy concentrations of either aqiBernandegt al, 2005,

Abbottet al, 2008) Warlpsolely controls expression BDR12 which encodes Pdrl2p, an

ATP binding cassette transporter family implicated in weak organic acid tolerance.
Transcription ofPDR12is strongly induced by sorbic and benzoic acids, but not by acetic and
formic acids(Kren et al, 2003, Hatzixanthist al, 2003) Pdr12p lowers the intracellular
concentration of weak acids by active extrusion of anionsfaiie cell(Mollapouret al,

2008) Although some of the earlier studies suggested an involvement of Pdr12p in acetic acid
tolerancegBaueret al, 2003) more recent studies demonstrated BiaR12deletion did not

affect acetic, lactic and formic acid sensitivilyygardet al, 2014)

Exposure to weak organic acids are predicted to hieniastoxic effects on different yeasts,
however the response and adaptation to the stress can be yeastsmmifees Moreover, the
reported wide genetic diversity K marxianustogether with limited research on its
physiology, biochemistry and getics, create difficulties to understand mechanisms of weak
acid resistancéRochaet al, 2011, Fonsecet al, 2008) Therefore, further research on the
genetics and physiology of the weak acid respon&e marxianugs required to facilitate
development of the yeast as an alternativeblaiged productionl@tform. This study is an

initial exploration of the involvement of major MDR transporters in acetic and lactic acid

resistance ifK. marxianus
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Materials and Methods

Yeast strains

TheK. marxianusstrains used in this study (CBS 397, CBS 6556) were obtained as

lyophilized stocks from The Centraalbureau voor Schimmelcultures, Delft, The Netherlands.
Strains were revived in yeast, peptone, glucose (YPD) media (1% yeast extract, 2%
bactopeptone, 2% d FRVH DW 2z& ZLWK DJLWDWLRQ DW USP
FXOWXUHG DW Z2& LQ <3 PHGLXP \HDVW H[WUDFW [

Drop plate assays and flask fermentation

Serial dilutions oK. marxianusstrains on YNB and 2 % gluco§€éNB) agar plates were used

to assess its tolerance to weak organic acids. For these assays, strains were grown in YNB
PHGLXP VKDNLQJ D#&tponéialpQadeladd &iluted to &L in fresh YNB

medium. Serial dilutions down to *@vere prepazd in 96 well microtitre plates and spotted
aseptically onto YNB agar plates at pH3 using a 48 pin replicator. YNB agar plates were pH
adjusted using 1M HCL and supplemented with increasing concentrations of acetic acid/lactic
acid. Plates were incubateda 72& DQG JURZWK LQKLELWLRQ ZDV UHI
The flask fermentation was performed in 125mL shake flasks with YNB (2% glucose) at pH 3
with or without weak acid. The cells were inoculated at mid exponential phase anddQD

and growmnDW z& DQG 530
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Table 1 Primer sequences used in this study

Gene/Name Primer Primer sequence

F TCGTTCATGGATGCATTTCCC
PDR121

R CACCAACTCACTGGTTTCACC

F TGCCAGGTTTCTGGAAGAGG
PDR122

R GTTTGGCCTTCCGGAGGATT

F TGAGTTCCCTAGCCACCTGGA
TPO2

R TCCACGGTGAACAAACCACCT

F TTTGGTCATCGTTGGGTTCG
AQR1

R CCGTAGGCGCAATACCTTGG

F GGCTGAACGTGGTTACTCCT
ACT1

R AGAAGCGGTTTGCATTTCTT

F TGGTCCGCTTTGCTAATATGCCA

PDR12_Copynumber
GATATGTCACCTGTGACTTCCACCAAC

Gene expression analysis

K. marxianusstrains were grown in YNB to A600 of 1. Cells were then recovered by
centrifugation and rennucluated at A600 of 0.5 to YNB pH 3 and incubated for 1 hr. After
initial incubation either acetic or lactic acid was added to the medium. The cells weresdollect
at 0 min, 5 min, 15 min and 30 min and immediately frozen in liquid nitrogen. The total RNA
ZDV H[WUDFWHG XVLQJ =\PR 5HVHDUFK )XQJDO %DFWHU
RNA quantification was done by nanodrop spectrophotometry. cDNA was sgethé®m

800 ng of RNA, using the ProtoScript First Strand cDNA Synthesis Kit (New England Biolabs

,QF 0% 86% F'1$ VDPSOHV ZHUH GLOXWfre&waterDGGLQJ
UHVXOWLQJ LQ D ILQDO YROXPH RI / S HitedF 1B adD PSOH

stored at+

148



* & SHmeQ@uantitative PCR (QPCR) was used to measure gene expression. cDNA
samples were amplified by using LightCycler 480 SYBR Green | Master gPCR and ran in a
LightCycler

480 realtime PCR machine. Primers were desigteedmplify theACT1, AQR21 TPO2and
PDR12(Table 1). Standard curves were performed to check for amplification efficiency with
all primers showing >90% efficiency. Additionally, melting curves were carried out to check
reaction specificity and to ensutet each primer pair produced a single ampliéddiT 1

(coding for actin) were used as reference genes. To compare expression of the MDR genes
during time course experiment, the data were normalised agdifistexpression. Data were
further calculated as'X*! as described bgPfaffl, 2001)
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Results

The effect of acetic and lactic acid stress at low pH K. marxianus

Knowing the phenotypic diversity &f. marxianuswe chose to compare acetic and lactic acid
tolerance in two different strains. The comparison was made by a serial dilution on YNB
plates plus the appropriate weak organic acid at pH 3 (FigB#dause the pKa of acetic and
lactic acids are 4.76 and 3.86 respectively, at pH 3 the acids are predominantly present in the
toxic undissociated form. As shown in Fig. 1A, the cell growth at YNB pH 3 plate without

acid is comparable and both strainswglsensitivity to both acids. Addition of 20 glor 30

gLt of lactic acid inhibits the growth of both strains, with CBS6556 being more sensitive. The
presence of 1 gtof acetic acid inhibits growth of CBS6556, while CBS397 shows similar
growth as in theontrol condition. However, at 1.5 glof acetic acid both strains are strongly
inhibited, with CBS6556 showing no growth at all. In summary, the drop plate assay showed
that although both strains are sensitive to these WOA, CBS6556 is more sengitive tha
CBS397 to acetic and lactic acid. These patterns were largely replicated when the yeasts were
grown in liquid medium at 30 gtof lactic acid or 1 gtt of acetic acid (Fig 1B).

Figure 1 A. Growth plate assay of CBS397 and CBS6556. The cells were cultivated wipiidsg
and spotted to YNB plates (2% glucose) at pH3 with different concentration of acetic acid and lactic
acid. Cellswere IROG VHULDOO\ GLOXWHG DaL®B. GWX eLB/s\oHCBI3IY f
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and CBS6556. The cells were gngltured in YNB (2% glucose) until log phase and were inoculated at
ODe00 0.1 in YNB +£ weak acid at pH3 (control without weak acid). Closed circle, CBS397 control
(no acid); closed squar€BS6556 control (no acid); closed triangle, CBS397 (+weak acid); closed
inverted triangle, CBS6556 (+weak acid).

Expression profile of MDR transporters during pulse exposure to acetic or lactic acid

Multidrug resistance transporters are known to be weiktalerance determinants in the

model yeasS. cerevisiagtherefore, we studied the expression level of major MDR

transporters by pulse exposure to either 38Igkttic acid or 1 gt acetic acid. We

specifically wanted to investigate if the level oDIR transporter expression determines the
sensitivity difference between the strains. The concentrations were empirically chosen for their
ability to moderately inhibit the growth during flask fermentation (Fig. 1B). To ensure that
MDR genes response isalto a presence of the weak organic acid (as opposed to low pH),
prior to the pulse shock, cells were inoculated atexiponential phase to YNB (2% glucose)

DW S+ DQG LQFXEDWHG IRU KU DW f& $IWHU WKH L
and triplicate samples for RTqQPCR were collected at 0 min, 5 min, 15 min and 30 min. The
level of expression d?DR12 TPO2andAQR1homologs oK. marxianusvas assessed by
RTQPCR using thACT1gene as a reference. CBS6556 and CBS397 have one copy of each
gene, except fdPDR12 which is duplicated in CBS397 (designated here@R121 and

PDR122). ThePDR12duplication was confirmed with PCR (not shown). The RTqQPCR

analysis showed that while CBS6556 strongly indueB&12during acetic and lactic acid

shock, the response of CBS397 was much less apparent (Fig 2A). In CBS 397, the induction
by lactic acid of both copies #DR12was moderate in comparison to CBS6556, while acetic
acid resulted in a gradual inductionRIDR121 and little change in expression®DR122

(Fig. 2B). This result demonstrated a strarecific response to both acids. The expression of
AQR1landTPO2was also assessed. In CBS6556, both genes were induced to similar levels by
both acids, though thegponsetime for AQRlinduction by lactic acid was delayed (Fig.

S1A). Once again, the overall induced response of these genes was lower in CBS397 and the!
were also some specific differences between the effects of lactic acid and acetic acid (Fig.
S1B). Most notably, neitheAQR1nor TPO2were induced by lactic acid, whereas both genes
were induced by acetic acid. In CBS397, the level of induction by acetic as@Riand
TPO2were in the order-3 fold, compared to >10 fold in CBS6556. Summarising, the
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expression profile showed that in CBS6556, all tested MDR transporters were upregulated in
both acid conditions, witRDR12having the highest level of expression. In contrast, the
expression profile of MDR in CBS397 showed an intermediate responseitoaaod, but

with PDR12still having the highest level of expression.

Figure 2 Relative expression profile of PDR12 in CBS397 and CBS6556 shock exposed to acetic

acid and lactic acid.The cells were cultivated until migikponential phase and resuspehdeOD660

= 0.5 in fresh YNB medium (2% glucose) at pH3 (three biological replicates). The cells were incubated
for 30mins prior addition of 1gll acetic acid or 30glL lactic acid (all adjusted to pH3). The samples

for RNA extraction were taken at Omimin,15min and 30min after addition of indicated acids. The
synthesized cDNA was used for subsequent RTQPCR analygigpression profile of CBS6556

PDR12B. Expression profile of CBS397 PDRI2and PDR12

Comparison of PDR12sequences irK. marxianusstrains

The expression results showed high expressiédtDit12in comparison to other MDR genes
in both strains and condition. We therefore compared the nucleotide sequence identity of
CBS6556PDR12to both the CBS39PDR121 andPDR122 genes. We established that

several other strains also carry a duplicatioRDR12 therefore th DR12sequences from
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K. marxianudNBRC 1777 and DMB were also included in the analysis. The phylogenetic tree
of NBRC 1777, DMB, CBS6556 and CBS397 nucleosdquences showed that b&#bR12

1 andPDR122 arose from an ancestral duplication event after the divergencdaxtisand

K. marxianugFig. 3). The CBS6558DR12sequence clustered wilDR121 but was still

more divergent than would be expected.rédetailed comparison of CBS65BBR12to
CBS397PDR121/PDR122, however revealed that CBS6598DR12is a recombined

version of the gene, havingMWWHUPLQDO 1 V HPRRIQFAAdICGHMPLW D &/ R
to PDR122 (Fig. 4A). The recombination pai took place in the middle of the ORF, between
nucleotides 1887 and 1893 (Fig. 4B).

Figure 3 Phylogenic tree oPDR12sequences frons. cerevisiagK. lactisand K. marxianus.
Maximuntlikelihood phylogenetic tree generated by comparing nucleotide seggiefPDR12from
K. marxianusK. lactisandS. cerevisiae.
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Recombination
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Figure 4 Genomic organisation at the?DR12locus inK. marxianus A. Schematic overview
showing thePDR12locus inK. marxianusstrains. The recombination betweebDR121 andPDR122
that gave rise to CBS65%R12is shownB. Multiple sequence alignment (MSA) of tROR12
nucleotide sequenceBhe CBS6556PDR12sequence showed in upper case and the dark shading in
vertical columns highlights the nucleotides that disting&BiirR121 andPDR122.
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Discussion

The aim of this study was to assess acetic and lactic acid tolerance in CBS6556 and CBS397
and to evaluat® DR transporters expression level during the stress. Acetic and lactic acid are
mainly encountered during industrial application and can affect the performance of the yeast
during fermentation. Previous studieskirmarxianusdemonstrated wide phenotypic

diversity toward stressful condition between strélremeet al, 2011, Rochat al, 2011,
Fonsecaet al, 2008) In our study, we used CBS 6556 and CBS397, which are among the
most studied in the fiel(Fonsecaet al, 208, Gomberet al, 2016, Jeonegt al, 2012,
Etschmanret al, 2003) The data collected allowed to confirm strain specific difference to the
stress. Moreover, our study demonstrated sspétific induction of the transporters. The
expression profile cAQR1andTPO2is consistent witts. cerevisiastudies, where both

strain showed induction during acetic acid st{€ssnandest al, 2005) However, the

presence of lactic acid induced expressioAQRlandTPO2only in CBS6556. We focused

our attention olPDR12since CBS397 has two copies of the gene and CBS655jeisto
addition, the RTgPCR showed tlRIDR12was responsive to both acetic and lactic acid, while
in S. cerevisiae PDR1i2 only responsive to moderately lipophilic weak organic acids (sorbic
and benzoic acidgNygardet al, 2014, Holyoalet al, 1999) However,PDR12induction

was not uniform irk. marxianusstrains. CBS397 gradually indedPDR121 during acetic

acid shock, whered3DR122 showed weak induction following exposure to both acetic and
lactic acid. In contrast to CBS397, CBS6556 highly indueB&12at both conditions.

Despite, the high induction, CBS6556 growth was strongly inhibited by presence of both

acids.

Detailed examination of theDR12sequence from both strains, revealed a divergence in the
nucleotide sequence. The sequence showed thad3EBEDR12is a recombined version of
CBS397PDR121 andPDR122, which probably affects the functionality of the transporter

and stress resistance.

Proposed role of Pdr12p in weak acid tolerance

The rapid high level of induction 6 DR12(up to 1006fold increase) in CBS6556 in response

to either lactic or acetic acid indicates that these acids directly induce expression via a
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transcription factor binding tBDR12promoter elements. In contrast, CBSFIIR121,

which shares the same promoter, showswaesl@and more modest induction to acetic acid and

a very small response to lactic acid. CBSB®IR122 does not respond to acetic acid and has

a rapid, but modest, induction in response to acetic acid. CBS397 is also more tolerant to both
lactic acid and aatic acid than CBS6556. These observations lead us to present a hypothesis
that Pdr12lp and Pdr12p may have complementary roles in transporting acetate and lactate
ions, respectively from the cell in CBS397, but the recombinant Pdr12p in CBS6556 can do
neither due to structural issues. The very high induction in CBS6556 would be a consequence
of a futile effort to induce expression of a detoxification system. This hypothesis can be tested
by molecular means such as disruptio®BR12genes in CBS397 dreterologous

expression oPDR12 PDR121 andPDR122 genes in CBS6556. The fact that CBS397 is a
diploid yeast and the limited molecular tools availablekfomarxianuscreate challenges for

these experiments. Nonetheless, construction of the requagents is ongoing and the

proposed role of Pdr12p will be tested.
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Conclusion

The ongoing need to substitute the majority of fossil derived chemicafsi@isdvith bie

based products requires a biorefinery to be efficient and economically viable. Therefore, it is
important to develop effective and robust microbial cell factories, which can be applied for
lignocellulosic or other residual biomass fermewiadiand produce economically viable-bio
based products. Weak organic acads among the interesting products obtained by microbial
fermentation that have been already introduced to the market. The production of weak organic
acids requires a robust micrabhost able to cope with the high titer of the product, and in

most cases at low pH, which favors the desired undissociated form of the product. Next
generation hosts need to be robust also against inhibitors present in the lignocellulosic
biomass. The ailability of robust strains for organic acid production can therefore reduce
process cost and contribute to the success of second generation indoakeigiroduction.

For some of the organic acids on the market, natural producers are used (eagid)trimut

for others, in addition to natural producers, engineered hosts have been developed, matching
specific industrial requirements to peculiar physiological traits. This is, for example, the case
of lactic acid, where starting from the mid , scigstigroposed substituting lactobacilli, the
natural producers, with yeast, among which @ascharomyces cerevisi@eorroet al,

1995) Yeas was preferred over bacteria because it can produce lactic acid at low pH and in
microaerobic conditions. After intensive cycles of strain engineering and selection, superior
lactic acidproducing strains db.cerevisiaewere generate(Porroet al, 19%, Pachecet al,

2012, Valliet al, 2006, Ishidat al, 2005, Bianchet al, 2001)

There is, however, always room for further improvement of producing strain by exploiting
yeasts that naturally more robust and versatile 1arerevisiaeGiven thewide diversity of
yeasts, it is clear that alternative ways to develop or to improve existing microbial hosts is to
further explore notSaccharomyces yeasts, as already provenkKlityweromyces lactis
(Bianchiet al, 2001) Candida utilisandCandida boidinii(Osawaet al., 2009, Ikushimazt

al., 2009) Furthermore, the company Cargill has developed ymstd production of
commercial lactic acid using an undisclosed yeast species. This positive result is paving the

way for the development of additional alternative hosts.

The presenstudy investigates the potential&fparabailiiandK. marxianusas microbial cell

factories from a weak acid stress resistance perspettiparabailiiis a weltknown food
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spoilage yeast with a native ability to resist high concentrations of wedkadow pHK.
marxianuss a thermotolerant, fast growing yeast with an innate ability to ferment pentose and
hexose sugars. Both yeasts are relevant for biotechnology exploitation, therefore
understanding the weak acid resistance will provide an tppty for their efficient

exploitation.

Z. bailii sensu latdhas been extensively studied in last decades by food scientists to
understand the spoilage mechanism and develop preventative measures. In Chapter 1, we
discussed the important findings Anbailii and its relatedness to biotechnology exploitation.
We emphasized the studies done from food science moving then to persgectives
biotechnology. Chapter 1 clearly indicates the potentidl dilii as a promising host for

various biebased prodcts, where resilience to low pH and weak organic acids is required.
Knowing the potential oZ. bailii, in Chapter 2 we studied the lactic acid stress response of
the yeast. Our study revealed that lactic acid does not cause an extended lag phase in growth
and does not affect viability of the cells at a concentration that impairs gro®tlcarevisiae
These intriguing results were further expanded to understand the macromolecular changes
induced by lactic acid, to depict possible unique response netWerkbserved tha&. bailii

cells indeed respond to the lactic acid by reorganizing the composition of cell wall and cell
membrane. These findings are important to understand the lactic acid tolerance in this species
although it would be desirable to nanr down the analysis to the level of the specific

molecular changes. In addition, the lack of a completely annotated and assembled genome
sequence af. bailii limited our study. Therefore, Chapter 3 was dedicated to the genomic
study of theZ. bailii stran selected for our research using PacBio sequencing technology. The
study revealed that this strain is in fact a hy@righarabailii. This finding confirms, in

agreement with previous studies, tHabailii sensu latas highly divergent. Intriguinglythe
genome study of. parabailii paved the way to understand and possibly to answer important
fundamental questions related to the whole genome duplication event that occurred in other
yeastyWolfe, 2015) The study provided a basis to hypothesize Zhgtarabailiiis

undergoing a similar fate as it was with the lineage leadiggderevisiae This case can be a
perfect example of the tight connection existing between fundamental and applied science.
Knowing the physiemorphological response to lactic acid and genomic data, in Chapter 4 we
investigated the transcriptomic respons& gbarabailiito lactic acid. The study revealed that

Z. parabailiito some extent has similarities and differences in transcriptomic response if
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compared with previous studies performeé&ircerevisiaeThe similarities include activation

of iron transpa related genes and of ROS detoxifying genes. Differences are related to the
downregulation of cell wall genes and MDR transporter genes associated with weak organic
acid tolerance. Moreover, we identified multifamdly parabailii specific genes that are
responsive to lactic acid presence. The observation clearly indicat@&s gaaabailii still has

some secrets to be unveiled, and Ry results can be a starting point to discover them.

The last part of the study was dedicated to the other industrially relevant yeast selected
marxianus The yeast is getting a lot of attention from biotechnology companies and scientists
due to its unique combination of abilities. Our study was focasathderstanding the weak

acid stress response of MDR transporters. AZ fdrailii, strong strain variability is known

(Laneet al, 2011) and our study confirmed thkt marxianushas strairspecific stress

tolerance also in respect to organic acids. We focused our attention on lactic and acetic acid, i
agreement with the general aim of the work.

Ourstudy revealed that the strain variability could be related to the copy number and sequence
identity of thePDR12gene, which encodes for one of the major membrane transporters
responsible for counteracting acetic acid toxicity. Furthermore, we founseitpa¢nce

difference inPDR120f the two strains studied might affect the tolerance level to acetic and
lactic acid. With the development of modern molecular tools, we can continue studying this
observation by deleting the genes and inserting the gene from the tolerant strain t@kthe we

one.

Indeed, botlZ. parabailiiandK. marxianugepresent interesting species due to industrial
relevance and exploitation potential. This work was focused in getting insight into the weak
acid resistance mechanisms in different yeast species testarthow biodiversity and

habitat tailor intrinsic adaptation to this stress. This knowledge can be further improved and

exploited to transfer the traits into chosen microbial cell factory strains.

This work highlighted the importance of yeast biodsitgrexploration. There are still yeasts

with unique traits that should be studied and characterized. Therefore, we should not limit our
interest only to the organism we know the best for industrial application, but expand and
HISORLW QDWXUHYV GLYHUVLW\
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Refereel. Prof. Sauer

Point 1:

The introduction goes very quickly to the single points ofmtieidual works,

without giving the whole picture. Biorefineries for example, comprise many more technologies
than industrial microbiology. Functional concepts must inevitably combine physical, chemical
and biological processes, in order to be efficeard competitive. This has not even been

u vsjiv

AUTHOR

The following paragraphs were added to introduction section to addigspoint:

The technologies thadre jointly applied to efficiently convert biomass into valuable products can

be divided mto four groups:

1. Thermochemical processes: The aim of thermochemical process is to convert biomass into
energy and chemical products by gasification and pyrolsificationis biomass treatment at

ZIPZ 8 u% @& SpHE ~ }A O6iif » A]3Z o}A }AECP v 0 A 0° 3} % E}
treatment at intermediate temperature (30®ii£ « A]3Z}us }ECP v 8} % E} u- %CE
oil), solid charcoal and light gasesligyngas. Both products can be directly used as a stationary
biofuel orasprecursors to produce other fuels (Spath and Dayton, 2003, Bridgwater and Peacocke,
2000).

2. Mechanical/physical processes: The ainaghechanical process is to reduce the size and
separate the components of the biomass, without changing the state and composition of it. This
procesdsusually performed before biomass utilization to reduce the size of biomass within specific
ranges for arefficient subsequent processing (Sun and Cheng, 2002).

3. Chemical processes: The aim of chemical processes is to change the chemical composition
and structure of biomass by hydrolysis. Hydrolysis uses acids, bases and enzymes to depolymerize
polysaccharids into monomers (cellulose into glucose) for subsequent procesfthg monomers

into valuable products (Sun and Cheng, 2002).

4. Biochemical processediochemical processes involve application of fermentation via
microbial cell factories to converefmentable substrate into desired product. The process occurs

at low temperature and slower rate in comparison to thermochemical processing (Hamelinck et al.,

2005)._



Point 2:

N[Ee E 0 8]}veZ]% A]SEZ oX % E ]0]] Z - v @leary)] the startimg@ey v o
was to work on Z. bailii, but analyzing the genome sequence it became clear that the strain was sth.
else. This fact is interesting and allows many conclusions, but it requires explanation and
contemplation of the PhD candidatdyZ] Z ] pv(}ESuv 8 oC « v§ _

AUTH®R

The following paragraphs were added to introduction section to addigspoint:

‘Pespite the importance of the yeast for industrial and fundamental microbiology, accurate
identification ofZ. baililand relatedstrains is problematic. The phylogenetic relationstopmany
industrial isolates formerly known & bailiihave been reevaluated, and significant differences in
rRNA gene sequences were found. These I¢ldeproposalthat there aretwo novel specisclosely
related toZ. bailij namelyZygosaccharomyces parabagind Zygosaccharomyces pseudobg8iuh

et al., 2013). Indeed, further genome sequencing projects of commasey strains confirmed that

in fact ISA1307 and ATCC60483 are interspeciatdsytfZ. bailiiand closely related specieather

than pure straingMira et al., 2014, Ortikerino et al., 2017). Regardless of molecular differences

betweenZ. bailii sensu latepecies, physiological traits are undistinguishable.

Point 3:

A Kdourse this part of the work fits very well into the context of this thesis. However, the chapter

3 v e ]e}o & v DEX <p vCeZ A ] Vv[E A v S@AZ]32 1}vv%I & Jv v
AUTHOR

The following paragraphs were added to conclusion sadticaddresghis point:

ndeed, bothZ. parabailiiand K. marxianusrepresent interesting species due to industrial
relevance and exploitation potential. This work was focused in getting insight into weak acid
resistance mechanism in different yeast sj@s to understand how biodiversity and habitat tailor
intrinsic adaptation tahis stress. This knowledge can be further improved and exploited to transfer

the traits into chosen microbial cell factosyrains _



Referee? Prof. Villaverde

Point 1:

A e minor issue for consideration, the author indicates in the publication list (page 7 of the MS),
the references of three published papers on which the thesis is based. Two of these references
are incomplete (paper 1 and paper 2), what should be amendetidédinal presentation as

182 Z A V 0OE C %M 0]Z X_

AUTHOR

Thispoint was duly addressed and references were modified accordingly

Additional changes made by author:

Chapter 4has been revised and changed to final submission form to the journal. Generapton

and goal of the chapter are not changed.
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