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RESUM

La industria alimentaria genera una gran quantitat de residus durant la
produccié d‘aliments, entre els que s'hi troba el vi escumos, com és el Cava. De
cada 100 kg de raim que entra en un celler, es generen 25 kg de residu, on el 25%
son lies. Les lies son els llevats naturalment plasmolitzats durant la crianga en
ampolla del Cava que, tot i ser rics en polisacarids, fibra i proteines, no tenen cap
Us, pel que necessiten esser gestionats, el que comporta un cost economic i
mediambiental. Per aquest motiu, la tendéncia dels Gltims anys és |a de re-introduir-
los en la mesura del possible, a la cadena de produccid, passant d’una economia
lineal a una de circular. En aquest sentit, i d'acord amb els Objectius de
Desenvolupament Sostenible (ODS), la indistria i la comunitat cientifica estan

desenvolupant estratégies de revaloritzacié per a aquest tipus de subproductes.

Per tot aixo, I'objectiu principal d'aquesta tesi era la valoritzacié de les lies
del Cava com a ingredient per afavorir el procés de fermentacié de la massa mare
i el pa, i avaluar-ne la capacitat prebiotica. En concret, s’han avaluat tres ambits
relacionats amb les lies del Cava: |) la valoracié in vivo de la seguretat alimentaria i
de les lies i el seu efecte sobre la microbiota intestinal en model animal; Il) la
caracteritzacié de les lies des d'un punt de vista organoléptic; i Ill) I'avaluacié de

I'efecte sobre la fermentacié i la fraccié volatil de la massa mare i el pa.

Primerament, en avaluar la seguretat alimentaria i la capacitat prebiotica de
les lies del Cava, no es van trobar diferéncies significatives entre els grups (control
i amb suplementacio de lies) respecte els parametres d'observacié de les rates de
I"estudi in vivo (pes, ingesta d’aliments o aigua), hematologia, proves bioquimiques,
histopatologia, immunogenicitat o necrosi, pel que s'infereix la seguretat
alimentaria de l'ingredient. Quan a la capacitat prebiotica, es va observar un
augment significatiu de I'abundancia relativa de bacteris potencialment probiotics,
com  Limosilactobacillus ~ fermentum,  Lactiplantibacillus ~ plantarum o
Ligilactobacillus ruminis, pertanyents a la familia Lactobacillaceae; aixi com també
bacteris de |'espécie Blautia hansenii, Ruminococcus obeum i Roseburia intestinalis.

Per tot aixo, les lies del Cava presenten un potencial efecte prebiotic sobre la



microbiota intestinal tot i que s’haurien de realitzar més estudis per confirmar

aquests resultats preliminars.

Seguidament, les lies es van caracteritzar, mostrant un alt contingut
d'ésters, tenint un perfil molt similar al del Cava del que provenien. A més, en
augmentar el temps de crianga amb les lies, presentaven un perfil de volatils més
ric i complex. Aixd suposaria que les lies retindrien diversos compostos a la seva

superficie, i podrien acabar tenint un efecte sobre I'aliment on s'utilitzin.

En efecte, quan es van afegir les lies a la formulacié tant de massa mare
com de pa, aquestes van modificar el corresponent perfil volatil. Per una banda van
augmentar la concentracié dels compostos caracteristics dels productes del pa
pero alhora també van aportar volatils propis del Cava. De fet, aquest increment
dels volatils podria relacionar-se amb l'augment de la viabilitat dels
microorganismes fermentadors de la massa mare i del pa formulat amb lies. Tot
aixo aportaria arguments positius cap a la revaloritzacié de les lies com a nou

ingredient en aliments fermentats, com la massa mare i el pa.

En conclusié, I'Gs a la indUstria alimentaria de les lies del Cava com a
ingredient seria una bona estrategia de revaloritzacié d’aquest subproducte,
contribuint a una economia circular, amb un menor impacte sobre el medi ambient

i potenciant el compliment dels ODS fixats per les Nacions Unides.



ABSTRACT

The food industry generates a large amount of waste during food
production, including sparkling wine, such as Cava. For every 100 kg of grapes that
come into the winery, 25 kg of waste are generated, and 25% of such residue are
lees. Lees are naturally plasmolyzed yeast during bottle ageing of Cava that,
despite being rich in polysaccharides, fiber, and proteins, they are not used, so lees
need to be managed, resulting in economic and environmental costs. For that,
there is a trend to re-introduce residues in the production chain, changing from a
linear economy to a circular one. In this sense, and in accordance with the
Sustainable Development Goals (SDG), the food industry and the scientific

community are developing new strategies to revalorize these types of by-products.

For that, the main objective of this thesis was the valorization of Cava lees
as an ingredient to favor the fermentation process of sourdough and bread and
evaluate its potentially prebiotic capacity. Specifically, the present thesis was
divided in three major areas: |) the in vivo evaluation of the food safety and effect
of lees on the intestinal microbiota in an animal model; ) the characterization of
Cava lees from an organoleptic point of view; and Ill) the evaluation of the effect

on fermentation and the volatile fraction of sourdough and bread.

Firstly, when evaluating the food safety and prebiotic capacity of the Cava
lees, no significant differences were found between the groups (control and with
lees supplementation) regarding the observational parameters of the studied
animals (weight, food or water intake), hematology, biochemical tests,
histopathology, immunogenicity or necrosis, by which the food safety of the
ingredient is inferred. Regarding the prebiotic capacity, a significant increase was
observed in the relative abundance of potentially probiotic bacteria, such as
Limosilactobacillus fermentum, Lactiplantibacillus plantarum or Ligilactobacillus
ruminis, belonging to the Lactobacillaceae family; as well as bacteria of the species
Blautia hansenii, Ruminococcus obeum and Roseburia intestinalis. Therefore, Cava
lees show a potential prebiotic effect on the intestinal microbiota, although more

studies should be performed to confirm these preliminary results.



Then, Cava lees were characterized, showing a high content of esters,
having a very similar profile to the Cava from which they came. In addition, by
increasing the ageing time with lees, they presented a richer and more complex
volatile profile. Therefore, lees can retain several compounds on their surface, which

could end up influencing the formulated food.

Indeed, when lees were added to sourdough and bread formulations, they
modified the corresponding volatile profile. On the one hand, they increased the
concentration of the characteristic compounds of bakery products, but at the same
time they also contributed with volatiles specific to Cava. In fact, that increase in
volatiles could be related to an incremented viability of the fermenting
microorganisms in sourdough and bread with lees. All that would provide positive
arguments towards the revalorization of lees as a new ingredient in fermented foods

such as sourdough and bread.

In conclusion, the use of Cava lees as an ingredient in the food industry
would be a good strategy to revalorize this by-product, contributing to a circular
economy, with a lower impact on the environment and promoting the fulfillment of
the SDG set by the United Nations.
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Revaloritzacié de les lies del Cava com a nova estratégia de formulacié per a aliments fermentats

Durant I'any 2020 la industria alimentaria ha generat 878 milers de tones
de residus a Catalunya (25% del total de residus per sectors) [1], suposant un
important impacte mediambiental aixi com econdmic, derivat de la seva
manipulacid, tractament i eliminacié. Aixi doncs, la situacié actual demana un canvi
de paradigma en referéncia al model de produccié industrial. De fet, en els ultims
anys s’ha intentat passar d'una economia lineal, on I'objectiu es transformar una
materia prima en un producte acabat desestimant els residus; cap a un a economia
circular, en la que s'atorga un valor afegit als residus i es re-introdueixen al cicle
industrial com a nous ingredients. Es més, des de les Nacions Unides s'ha posat
eémfasi en la sostenibilitat com a mesura per combatre el canvi climatic mitjangant
els Objectiu de Desenvolupament Sostenible (ODS). En aquest sentit, la re-
valoritzacié de subproductes s'engloba en |'objectiu 12 de produccié i consum
responsables. Es per aixo que la comunitat cientifica, juntament amb la indUstria,
investiga i desenvolupa noves estrategies de re-utilitzacié i re-valoritzacié de

subproductes alimentaris.

De fet, la generacié de residu alimentari per part de la indUstria vitivinicola
és especialment preocupant, estimant que per cada 100 kg de raim es produeixen
uns 25 kg de residus. En efecte, entre els principals residus produits per la industria
del vi s’hi troben la brisa de raim (60%) i les lies (25%) [2]. Perd per la seva
composicié rica en polisacarids solubles, aquestes Ultimes es podrien re-aprofitar
com a ingredients amb propietats tecnologiques per desenvolupar nous productes

alimentaris o optimitzar productes ja existents.

Per tant, a la introduccié d'aquesta tesi doctoral s'examinara el procés
d’'obtencié de les lies del Cava (vi escumos), aixi com la seva composicié i possibles
aplicacions a la industria alimentaria. Daltra banda, es fara una breu introduccié als
prebiotics i probiotics que es troben en els aliments fermentats i a la microbiota
intestinal. Finalment, es revisara el procés d'elaboracié de la massa mare i quins

beneficis té el seu Us a la formulacié del pa.
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Revaloritzacié de les lies del Cava com a nova estratégia de formulacié per a aliments fermentats

El Cava és un vi escumos de qualitat produit en una regié determinada
(VEQPRD) que requereix de dues fermentacions. Aquest tipus de vi escumos
s'inclou dins la Denominacié d'Origen Protegida (DOP) Cava, i engloba
bodegues de diferents regions espanyoles (Figura 1), essent Catalunya la
principal productora (aproximadament el 95% del volum total). De fet, la seva

produccio esta regulada per la DOP [3] i pel Consell Regulador del Cava [4].

Figura 1. Regions productores de la DOP Cava. Extreta de [5].

Aquesta regulacié inclou les varietats de raim permeses per la produccié
de Cava, aixi com la descripcié dels parametres de qualitat que han de mantenir

tant el vi base com el cava final per tal d'incloure’s dins la DOP.

Com s’ha mencionat anteriorment, I'elaboracié del Cava segueix el métode
tradicional, també anomenat champenoise, i consta de dues etapes diferenciades
(Figura 2). La primera és la preparacié del vi base o cuvée; mentre la darrera es

tracta d'una segona fermentacié en ampolla amb envelliment sur lie.
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Figura 2. Procés d'elaboracié del Cava.

La primera etapa, amb la que s'obté el vi base, segueix el procés de
produccié dels vins blancs i rosats, comengant pel premsat del raim obtenint el
most, seguit de la fermentacié alcoholica. De fet, en formar part d’'una DOP, les
varietats de raim utilitzades per tal d’elaborar el Cava estan regulades [4], i aquestes
poden ser de raim blanc (blanc de blancs) o de raim negre (blanc de noirs). D'una
banda, les varietats blanques permeses sén: Macabeu, Xarello, Parellada,
Chardonnay i Malvasia (també denominada Subirat Parent). D'altra banda, les
varietats negres autoritzades sén: Garnatxa negra, Trepat, Pinot Noir i Monastrell.
Les varietats negres només es poden utilitzar per la produccié de caves rosats,
excepte la Pinot Noir que des del 2007 també es pot fer servir per I'elaboracié de
blanc de noirs. Tot i aix0, les varietats més habituals sén les autdctones Macabeu,

Xarel-lo i Parellada.

Una vegada s'ha premsat el raim, s'afegeixen els llevats al most per tal de
comengar la primera fermentacié alcoholica. De fet, el llevat responsable d'aquesta
vinificacié és un factor que contribueix substancialment a les caracteristiques del vi
base obtingut. Es per aquest motiu que les soques de llevat utilitzades actualment
sén seleccionades per tal d'assegurar el control de la fermentacio, estandarditzant
el producte i reduint el risc d'aparicié de defectes en el vi base. Els llevats més
utilitzats per la fermentacié alcoholica del vi base pertanyen a I'especie
Saccharomyces cerevisiae. Aquesta fermentacié es produeix a una temperatura

controlada d’entre 16°C i 18°C, durant aproximadament 12 — 15 dies.
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A continuacid, el vi base ha de passar per un procés d'estabilitzacio tartarica
per tal d'evitar una posterior precipitacié de bitartrat potassic a |'ampolla,
provocant terbolesa en el vi. Per aquest fi es manté el vi en fred (-4°C
aproximadament) entre 5 i é dies, ocasionant la formacié dels cristalls, que

s’eliminaran per filtracio.

La segona etapa, la més caracteristica de I'elaboracié del vi escumés,
comenga amb el tiratge i I'embotellament. Aquest procés consisteix en |'addicid
del sucre i els llevats necessaris per tal de realitzar la segona fermentacié. En aquest
cas, els llevats utilitzats (habitualment soques de S. cerevisiae i S. bayanus) han de
presentar certes caracteristiques, entre les quals s’'hi troben la resisténcia a I'etanol
(9= 10% v/v) i a la pressié de CO2 (5 — 6 atm), aixi com la capacitat de fermentar a

baixes temperatures i flocular amb facilitat [6].

Després del tiratge, les ampolles tancades herméticament es col-loquen en
posicié horitzontal a les caves (rima) i comenga la segona fermentacié. Aquest
procés té lloc a baixa temperatura (10 - 15°C). La fermentacié dura,
aproximadament, entre 1 i 3 mesos, en els que la viabilitat dels llevats disminueix
en un 99%. Passats 6 mesos, la fermentacié ja s'ha completat i no s'hi troben

cel-lules viables [6,7].

Seguidament, i sense eliminar els llevats autolisats, hi ha un periode
d’envelliment sur lie (en contacte amb lies) de minim 9 mesos [8]. Les lies, o mares
del Cava, es defineixen com les restes solides formades després de la fermentacié
i durant I'emmagatzematge, i consisteixen, basicament, en microorganismes
plasmolitzats (generalment S. cerevisiae), acid tartaric i altres compostos adsorbits
[9]. Segons el temps d’envelliment, la DOP classifica el Cava en diferents categories
(Taula 1).
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Taula 1. Classificacié dels tipus de Cava en funcié del temps d'envelliment en contacte amb

lies.

Categoria Classificacié Temps d’envelliment
Cava de Guarda Cava 9 mesos

Cava Reserva 18 mesos
Cava de Guarda Superior  Cava Gran Reserva 30 mesos

Cava de Paratge Qualificat 36 mesos

Una vegada finalitzat el procés d’envelliment s'han d'eliminar les restes
solides (entre elles, les lies), realitzant el desgorjat. Per a aquest fi, les ampolles es
col-loquen en posicié vertical, aconseguint tenir tots els sediments al coll de
I'ampolla. Llavors es congela el coll d'ampolla i es treu el tap. Per diferéncia de
pressi6 entre I'interior i I'exterior de I'ampolla, les restes solides acumulades surten
a l'exterior, alhora que es perden uns mil-lilitres de cava. Es per aixd que abans de
tapar I'ampolla amb el tap de suro final s'afegeix I'anomenat licor d'expedicid
(dosatge), que consisteix en una mescla de vi base i sucre. La DO Cava també
estableix uns parametres de concentracié de sucre pel qual es classifiquen els
caves: Brut Nature (< 3 g/L), Extra Brut (< 6 g/L), Brut (< 12 g/L), Extra Sec (12 - 17
g/L), Sec (17 = 32 g/L), Semi Sec (32 - 50 g/L) i Dolg (> 50 g/L) [8].

Els llevats responsables de la segona fermentacié en |'elaboracié de Cava
majoritariament pertanyen al génere Saccharomyces, habitualment essent soques
de S. cerevisiae o S. bayanus. Generalment, les soques fermentadores sén
seleccionades en funcié de la seva habilitat per fermentar i la seva capacitat per
tolerar les condicions d'estrés propies dels vins escumosos com les baixes
temperatures, altes pressions, altes concentracions d'etanol i les poques fonts de
nutrients [6,10]. Aquests llevats sén fongs unicel-lulars, anaerobis facultatius, del
grup dels ascomicets. L'estructura cel-lular dels llevats es composa de paret
cel-lular i membrana plasmatica, que rodegen el citoplasma, format pel citosol i els

organuls (Figura 3).
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Figura 3. Estructura cel-lular de S. cerevisiae. Adaptat de [11].

La paret cel-lular de S. cerevisiae (Figura 4) suposa entre un 20% i 50% del
pes sec de la cel-lula, i esta formada, principalment, per manoproteines (exterior) i
cadenes de B-glucans i quitina (interior), representant el 85-90% de la paret cel-lular
[10,12,13].

Paret Cel-lular

/ B-glucans

S

e
Manoproteines +——

_—

- = \ s
[ G ’
( [ \ Membrana
/ § plasmatica
Proteina ) Y
< - 4

Figura 4. Representacié esquematica de la paret cel-lular i la membrana plasmatica de S.
cerevisiae. Adaptat de [14].

Les manoproteines sén proteoglicans (20% sucres, principalment manoses;
10% proteines) situats a la part més externa de les cel-lules de llevats que actuen
com a components estructurals. Aquestes moléecules s'associen positivament amb
la qualitat i les propietats tecnologiques del vi: redueixen la terbolesa proteica,
prevenen la precipitacié d'acid tartaric, contribueixen al mouthfeel, estimulen la
fermentacié malolactica, influencien la intensitat aromatica del vi i poden
interaccionar amb els compostos fenolics, millorant I'estabilitat de color i reduint
I"astringéncia del vi. A més a més, diferents estudis han demostrat les propietats
emulsionants i estabilitzants de les manoproteines degut a la seva estructura

amfifilica [15-17]. Aquestes propietats funcionals estan relacionades principalment
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amb les interaccions fisicoquimiques que es desenvolupen entre les manoproteines
i els constituents del vi. Tanmateix, aquests efectes positius sén variables i depenen
de la composicié del vi, perd, sobretot, de |'origen de les manoproteines
estudiades. Diversos estudis indiquen que les propietats funcionals de les
manoproteines depenen de la seva massa molar i de la relacié entre els fragments
de polisacarids i proteines. Tanmateix, encara no estan clarament establerts ni els
vincles entre les estructures del polisacarid i les parts proteiques (composicio, grau
de ramificacio, fosforilacié, etc.) i les propietats de les manoproteines, ni les seves

respectives contribucions a aquestes Ultimes [17].

Els B-glucans sén polimers solubles de glucosa majoritariament units per
enllagos B-1,3 i, en menor proporcid, ramificats amb enllagos B-1,6. Als B-glucans
se'ls confereixen diferents propietats potencials, com per exemple, antiinflamatoris
o antioxidants o reguladors de glucosa en sang [18]. A més a més, tenen diferents
caracteristiques funcionals que poden ser utilitzats a la indUstria alimentaria, ja que
poden actuar com a estabilitzadors, espessidors i emulsionants [19]. De fet, s’ha
autoritzat I'Gs dels B-glucans dels llevats com a nous ingredients alimentaris [20] i
la Autoritat Europea de Seguretat Alimentaria (EFSA) ha aprovat algunes de les
declaracions de salut derivades de la ingesta de B-glucans que poden indicar-se a

I'etiquetat, presentacio i publicitat dels aliments [21].

Finalment, la quitina és el component minoritari de la paret cel-lular que es
relaciona amb el procés de gemmacid, ja que es troba sobretot al voltant i dins les
cicatrius de la gemmacié del llevat. Consisteix en cadenes de polimers de N-
acetilglucosamina amb enllagos B-1,4. Les cadenes de quitina solen estar
enllacades amb els extrems no reductors dels B-glucans mitjangant enllagos 3-1,4
[22].

L'autolisi dels llevats és un procés irreversible catalitzat pels enzims
hidrolitics intracel-lulars que actuen per alliberar compostos del citoplasma i la
paret cel-lular al vi. Aquest procés generalment es déna al final de la fase
estacionaria de creixement dels llevats, i normalment s'associa a la mort cel-lular
[10,23].
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La Figura 5 mostra una representacié esquematica dels canvis morfologics
i bioquimics de la cél-lula de llevat durant I'autolisi i crianga bioldgica en ampolla.
Un cop acabada la segona fermentacio, i per inanicié, la céllula importa els amino
acids del medi a I'interior. Durant les primeres etapes de |'envelliment (3 — 6 mesos),
es presenten els primers signes de degradacié de la paret cel-lular i la membrana
plasmatica. Les manoproteines s'alliberen, probablement per la ruptura dels
enllagos entre manoproteines, glucans i quitina. Com a resultat, la paret es torna
porosa i els diferents components (amino acids, proteines i peptids, i polisacarids)
son alliberats al medi. Passats els 9 — 12 mesos, i després de la mort cel-lular, la
membrana plasmatica s'ha degradat completament i s'alliberen nucleotids, lipids,

polisacarids, proteines i amino acids al medi [10,15,16].

Després de segona

2 3 — 6 mesos 9 — 12 mesos
fermentacio
Cossos
. autofags
Paret cel-lular o Amino acids Lipis
] ® Paretcellular ®
( g / 4 C / )
LX) °
oy e L e oy
X :
\ \ \ / 1 \
T
(%4 sse®
/ o Polisacarids i el /\
\ N %% Manoproteines ucledtids
Membrana \\ Vactiol PEptis i esagpe, Lod gy s 0o \....

plasmatica A Proteines

(
o —> Qe Sucres
Nudli N got® o2

Figura 5. Representacié esquematica dels canvis morfologics i bioquimics de la cél-lula de llevat
durant l"autolisi. Adaptat de [10].

A nivell morfologic també es produeixen canvis a la cél-lula. Durant el
primer mes de fermentacié en ampolla les cel-lules assoleixen la fase estacionaria,
tot i que morfologicament s'assemblen a les de principi de fermentacié. Passats 9
mesos d’envelliment la majoria de llevats estan plasmolitzats i la membrana
plasmatica queda separada de la paret cel-lular. A partir dels 18 mesos
d’envelliment, la paret cel-lular consisteix en una capa fibrosa i difusa, tot i que no
arriba a trencar-se en cap moment (fins a 48 mesos d'envelliment). En Caves de
crianga llarga (Gran Reserva i de Paratge Qualificat), les capes interna i externa de
la paret cel-lular formen una estructura de fibres enredades que podria esta

composta per B-1,3-glucans associats a proteines [23].
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D’altra banda, I'autolisi dels llevats i I'envelliment en contacte amb les lies
del Cava modifiquen la composicié d'aquest. Aquests canvis vénen donats per
I"alliberament de compostos de la cél-lula al Cava durant I'autolisi de S. cerevisiae,
i poden tenir efecte sobre les propietats organoléptiques del Cava, com la
capacitat escumant i I'aroma, millorant-ne la complexitat [7,10]. A més a més,
també s’ha observat una capacitat antioxidant de les lies degut als components de

la paret cel-lular i als polifenols adsorbits [9].

Durant I'any 2020, la industria del Cava va produir 215 milions d’ampolles.
Al llarg d'aquesta produccié es generen certs residus o subproductes, com la brisa
de raim (60% del total de subproductes), que es composa de pell de raim (50%),
tiges (25%) i llavors (25%); aixi com les lies (25% del total) [2]. Per tant, s’estima que

aquesta industria genera, aproximadament, unes 200 tones de lies anualment.

Tot i que diversos estudis han observat que aquests subproductes
contenen una amplia gamma de compostos potencialment valuosos (rics en fibra,
proteines i polifenols) [2,24-28], actualment es destil-len per recuperar alcohol o
elaborar begudes destil-lades, essent realment tasques de gestié dels residus
generats sense atorgar-hi cap valor afegit. En la literatura revisada es poden trobar
alguns exemples per tal de reaprofitar aquests subproductes. De fet, Mildner et al.
(2013) [25] van estudiar |'Gs de la brisa del raim en |'elaboracié de galetes com a
font alternativa de fibra alimentaria i compostos fenolics. A més a més, Hernandez-
Macias et al. (2021) [29] han avaluat in vitro |'efecte de les lies del Cava sobre
diferents soques de bacteris de |'acid lactic (BAL) obtenint un major creixement i
supervivéncia en certes soques amb una addicié del 5% de lies al medi de cultiu.
D’altra banda, també s’ha observat com I'is de lies del Cava en la formulacié
d’embotits fermentats millora la seguretat microbiologica disminuint el creixement

de bacteris patdgens (Salmonella spp. i Listeria monocytogenes) [28].

12
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Les lies del Cava es composen, principalment, de cél-lules naturalment
plasmolitzades d'una sola especie de llevat, juntament amb coadjuvants
tecnologics que ajuden a la floculacié i eliminacié de les lies al final del procés
d’envelliment [10]. En aquesta etapa (Figura 5), les cél-lules de llevat basicament es
composen de la paret cel-lular, formada per polisacarids (3-glucans, manoproteines
i quitina), és a dir, fibra soluble [10,23]; a més a més dels diferents compostos que
hagin pogut adsorbir a la superficie (com els compostos fenolics i volatils) durant

el procés [30].

Diversos estudis han demostrat que tant els B-glucans com els
mananoligosacarids (MOS) tenen un efecte promotor del creixement de bacteris
de I'acid lactic (BAL) [31-34]. També cal destacar un creixent interés en 'efecte de
I'addicié de fibra a aliments fermentats per tal d'estimular el creixement dels
microorganismes i accelerar-ne I'acidificacié [35-38], millorant la seguretat
alimentaria dels productes en quiestié. A més a més, s'ha atribuit un efecte prebiotic
a la fibra, essent fermentada per la microbiota intestinal [39-41] i produint acids
grassos de cadena curta (acetat, butirat i propionat) que actuen com a nutrients de
les cel-lules epitelials i la microbiota del colon. Per tant, per la seva composicio, les
lies del Cava podrien tenir un possible efecte prebiotic beneficidés sobre la

microbiota intestinal.

Com s’ha comentat anteriorment, les lies poden adsorbir diversos
compostos, com soén els compostos fenolics (Figura 6). Aquests compostos
provenen del raim pero la seva composicié en el vi, i conseqiientment, a les lies,
es veu afectada pel procés de vinificacié [24,42]. De fet, Martinez-Lapuente et al.
(2013) [43] van observar una disminucié dels compostos fenolics durant
I"envelliment del vi escumds en contacte amb lies, essent adsorbits a la superficie

d'aquestes.
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Figura 6. Estructures quimiques dels principals compostos fenolics identificats a les lies.
Adaptat de [42].

En els subproductes de la industria vinica, I'activitat antioxidant es relaciona
directament amb la concentracié total de polifenols. La preséncia d'aquest
compostos fenolics a la superficie de les lies, juntament amb les manoproteines i

els glucans, els hi atribueixen activitat antioxidant [9,42].
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En els dltims anys la poblacié ha augmentat la tendencia cap al consum
d‘aliments més saludables, entre els que destaquen aliments fermentats de
produccié ancestral (com el quefir, el garum, el kombutxa i el kimchi, entre d'altres)
i que actualment es consumeixen de forma creixent en associar-se a un bon estat
de salut. Es per aixd que tant la industria com la comunitat cientifica treballen pel
desenvolupament d‘aliments més nutritius, perd que alhora aportin beneficis
saludables extres. Aquest tipus d‘aliments es coneixen com a aliments funcionals
[41]. En aquest sentit, els prebidtics i els probidtics entren dins d’aquesta categoria,
aportant millores tecnologiques (volum, textura, aroma, etc.), a part de les seves
propietats nutricionals inherents [44]. Els productes de panificacié s'inclourien en
aquesta tipologia de productes alimentaris tradicionals que tornen a prendre
protagonisme, tal i com es desprén de les dades mostrades a la taula 3, on s'hi
presenten el nimero de publicacions cientifiques dels ultims 20 anys relacionades

amb els prebiotics i probidtics, la massa mare i el pa.

Taula 2. Comparativa de les publicacions sobre prebiotics i probiotics relacionats amb la massa
mare i el pa, en el periode de 2000 a 2022, segons cerca realitzada a través de la base de

dades Scopus (Cerca actualitzada el mes d'agost de 2022).

Criteri de cerca

Periode Prebiotic &  Prebiotic & sourdough  Probiotic &  Probiotic & sourdough

(anys) food or bread food or bread
2000-05 395 15 1341 12
2006-10 788 26 2371 22
2011-15 1514 68 3964 69
2016-22 3917 97 9920 169

Els prebiotics sén ingredients alimentaris no digeribles que suposen
beneficis per la salut de I'hoste mitjangant I'estimulacié del creixement o I'activitat
metabolica dels bacteris de la microbiota intestinal [41], suposant una millora per
la salut de I'hoste. Els principals compostos prebiodtics sén els galacto-oligosacarids
(GOS), els xilo-oligosacarids (XOS), els fructo-oligosacarids (FOS), la inulina, els
isomalto-oligosacarids (IMO), la polidextrosa, la lactulosa i el midd resistent

[41,45,46]. El mido resistent és la part del midé que pot resistir la digestié a l'intesti
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per part de I'amilasa pancreatica arribant al colon on podra esser fermentat per la

microbiota intestinal [44].

De fet, el pa conté carbohidrats, vitamina B, minerals i proteines, a més a
més d'una font de fibra per la microbiota intestinal [47,48]. Addicionalment,
I"activitat enzimatica dels bacteris fermentadors de la massa mare pot contribuir a
incrementar la quantitat de fibra soluble del pa [49]. Cal destacar que la fibra amb
més efecte sobre la microbiota i els seus productes de fermentacié és la fibra
soluble [48]. Aquesta fibra, aixi com altres polisacarids complexos, poden ser
metabolitzats pels bacteris de I'intesti gros, produint acids grassos de cadena curta
(AGCC) (Figura 7) [50].

Augment de la
ingesta de fibra

i

"7 AGCC + gasos Augment del
/! transit intestinal

Absorcid
A

Fermentacio l
A A composicid

N . N . ~ .
~-_._ Polisacarids i " bacteriana

fibra alimentaria o

1 fermentacio

L pH bacteriana

>

T produccio' ‘
d'AGCC

Figura 7. Diagrama esquematic que il-lustra el desti de la fibra alimentaria i els polisacarids
complexos a l'intesti gros, i el possible impacte de I'augment de la ingesta de fibra en el transit
intestinal i altres parametres. Les linies solides indiquen un efecte directe; les linies de punts
indiquen efectes interconnectats. Adaptat de [50].

A més a més, els BAL de la massa mare poden produir exopolisacarids (EPS)
que, a més de millorar la textura del pa, se’ls ha atribuit potencial prebiotic [51].
Aixi mateix, la massa mare presenta un index glicémic més baix (Taula 2), el que
contribueix en un augment del midé resistent de lenta digestié que arriba al colon
[48,52]. Alguns estudis indiquen que el pa elaborat amb massa mare pot actuar
com a prebidtic i tenir un impacte positiu sobre la microbiota intestinal, la resposta
immunitaria intestinal i la inflamacié sistematica de l'intesti (malaltia inflamatoria de
I'intesti, MII) [47,48,53]. Lluansi et al. (2021) [48] van estudiar in vitro I'efecte
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prebiotic del pa sobre el microbioma de la MIl. Per aquest fi van elaborar diferents
pans seguint diferents processos: amb i sense massa mare, i amb diferents temps
de fermentacié. En aquest estudi van observar una tendeéncia cap a la millora de |a
microbiota intestinal, similar a la de pacients sans, indicant un potencial efecte
prebiotic del pa en pacients amb MIl. A més a més, també van reportar un
increment en microorganismes productors d’AGCC, com l'acetic, el butiric i el

propionic que tenen propietats antiinflamatories [48,54].

D'altra banda, els probiotics sén microorganismes vius que aporten
beneficis saludables a I'hoste quan s’administren en quantitats adequades [55].
Alguns aliments fermentats confereixen aquests beneficis, ja que poden contenir
probiotics, a més a més de prebiotics, proteines i peptids beneficiosos per I'hoste
[56]. En general, aquest tipus d‘aliments sén fermentats amb bacteris de la familia
Lactobacillaceae, molts dels quals es consideren probiodtics. A la Taula 3 hi ha
descrits aliments que inclouen bacteris probiotics i els beneficis saludables que

comporten a I'hoste.

A més, s’ha observat que la ingesta d'alguns probiotics del génere
Bifidobacterium redueix els simptomes de la MIl i millora en la regularitat del colon
després de la ingesta de productes lactics fermentats [57]. A més a més, aquests
probiotics també poden prevenir infeccions gastrointestinals per exclusié
competitiva de patogens [57,58]. A més dels efectes positius sobre el tracte
digestiu, els probiotics també poden produir compostos bioactius com els
antioxidants, compostos fenolics, EPS i AGCC que també milloren la qualitat i els
valors nutricionals dels productes fermentats [59,60]. En el cas de la massa mare,
s’han descrit que algunes soques dels microorganismes fermentadors d’aquesta
tenen potencial probiotic [59,61-64]. Entre aquests microorganismes s’hi troben
soques de les espécies Enterococcus mundtii [64], E. faecium [59],
Lactiplantibacillus plantarum [61-63], Leuconostoc citreum [59] i Pediococcus

pentosaceus [59,63].
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Introduccié

En el disseny de productes de pa funcionals amb probiotics s'ha de tenir
en compte la temperatura del fornejat, ja que molts d’aquests microorganismes
s'inactiven o eliminen durant aquest procés [44]. Tot i aix0, aquests bacteris inactius
(no viables), anomenats paraprobiotics, també poden conferir beneficis a I'hoste

en concentracions adequades [76].

Una alternativa és I'Gs de la massa mare, ja que com s'ha comentat
anteriorment, els bacteris probiotics poden produir compostos bioactius que es
queden a la massa i el posterior pa. Aquests compostos s'anomenen postbiotics
[44,76]. Es més, tant els paraprobiotics com els postbidtics poden arribar a aportar
els mateixos beneficis que els probiotics sense haver d’administrar
microorganismes vius que podrien causar una reaccié immunitaria [44].Finalment,
degut a la possible sinérgia entre els prebiodtics i els probidtics, els aliments en que
s'hi troben combinats s'anomenen simbiotics [41]. Actualment hi ha un creixent
interes pel desenvolupament de simbiotics per tal d'aconseguir les correctes
proporcions i quantitats de pre- i probiotics que aportin més beneficis saludables

al consumidor que consumint-los per separat [44].
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El pa és un aliment consumit en grans quantitats arreu del mon,
representant entre un 12% (domestic) i un 28% (fora de casa) del consum d'aliments
total a Espanya. Aixi doncs, el consum mitja de pa de I'any 2020 ha estat de 32,8

kg per persona, incrementant un 5,5% respecte |'any anterior [77].

De fet, I'any 2019 va entrar en vigor a |'Estat Espanyol la nova normativa
(RD 308/2019) sobre la qualitat del pa [78]. Amb aquesta legislacié es garanteix als
consumidors |'adquisicié de productes de qualitat, caracteritzats i correctament
etiquetats. Entre els punts especifics, s'hi troba la definicié i regulacié d'elaboracié
de pa amb massa mare (fins el moment no legislat), aixi com la reduccié de la

quantitat de sal permesa en |'elaboracié del pa comu.

L'Gs de la massa mare per la fermentacié del pa és una practica bastant
estesa ja que millora la qualitat del pa final, aixi com I'estabilitat microbiologica i la
vida Util del producte [79]. A més a més, hi ha una tendéncia creixent cap al consum
de productes artesans, més sans i seguint la preferencia dels consumidors per les
“etiquetes netes” o clean-label. Per tant, I'addicié de massa mare a la formulacié
del pa comporta beneficis relacionats amb la seguretat alimentaria, aixi com

acceptacio entre els consumidors.

La massa mare és una barreja de farina i aigua resultant d’'un procés de
fermentacié dut a terme per bacteris de l'acid lactic (BAL) i llevats. Aquesta
fermentacio pot ser espontania o producte de la inoculacié de cultius iniciadors, i
pot patir refrescos o no. Aixi doncs, I'activitat metabolica dels microorganismes
fermentadors resulta en |'acidificacié de la massa i la formacié dels compostos
volatils responsables de I'aroma ( ). Tal com s’ha mencionat, el procés
pot donar-se de manera espontania, essent la microbiota propia de la farina i
demés ingredients utilitzats els responsables de la fermentacié, o inocular els
microorganismes desitjats. Tot i aixi, les poblacions microbianes poden modificar-
se en funcié dels parametres tecnologics aplicats, el que resulta en diferents

caracteristiques organoleptiques de la massa mare i el pa final.
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Com s’ha comentat anteriorment, |'addicié de massa mare a la preparacié
de pa suposa una millora en la qualitat, el sabor i I'aroma del producte final.
Aquestes diferencies soén, principalment, conseqliencia de la fermentacié de la

massa per part dels BAL.

D'una banda, aquest bacteris provoquen una disminucié del pH més
rapida, acidificant la massa degut a la produccié d'acids organics (com l'acid
acetic). Aixo provoca, principalment, una estabilitzacié microbioldgica (seguretat
alimentaria) del producte allargant-ne la vida util, aixi com una modificacié dels
atributs sensorials [80,81]. A més a més, els BAL (sobretot els heterofermentatius)
donen lloc a una major produccié de compostos volatils (esters, aldehids i cetones),

incrementant la complexitat de I'aroma del pa [82].

D’altra banda, s'ha observat que I'Gs de massa mare comporta beneficis
nutricionals (Taula 4): contribueix a la degradacié de l'acid fitic (anti-nutrient);
millora la digestibilitat; i pot suposar una disminucié de I'Us de sal en la formulacié

del pa.

Taula 4. Contribucié de la massa mare a la millora de les propietats nutricionals del pa.

Caracteristiques nutricionals Referéncies
Carbohidrats | Index glicémic [83,84]
| FODMAPs' [85]
Proteines | Contingut de gluten [85][86,87]2
T. AIIib.erament de peptids 88-91]
bioactius
Minerals T Biodisponibilitat [92]
Anti-nutrients | Acid fitic [91,92]
Activitat antioxidant T compostos fenolics [21]
Altres ingredients | Sal [88]

" FODMAPs: Oligo-, Di-, Mono-sacarids i poliols fermentables.

2 BAL aillats de massa mare.
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L'aroma i el gust sén els principals factors determinants en quant a
I'acceptacié dels aliments per part dels consumidors. Considerant que la massa
mare té una fermentacié més llarga en la que hi participen bacteris i llevats, hi ha
una major formacié de compostos relacionats amb el sabor, un aroma més
complexa, aconseguint major puntuacié en tests sensorials [81,93]. Aquesta millora
de l'aroma i la textura del pa és consequiéncia del procés d'hidrolisi enzimatica
produida pels BAL i la generacié de compostos de reaccié de Maillard durant la

cocci6 del pa [81].

En general, hi ha tres rutes per les que es formen els compostos volatils en
el pa: a) fermentacid; b) oxidacié lipidica; i c) reaccié de Maillard producte del
procés de coccié. El procés fermentatiu és la principal ruta de formacié d'aquests
compostos, produint majoritariament acids, alcohols, aldehids, cetones i esters
[82,94]. En canvi, la oxidacié lipidica condueix a la formacié d‘aldehids, cetones,

alcohols i ésters (depenent de la concentraci6 inicial d’acids grassos) [82,95].

Els compostos volatils de la massa mare es divideixen en diferents families
quimiques: alcohols, aldehids, cetones, esters i compostos sulfurats. La majoria
d'aquests compostos provenen del metabolisme dels microorganismes
fermentadors. A més a més, tant els llevats com els BAL produeixen precursors de
I'aroma, com els aminoacids lliures, que condueixen a la formacié d'aldehids o dels
alcohols corresponents, mitjangant la via Ehrlich [81]. Aixi doncs, existeixen diversos
factors que influencien I'activitat microbiana de la massa mare, podent-se dividir
en factors endogens (farina, aigua i altres ingredients) i exdgens (temperatura i
temps de fermentacid, rendiment de la massa i condicions d'oxigen) (

). Per tant, modificant la microbiota o la mateéria prima, no només es modifiquen
els compostos volatils resultants de la fermentacid, sind també els precursors de

I'oxidacio lipidica i la reaccié de Maillard [82].

Tot i que el perfil volatil del pa ha estat molt estudiat en comparacié amb
el de la massa mare (Figura 8), s'han identificat un total de 169 compostos en massa
mare de blat i ségol. Entre els volatils identificats, els més citats sén: hexanal,

nonanal, 1-pentanol, 1,4-butanediol, 6-methyl-5-hepten-2-ona i acetat d'octil [82].
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D’altra banda, en pa elaborat amb massa mare de blat i ségol s’han trobat
un total de 150 compostos volatils, on els majoritaris han estat: 3-metilbutanal, 1-
pentanol i 1,4-butanediol [82].
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Pa " Massa Mare Periode

Figura 8. Recompte de publicacions cientifiques que contenen les paraules clau bread volatile
compounds o sourdough volatile compounds segons cerca realitzada a través de la base de
dades Scopus (Cerca actualitzada el mes d'agost de 2022).

La influencia dels diferents parametres de procés sobre la microbiota i les
propietats fisicoquimiques i sensorials de la massa mare es troben resumides a la
revisio bibliografica publicada a la revista Food Reviews International, que s'adjunta

a continuacio.

Influence of Process Parameters on Sourdough Microbiota, Physical Properties

and Sensory Profile.

Alba Martin-Garcia, Montserrat Riu-Aumatell, Elvira Lopez-Tamames.

Food Reviews International, 2021
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Influence of Process Parameters on Sourdough Microbiota, Physical
Properties and Sensory Profile

Alba Martin-Garcia(®, Montserrat Riu-Aumatell (%), and Elvira Lépez-Tamames

Departament of Nutrition, Food Sciences and Gastronomy, Campus Torribera, Universitat de Barcelona (UB), Institut de
Recerca En Nutricié | Seguretat Alimentaria (INSA-UB), XaRTA, Santa Coloma De Gramenet, Espaiia

ABSTRACT KEYWORDS
Sourdough is the result of a fermentation process involving mainly LAB and Sourdough; lactic acid
yeasts. The present microbiota increase acidification, leavening and flavour. bacteria; yeasts; volatile
Moreover, consumers demand for more nutritious, healthy and clean-label compounds

products, has increased the use of sourdough in bread-making. Generally, LAB
rapidly acidify the sourdough medium due to organic acids production (lactic
and acetic acid, mostly). Nevertheless, different process parameters may
influence sourdough microbiota, inducing changes in both sourdough and
the resulting bread. Finally, sourdough fermentation involving probiotics can
provide extra health benefits to its consumers. Also, long fermentations can
reduce FODMAPs and phytate content, besides lowering the glycemic index.

Introduction

Bread is consumed in large quantities all over the world. During bread making, sourdough has
traditionally been used as a leaving agent, influencing bread quality.!"*! Sourdough is a mixture of
cereal flour and water, fermented by either homo- or hetero-fermentative lactic acid bacteria (LAB).
This process can happen either by the addition of a starter culture or by spontaneous fermentation,
involving backslopping, or not."!

The metabolic activity of the present microbiota results in acidification, leavening and flavour
formation.!*! These changes lead to an increased microbiologic stability and shelf life (delaying
the spoilage of bread other by microorganisms), and an improvement of nutritional and sensory
characteristics of bread.!”’ Sourdough can be produced from a numerous sources of flour, which
grant different characteristics to sourdough bread, like flavour, organoleptic properties or nutri-
tional value. Furthermore, chemical composition and quality of the flour influence the microbial
community dynamics and metabolite kinetics of the sourdough fermentation process.!” !

Nowadays, clean-label, healthier and artisan products are trending, which has increased the use of
sourdough in bread-making. For that reason, some breads have already received the Protected
Designation of Origin (PDO) or the Protected Geographical Indication (PGI). Those breads, such as
Pane di Altamura and Pagnotta del Dittaino (PDO, produced in Italy) or Pa de Pages Catala, Pan de
Cruz de Ciudad Real and Pan de Cea (PGI, produced in Spain) and Pane di Matera, Pane Casareccio di
Genzano and Coppia Ferrarese (PGI, produced in Italy), are protected by European regulations and
must use sourdough as a leavening agent.!'”! Additionally, UNESCO officially added the German
bread culture to its Intangible Cultural Heritage list in 2015.

Even though there is no European specific regulation to produce sourdough, France (“pain au
levain”; Décret n°93-1074), Germany (“Sauerteig”; Leitsitze fiir Brot und Kleingebick vom

CONTACT Montserrat Riu-Aumatell @ montseriu@ub.edu e Departament of Nutrition, Food Sciences and Gastronomy, Campus
Torribera, Universitat de Barcelona (UB), Institut de Recerca En Nutrici | Seguretat Alimentaria (INSA-UB), XaRTA, Santa Coloma de
Gramenet 08921, Espaia.

© 2021 Taylor & Francis
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19.10.1993) and Spain (“masa madre”; Real Decreto 308/2019) do have their own regulations regard-
ing sourdough, including its definition and usage. Moreover, there is a “Real Bread” Campaign in the
UK that has presented a Code of Practice for the labelling of sourdough bread and rolls to the
Department for Environment, Food and Rural Affairs (DEFRA). The new legislation is intended to
include a clear and legal definition of sourdough bread, in order to clarify the term and prevent
misinformation to the consumers.

Therefore, the aim of this review will focus on summarizing the latest knowledge about the quality
of sourdough, highlighting the microbiota, physical and sensory properties.

Types of sourdough

Sourdoughs can be classified into three different types (Fig. 1): (i) type I, traditional sourdoughs, they
are restarted using a part of the previous fermentation; (ii) type II, industrial sourdoughs that use
adapted strains to start the fermentation; (iii) type III, dried sourdoughs, and (iv) type IV,
a combination between types I and IL/>'!

Type I, or traditional sourdoughs, are initiated spontaneously and regularly propagated. This type
of sourdough involves a cyclic reinoculation, using a part of the already fermenting dough (5-20%, m/
v) and a new mixture of flour and water. This process is usually performed at room temperature
(20-30°C) with a long fermentation process (5 to 7 days to get a stable microbiota and chemical
system), obtaining firm sourdoughs with a low DY (<200) [DY = ratio between the dough obtained
and the flour used]."”’ Traditional sourdoughs are characterized by daily propagation (“backslop-
ping”), that results in selection and dominance of the best adapted strains, keeping them metabolically
active.['>1?]

On the other hand, types II and III are inoculated with a starter culture to perform sourdough
fermentation. Type II sourdoughs are described as liquid industrial doughs, generally produced in
a one-step fermentation of shorter duration (24 h aproximately) and high temperatures (30-37°C)
with a high DY (>200).1*! This process allows a faster and higher acidification than type I sourdoughs,
and can inhibit the growth of other microorganisms such as flour yeasts .['*!

Type Il is defined as type II dried sourdoughs. In order to obtain type III sourdoughs, spray drying,
and drum drying are the most commonly used techniques. Spray drying consists in pulverizing the
liquid sourdough in a hot air stream. The water content (approx. 90%) is evaporated, while dried
particles can be collected from the dryer. Maillard products formation is limited because of
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sourdough

ey
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Figure 1. Types of sourdough fermentation according to the technology applied (Adapted from
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evaporative cooling. As for drum drying technology, steel cylinders are heated with steam. Then, a thin
film of the pasty or liquid sourdough is spread over the cylinder and water and volatile compounds
evaporate immediately. During drum drying Maillard and other flavour reactions take place produ-
cing malty and roasty-flavours. Depending on the temperature and time combination, the final
sourdough product can be more or less toasted and caramelised.!""

Types II and III are often used in industrial bakeries, because they are easy to use. Furthermore, the use
of industrial sourdough allows a greater variety in flavour and taste of the resulting bread."* Both are
used as dough acidifiers and flavour ingredients or carriers,"") although type III sourdoughs are used as
non-living supplements.®! In that case, because the microbiota is inactivated, it is necessary
a backslopping prior to use.””) In contrast to type I sourdoughs, types II and III often require the addition
of baker’s yeast for leavening, since the acidic environment inhibits yeasts spontaneous growth.!"”!

Lastly, type IV is a mix between types I and II, usually used in laboratories and some bakeries. This
type of sourdough consists of inoculating a starter culture to a mature sourdough. Then, the
sourdough follows the same process as type I (in every other aspect, they are very similar), although
the microbial populations can change during backslopping.!*!

Sourdough microbiota

Cereal flours and other sourdough ingredients are not sterile, therefore its microbiota is quite complex,
especially when it is fermented spontaneously."®! Although LAB and yeasts dominate sourdough
fermentation, other microorganisms like acetic acid bacteria, can be found, especially in the beginning
of the fermentation process.”'””'®) Moreover, the sourdough ecosystem is characterized to be a stressful
environment, in which the microbiota has to adapt to the variable carbohydrate and nutrient contents
and a low pH."!

Sourdough lactic acid bacteria

In general, LAB can rapidly acidify the raw material due to their organic acids production in addition
to exopolysaccharides and several enzymes. This results in an enhanced shelf life and microbial safety,
improving texture and the sensory profile of the final bread.!"”’

LAB can be classified into two groups according to their fermentation products: homofermentative,
which produce only lactic acid as the main product of glucose fermentation; and heterofermentative,
that produce acetic acid, CO, and ethanol besides lactic acid.?%! While homofermentative bacteria
produce more lactic acid, consequently lowering pH and increasing the total titratable acidity (TTA)™;
heterofermentative lactobacilli slightly contribute in leavening due to the CO, production besides
producing further variety of flavour compounds.*!! In addition, heterofermentative bacteria can be
classified into two subgroups: facultatively heterofermentative and obligately heterofermentative .>*

The sourdough fermentation process is usually dominated by LAB, generally heterofermentative
(either facultative or obligately), in particular species of Lactobacillus."******) However, other
bacterial species, such as Pediococcus, Enterococcus, Lactococcus and Weissella, are also
present.'”?*?* Furthermore, the number of bacteria species in sourdough is higher than yeasts,
usually following a 100:1 ratio.'®**! Among the LAB present in sourdough (Table 1), the most
prevalent species are Lb. sanfranciscensis, Lb. plantarum, Lb. brevis, P. pentosaceus, Lb. paralimentarius
and Lb. fermentum.?!

Obligately heterofermentative LAB prevail within the sourdough ecosystem due to their adapted
carbohydrate metabolism, amino acid conversion mechanisms and response mechanisms to acidic
stress.l”! Additionally, a few lactobacilli can produce antimicrobial compounds, for example, some Lb.
reuteri strains can generate reutericyclin, a low-molecular mass antibiotic with bacteriostatic and
bactericidal activity against Gram-positive bacteria that cause ropy spoilage of bread.!*®!

As previously stated, the ingredients used to elaborate sourdough are not sterile, nor is the bakery
environment. Therefore, LAB originate from the flour used and the space where it is prepared. Lb.
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Table 1. Overview of the lactic acid bacteria (LAB) diversity found in sourdough elaborated with different flours either in an artisan
bakery or laboratory environment.

Sourdough Period of
Cereal flour Microorganisms reported type backslopping Ref.
Barley Lb. fermentum?, Lb. plantarums, Lb. breviss, W. confusa?, L 10 days sl
P. pentosaceus®
L. citreum®, L. mesenteroides’, W. confusa®, W. cibaria® B 10 days (sl
Buckwheat Lb. plantarums, Lb. graminis, Lb. sakei¢, W. cibaria®, P. pentosaceus¢, L 10 days 1l
Lc. holzapfeliic
Lb. plantarums, Lb. fermentum®, Lb. vaginalis’, Lb. crispatus?, Lb. L 12 days (]
gallinarum¢
Chestnut Lb. plantarume, P. pentosaceus<, W. cibaria®, P. lolii/stilesii®, L 12 days 7l
W. paramesenteroides®, Lb. farciminis*
Oat Lb. coryniformis®, L. argentinum?, P. pentosaceus, W. cibaria® L 7-8 days ®
Rye Lb. fermentum?, Lb. plantarume, Lb. brevis’, P. pentosaceus, Lb. L 10-11 days 127,28]
sakei<, Weissella spp®
Lb. amylovorus¢, Lb. panis?, Lb. reuteri® B 6-13 h 1291
Lb. helveticus®, Lb. panis’, Lb. pontis’, Lb. vaginalis’, Lb. casei, Lb. B 3-6 years (22
paracasei’, Lb. amylovorus<, Lb. frumenti®
Lb. pontist, Lb. caseic, Lb. paracasei<, Lb. pantarums, Lb. rhamnosus®, B 1 year (freeze 1221
Lb. zymae?, Lb. fermentum?, P. acidilacticic, L. lactis® dried)
Lb. helveticus¢, Lb. pontist, Lb. zymae® B 30 years 122]
Lb. brevist, Lb. crustorum?, Lb. paralimentarius<, Lb. plantarum¢ L 56 days 130]
Lb. sanfranciscensis’, Lb. plantarums, Lb. diolivorans®’, Lb. hammesii®, B 1-5h 1231
Lb. xiangfangensis, Lb. koreensis®, Lb. farraginist, Lb. hilgardii®
Lb. sanfranciscensis®, Lb. pontis® B 1h 23,311
Rye-wheat Lb. brevist, Lb. plantarums, Lb. zymae®, Lb. pentosus, Lb. B 2h 2332
sanfranciscensis®
Lb. brevist, Lb. alimentarius, Lb. pentosus® B 8 years (241
Lb. sakeic, Lb. sanfranciscensis® B 4 years 1241
Teff P. pentosaceus, Lc. holzapfeliic L 10 days (]
Lb. fermentum?®, Lb. vaginalis®, Lb. gallinarum<, Lb. pontis® L 13 days (!
Wheat Lb. plantarum/pentosus/paraplantarums, Lb. fermentum® L 10 days “
Lb. sanfranciscensis’, Lb. fermentum?®, W. cibaria® B 3-7 months (251
Lb. sanfranciscensist, W. cibaria, Lb. fermentum?®, Lb. plantarume, B 10-20 days 1231
Lb. pontis®
Lb. sanfranciscensis® B 2 years 1251
W. cibaria®, W. confusa®, L. citreum®, Lb. sanfranciscensis®, Lb. B 3-24 h (ol
plantarume, L. mesenteroides®, Lb. sakei¢, P. pentosaceus®, Lb.
paralimentarius<, Lb. gallinarum<, Lc. lactis<, Lb. brevis®,
P. inopinatus<, Lb. caseic, P. argentinicus<, Lb. rossiae®,
W. paramesenteroides’, Lb. spicheri®, Lb. namurensis®, E. durans¢,
Lb. curvatus®, Lb. hammesii®, Lb. lindneri®
Lb. plantarume, Lb. sanfranciscensis, Lb. graminis, Lb. rossiae® L 3 days (8l
Lb. sanfranciscensist, P. pentosaceuss, Lb. brevist, L. holzapfelii’, Lb. B 3 days el
sakeic, Lb. rossiae?, Lb. plantarum¢, W. cibaria®, Lb. spicheri®, Lb.
graminis¢
Lb. sanfranciscensis®, L. citreum?, Lb. sakei<, L. mesenteroides®, B 1 year (3]
W. cibaria®, P. pentosaceus¢
Lb. sanfranciscensis®, Lb. brevis, Lb. plantarums, Lb. zymae®, Lb. B - 131.32,34-41]
pentosus¢, Lb. paralimentarius<, Lb. sakei<, Lb. paracasei, Lb.
paraplantarums, Lb. rossiaet, W. cibaria®, P. pentosaceus:,
L. pseudomesenteroides®, L. mesenteroides®, L. citreum’,
P. parvulus, S. salivarus®, Lb. namurensis, Lb. graminis<, Lb.
curvatus®, E. durans®, E. faecium®, Lb. acetotolerans<, Lb. caseic,
Lb. farciminis<, Lb. mindensis<, Lb. spicherit, W. confusa®,
P. acidilacticic, E. casseliflavus¢, Lb. cellobiosus®, Lb. diolivorans®,
Lb. heilongjiangensis®, Lb. koreensist, Lb. parabuchneri®, Lb.
kimchiic
Lb. sakeic, Lb. plantarums, Lb. zeae<, P. pentosaceus<, Leuconostoc L 11 days 128,42,43]
spp.t, Weissella spp.%, Lc. lactis<, Lb. brevist, Lb. curvatus®, Lb.
fermentum?, L. mesenteroides®
Lb. brevist, Lb. vaccinostercus® B 9 years 1241
(Continued)
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Table 1. (Continued).

Sourdough Period of
Cereal flour Microorganisms reported type backslopping Ref.
Wheat-Legumes Lb. plantarume, W. cibaria®, L. mesenteroides®, Lb. parabuchneri®, Lb. L 10 days 4
(chickpea; lentile;  paraplantarums, Lb. coryneformis<, Lb. fermentum?®, Lb. brevis®,
bean) Lb. pentosuse, Lb. sanfranciscensis®, Lb. rossiae®
Wheat-Grape P. pentosaceus¢, W. cibaria®, Lb. brevis’, Lb. sakei<, Lb. plantarum¢ L 5-10 days ws]
Wheat-Pear; Wheat-  Lb. brevis’, Lb. plantarums, Lb. rossiae® L - 1431
Navel Orange
Wheat-Yogurt P. pentosaceuss, Lb. sakeic L 5-10 days 3]

Types of sourdough reported (B: bakery; L: Laboratory): i: dough; ii: liquid

LAB species reported (a: obligately homofermentative; b: obligately heterofermentative; c: facultatively heterofermentative): E.,
Enterococcus; L., Leuconostoc; Lb., Lactobacillus; Lc., Lactococcus; P., Pediococcus; W., Weissella

Table 2. Overview of yeast diversity found in sourdough elaborated with different flours either in an artisan bakery or laboratory

environment.

Period of
Cereal flour type Microorganisms reported backslopping Ref.
Barley S. cerevisiae 10 days (3]
Buckwheat K. barnettii 10 days ol
Rye S. cerevisiae 6-20 h 23,29]
W. anomalus, C. glabrata, S. cerevisiae 2 years 9]
C. humilis, K. telluris 1 year — 221
30 years
C. glabrata, K. unispora, P. kudriavzevii, S. cerevisiae 56 days 0]
Rye-wheat S. cerevisiae, T. delbrueckii, W. anomalus, C. humilis 1 month — 23,24451
25 years
S. cerevisiae, S. bayanus, C. humilis, W. Anomalus 11 days 28]
Spelt W. anomalus, C. glabrata, S. cerevisiae 1,5-2 years 9]
Teff C. glabrata, S. cerevisiae 10-13 days 1l
Wheat S. cerevisiae, C. humilis, W. anomalus 10 days - 251
2 years
S. cerevisiae, K. bulderi, K. barnettii, K. saulgeensis, K. unispora, K. humilis, - 126,34,35,37.39.41,50]
C. carpophila, T. delbrueckii, H. pseudoburtonii, R. mucilaginosa,
W. anomalus, M. guilliermondii, C. parapsilosis, C. pararugosa, S. barnettii
S. cerevisiae, C. humilis, K. barnettii, K. exigua, K. servazzii 1-24 h no:23]
S. cerevisiae, K. barnettii, K. unispora, T. delbrueckii, W. anomalus, C. glabrata 1-12 years [24:49]
S. cerevisiae, W. anomalus, S. barnettii 3 days nel
K. exigua/barnettii/bulderi, C. glabrata 10 days “
Wheat-Pear; S. cerevisiae - 3]
Wheat-Navel
Orange
Wheat-Apple C. oleophila, C. pararugosa, Cy. misumaiensis, R. pinicola, M. guilliermondii, ~5-10 days 1
S. cerevisiae
Wheat-Grape H. uvarum, S. cerevisiae 5-10 days BU
Wheat-Rye-Spelt 5. cerevisiae 4 years ol
Wheat-Yogurt M. guilliermondii, S. cerevisiae, W. anomalus 5-10 days B

Yeast species reported: C., Candida; H., Hanseniaspora; K., Kazachstania; KI., Kluyveromyces; M., Meyerozyma; P., Pichia; R., Rhodotorula;
S., Saccharomyces; T., Torulaspora; W., Wicherhamomyces.

sanfranciscensis is reported as the main bacteria found in type I sourdough®' and, recently, it has been
identified as a predominant species in frass released by insects infesting stored grains, pointing them as
a potential source for Lb. sanfranciscensis prevalence in sourdough ecology.?*! Although in most cases
heterofermentative bacteria dominate the sourdough fermentation, homofermentative LAB have been
reported in rye sourdoughs, such as Lb. helveticus and Lb. amylovorus, as the predominant
bacteria.!****! Other frequent species found in type I sourdoughs include Lb. brevis, Lb. plantarum,
Lb. sakei, P. pentosaceus, Leuconostoc spp. and Weissella spp.; while type II sourdoughs are dominated
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by Lb. plantarum, Lb. fermentum and Lb. panis, even though it depends on the starter culture and the
concentration in which it has been inoculated. Finally, model sourdoughs started and propagated in
a laboratory environment, in which the flour is the only source of microorganisms, Lb. plantarum and
Lb. fermentum are the most frequently reported bacteria isolated.'*”’

Sourdough yeasts

Sourdough is a complex biological system, where yeasts are commonly associated with LAB.[>**¢!
While LAB contribute to acidification and the production of volatile and other metabolic compounds
of bread, yeasts mainly act as leaving agents as well as aroma compound formation of sourdough
bread.**!

More than 30 yeast species are found in the sourdough environment (Table 2), but the dominant
yeast species belong to Saccharomyces and Candida genes,™ although Wickerhamomyces anomalus
can be found in large quantities in Asian countries.”” Other common yeasts species found in
sourdough are Torulaspora delbrueckii, Kazachstania exigua and Pichia kudriavzevii.>'**

Yeast species found in sourdough are a result of their adaptation to the stressful environment,
created by LAB and characterized by low pH, high carbohydrate concentration and high cell
densities.”**! Besides, yeasts themselves contribute to that specific environment, hindering the growth
of other microorganisms. For example, in spontaneously fermented sourdoughs, the presence of non-
fermentative microorganisms, like wheat pathogens, may be reduced by the secondary metabolites
produced by fermenting yeasts such as ethanol, acids and carbon dioxide during the fermentation

process.!*"!

Yeast-bacteria interactions

As previously stated, the sourdough ecosystem is formed by LAB and yeasts. In that environment,
there can be some interactions between both microorganisms. These interactions can be determined
by the effect of one species on another, and regarded as positive (synergistic), when one microorgan-
ism population tends to increase in the presence of another species; negative (antagonistic), when it
tends to decrease; or neutral, when there is no effect. Those types of interaction (Fig. 2) include
competition for resources (fermentable carbohydrates consumption, nitrogen sources, etc.), cross-

a a
(aaw) Bacteria
Yeast

@

D D‘\ O Glucose
@ p O s
oo Q@ s
Q; Sucrose

c d

Folic acid

Folic
acid

Figure 2. Main interactions that occur in the sourdough environment. A) Competition for nutrients (glucose); B) Amensalism (BAL
produce antimicrobial peptides that inhibit yeast growth); C) Commensalism; and D) Mutualism (cross-feeding).
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feeding (maltose degradation or amino acid production), and the production of secondary metabolites
(antimicrobial compounds, medium acidification, etc.).[“’54’55]

Regarding stimulating interactions, cross-feeding (Fig. 2D) involves one species producing and
essential nutrient that enables another microorganism (auxotroph) to survive.”®! For example, Lb.
sanfranciscensis can metabolise maltose, releasing and accumulating glucose in the medium. Then,
maltose-negative yeasts, such as C. milleri or S. exiguus, have a fermentable carbohydrate source,
therefore preventing their population to be affected by glucose exhaustion and nutrient depletion.®
Even more, the same occurs with sucrose, which yeasts can hydrolyse providing other carbon sources
for LAB and stimulating their growth.®* Therefore, cross-feeding reduces competition between
microorganisms and enhances their growth.

In addition, it has been reported that CO, produced by yeasts as a result of carbon metabolization
can also increase LAB growth, such as Lb. sanfranciscensis and Lb. plantarum, since it provides of an
anaerobic environment. Moreover, S. cerevisiae is able to consume lactic acid, which results in
a deacidification of the sourdough environment allowing more microbial growth."**!

However, during fermentation, LAB and yeasts can produce certain metabolites that can modify
the medium and can affect directly another species growth (Fig. 2B). For instance, lactic acid and acetic
acid produced by LAB, as well as other minor organic acids (such as isovaleric, pentanoic and hexanoic
acids) exhibit antimicrobial activity, are effective against figrope spoilage and may act synergistically
protecting the sourdough bread against other microorganisms.*”! In addition, some lactobacilli
strains are able to produce antimicrobial peptides, like Lb. reuteri that produces antifungal
compounds.® In fact, Axel et al.®® observed that some of the antifungal compounds found in
sourdough came from amino acid metabolism due to LAB fermentation, reporting that higher
proteolysis in sourdough fermentation result in more potential antifungal compounds.

All those interaction mechanisms can modify microbial populations, which can have a significant
impact on the sourdough flavour and sensory characteristics. Consequently, is of importance the use
of a stable microbiota for sourdough production, in order to obtain the desired final product.

Influence of process parameters on sourdough microbiota

As previously described (Section 2), sourdoughs can be classified in three types according to the
process technology applied. Moreover, different parameters can affect microbial growth, following to
changes in the sourdough and the sourdough bread (Fig. 3). These parameters can be endogenous or
not fully controllable (e.g. nutrient composition) and, exogenous or technological (e.g. fermentation
temperature). All of these parameters and their combination are responsible for the selection of the
sourdough microbiota,’®” which can, therefore, influence the volatile composition of the sourdough
and the bread produced with it. Thus, using the same technological parameters leads to the dominance
of particular microbial strains, which are the best adapted to those conditions.

Sourdough Fermentation

Process Parameters

|
{ ! ! ! l

Fermentation Fermentation Backslopping Dough Yield pH
Temperature Time (DY) (3.5-45)
25-28°C >30°C l—‘—l l—‘
Jj ! i | v !
v Short Long Short Long Low High Low High
1 Yeast 1LAB  fermentation g g (DY <200) (DY >200) ‘
' ' | — ! J | !
] ! v v
I“f'ha"%‘;\fxi L(A";Zl"l‘f S Yeast>»1AB  LAB>>Yeust  Hydvolysisof  Fastacidifying  Acid tolerant 1 Fermentable | TTA 1 lactobacilli 1 enterococci
Y gluten and LAB LAB

ompounds carbohydrates > | oruanic acids lactococci,
1 starch > lower Torgmicacids  { gapiie leuconostocs,

glycemic index T1TA pediococei
and weisellas

Figure 3. Influence of process parameters on sourdough microbiota and sourdough bread.
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Temperature

Temperature is one of the main factors influencing the microbial communities, since each species have
different optimal growth temperatures.”) For instance, G. Vrancken et al.l®’’ observed that
Leuconostoc citreum is more adapted to low temperatures (prevails and dominates fermentations at
23°C), while Lb. fermentum or Lb. plantarum dominate the sourdough fermentation at higher
temperatures (30°C - 37°C and 30°C, respectively). The same happened with yeasts, while
C. humilis or S. cerevisiae have an optimal growth temperature of 27-28°C; P. kudriavzevii or
T. delbrueckii are found in sourdoughs fermented at higher temperatures (35°C or higher).
Furthermore, yeast have relatively low counting at high temperatures, probably as a consequence of
growth limitation, which may increase LAB competitiveness.[59] Therefore, seasonal temperature
fluctuations can affect the microbial community dynamics of the sourdough, being responsible for
microorganism selection. !

As aresult, different fermentation temperatures might influence the secondary metabolites, organic
acids and aromatic compounds formation by microorganisms, as well as other enzymatic
reactions.!>?**°! For instance, lower temperatures (25-28°C) have a positive effect on yeast growth,
which results in the increased production of ethanol, CO, and flavour componentsm’m]; while high
fermentation temperatures (> 30°C) enhance LAB metabolism, influencing the fermentation quotient
(ie. the ratio between lactic and acetic acid) and increasing the acidification of the sourdough,”
consequently increasing the organic acids biosynthesis due to a better usage of carbohydrates.!”!
Additionally, enzymatic reactions, such as lipid oxidation, and polysaccharide breakdown into maltose
or glucose, are also promoted at higher temperatures.*”’

Fermentation time and backslopping

Another exogenous parameter influencing microbial communities in sourdough is fermentation time.
It can modify the balance between different stress-resistant LAB, and it is inversely related to
fermentation temperature.[&]

Italian, Belgian and San Francisco sourdoughs are characterized by long fermentation times, at low
temperatures.”® In that case, Lb. sanfranciscensis is the predominant microorganism performing
sourdough fermentation, due to its preferred long fermentation times at relatively low temperature,
characteristics that prevail during type I sourdough preparation.®®! On the other hand, S. cerevisiae is
predominant in short fermentation sourdoughs, because of its metabolism and growth rate, being
more rapid than those of LAB.1**! Moreover, longer fermentation times result in higher values of lactic
and acetic acids, lowering starch digestion and obtaining breads with lower glycemic index (GI).[®*!

Besides fermentation time, it must also be considered the backslopping steps performed during
sourdough preparation. When the number of backsloppings increases, the environment conditions
become more selective, resulting in the dominance of certain species, generally selecting for hetero-
fermentative LAB, such as Lb. sanfranciscensis.[lz] Moreover, the frequency and duration of the
backslopping steps modify the microbial community dynamics and stability, influencing the growth
and acidification rates.” Short refreshment times select for rapidly growing and fast-acidify LAB
species; while long backslopping times or fermentations without backslopping appear to benefit acid-
tolerant LAB species that are highly adapted to a nutrient-poor and hostile environment. Additionally,
resting time between refreshments/backsloppings can also influence the microbiota and its metabolite
kinetics, by selecting strains that are able to survive periods of stress and starvation.!!

Dough yield and pH

The Dough yield (DY) is the ratio between dough (flour, water and other ingredients) and flour
weight, referencing the sourdough consistency. Usually, flour and water are the main ingredients of
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the dough, thus, DY is mainly related to water content. Therefore, higher DY values are a consequence
of the amount of water.!”!

DY, alone, affects directly the a,, and the acidity of sourdoughs.”! Lower values of DY (firm
sourdoughs), with a fixed temperature and fermentation time, result in more fermentable carbohy-
drates for the sourdough microbiota to metabolise, and also amplify the flour buffering capacity, which
lowers the acidification rate despite higher levels of organic acids (lactic and, especially, acetic acids),
resulting in higher TTA values.?

On the other hand, high DY values produce liquid sourdoughs with lower TTA values, and lower
concentrations of organic acids such as lactic and acetic acid. Thereby, the higher the DY, the relative
acidification is faster and stronger, even though the acetic acid production is negatively affected.!”!
This may happen due to a higher population of obligately heterofermentative LAB and yeasts found in
liquid sourdough, that resulted in a greater production of ethanol than acetic acid, therefore causing
lower TTA values.”’ Moreover, high water content increases shelf-life and delays starch
retrogradation.®*!

Hence, the DY influences the LAB-yeast ratio, as well as the ratio between homo- and hetero-
fermentative LAB.!®”) For example, liquid sourdoughs (with higher DY values) favour LAB growth
over yeasts, >°?! although yeast growth should be greater and more stable, due to higher concentra-
tions of free amino acids, in comparison with firm sourdoughs.”®! But, because LAB lower the pH and
increase the TTA, yeasts stop growing and only certain strains adapted to higher concentration of
organic acids, such as C. humilis or K. exigua prevail.¥ On the other hand, lower DY (< 160)
sourdoughs have a higher population of yeasts (demand a lower a,, than bacteria) but present
a more selective environment for LAB.[*?

In addition, DY combined with other controllable technological parameters of the sourdough
production, have a greater impact on the microbiota. Sourdoughs with long fermentation time and
high DY value promote LAB growth over yeasts, while high DY and temperature select for hetero-
fermentative LAB.®?!

Traditional sourdoughs have a pH range of 3,5-4,5. Among LAB, lactobacilli dominate the
sourdough fermentation due to their adaptation to low pH, although higher pH values allow the
prevalence of other bacterial species, such as enterococci, lactococci, leuconostocs, pediococci and
weissellas.l”®! For example, Lb. sanfranciscensis has an optimal pH for growth of 5,0 and it is mainly
associated with low-DY sourdoughs; yet it shows adaptation to acidic conditions, even though it is
outcompeted in low-pH sourdoughs (values below 3,8)"! since it is unable to grow under these
conditions. In contrast, Lb. fermentum is often found in liquid, high-DY, acidic sourdoughs because of
its acidic stress tolerance.>”!

Physical and organoleptic properties of sourdough bread

In recent years, the use of sourdough has gained popularity due to the reported improvement of
quality and flavour of bread. The addition of sourdough to the dough fermentation influences final
bread quality and many of its inherent properties depend on sourdough resident microbiota and its
metabolic activity (e.g. lactic fermentation, proteolysis, synthesis of volatile compounds and its
precursors, and other antimicrobial compounds), producing non-volatile and volatile compounds
that affect bread flavour.!202423465-68]

One of the main differences between regular bread and sourdough bread is the drop in pH and,
consequently, the acidification or souring, resulting in lower pH values when sourdough is used.
This pH decrease due to LAB metabolic activity, producing organic acids, cause many changes in the
dough, influencing the final characteristics of bread, mainly texture and sensory attributes.!”’
Regarding organic acids production, the fermentation quotient (FQ) is an important factor that
affects the aroma of the final product, and, as previously stated, it depends on the microorganisms
fermenting the sourdough and the fermentation temperature.”®! For example, heterofermentative
LAB are responsible for accumulation of acetic acid, although yeasts can also contribute to its
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production.**! Moreover, higher concentrations of organic acids may be responsible for extending
shelf-life of sourdough bread, since they exhibit antimicrobial activity, especially lactic and acetic
acids, being effective against rope spoilage. Furthermore, other organic acids, such as isovaleric,
pentanoic and hexanoic acids, may also present an antimicrobial effect in sourdough bread, acting in
a synergistic way.l”! Also, it has been observed that certain LAB strains can produce phenyllactic
acid (PLA) that also contribute to the antifungal activity in sourdough bread.!® Therefore, the use
of sourdough in bread-making can promote a clean-label by avoiding the use of chemical pre-
servative additives.

Additionally, some studies reported that certain LAB strains are able to produce exopolysacchar-
ides (EPS). The presence of these EPS can contribute improving flavour, texture and shelf-life of
sourdough bread by promoting additional metabolic activity, enhancing the production of lactate,
acetate and ethanol.'* Torrieri et al./**! observed that using EPS producing strains (EPS+) to ferment,
a higher amount of sourdough can be added to bread without having a negative effect on its sensory
characteristics. They concluded that a 30% of sourdough obtained using EPS+ strains of L. lactis and
Lb. curvatus had a positive effect on bread volume and crumb texture. Besides, the synthesis of EPS by
LAB during sourdough fermentation also contributes to consumers demands for a clean label, since it
does not require labelling and can substitute additives (e.g. xanthan), although it is suggested that EPS
synthesis depends on environmental conditions."”!

Although both homo- and heterofermentative LAB are responsible for lowering the pH, while the
former exclusively promote the pH decrease and the TTA increase!®); the latter also produce acetic
acid, CO, and ethanol, generating more flavour compounds.?" Actually, microbiological fermenta-
tion is the most relevant path for the production of volatile compounds in sourdough.'*! For instance,
heterofermentative LAB generate more esters like ethyl acetate, hexyl acetate, ethyl hexanoate and
isopentyl acetate, whereas homofermentative fermentations produce 2,3-butanedione (ketone), acet-
aldehyde (aldehyde) and 2-methylbutanol (alcohol).[®]

As mentioned above, heterofermentative LAB contribute to the leavening of the dough.!"®! In fact,
dough leavening is, mainly, due to the alcoholic fermentation performed by yeasts, that, as a result,
produce CO, and ethanol.”!! But, even if the primary function of yeasts is to act as a leavening
agent,'*”! they play a role in the structure formation of the gluten network!®” and produce other by-
products resulting from the alcoholic fermentation, such as glycerol, aldehydes, ketones and esters
among other substances, may increase the flavour of bread.**! All that improves and changes the
characteristics of the final bread product.””* In fact, it has been observed that the addition of bakers’
yeast increases acetaldehyde and decanal (aldehydes), ketones like acetoin and alcohols (especially
ethanol and phenethyl alcohol).®*! Also, there are some volatile compounds that have only been
reported in yeast fermentations, such as 3-methyl-1-butanol,*”! even though it has been found that
some LAB may also produce it depending on species and strain./***®! Furthermore, sourdoughs that
start with a microbial association produce a larger range of volatiles.!*”’

However, the age of the sourdough must be considered since it has been reported that traditional
sourdoughs have a less complex volatile profile despite their rich microbiota, compared to ex-novo
sourdoughs, that may have a more active microbiota regarding the synthesis of volatiles.*”! In fact,
Ripari et al.?”! propose tridecane and ethyl nonanoate to discriminate between ex-novo and traditional
sourdoughs, since the first one is always present in traditional samples and absent in ex-novo samples
whilst the second is the opposite.

The flour used must be taken into account, because it may determine the volatile profile according
to their role as a substrate for the microorganisms fermenting the sourdough.!®”! But other parameters,
such as fermentation time and temperature also affect the volatile fraction. For instance, the longer the
fermentation, more volatile compounds are formed as a result of higher amino acid degradation by
Ehrlich pathway, leading to aldehydes and their corresponding alcohols odour-active compounds.”’
Moreover, peptides and free amino acids take part in Maillard reactions, which generate compounds
that influence the aroma of bread.**!
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Finally, the type of sourdough (firm, liquid or dried) has an impact on the volatile profile too,
particularly in dried sourdoughs. For instance, during drying (type III sourdoughs), water and volatile
compounds evaporate, and Maillard reaction takes place, besides other flavour reactions, and produce
roasty and malty flavours.!""! But firm and liquid sourdoughs also influence flavour. It has been
reported that liquid sourdoughs have higher levels of alcohols (derived from free amino acid
metabolization), while firm sourdoughs mainly contain ethyl-acetate, acetic acid and terpenes, that
markedly affect the flavour of baked goods.?!

Future trends

In recent years, consumers have become more aware of their health and its relationship to food
consumption, demanding more nutritious and safe food. As a result, industry and scientist have
developed new products that can provide extra health benefits to its consumer, known as functional
foods.'*! Under these characteristics fall prebiotics and probiotics, providing technological enhance-
ments (e.g. volume, flavour and aroma) to bakery products, besides their inherent health
properties.[63]

During the design of functional bakery products including probiotics, the temperatures
reached during baking must be considered, since most of these microorganisms would be
inactivated or eliminated throughout the baking process. However, these inactivated (non-
viable) probiotics, also known as paraprobiotics, might confer benefits to the consumer when
administrated in sufficient amounts.””? In addition, the probiotics benefits might be able to reach
consumers by supplying bioactive compounds during sourdough fermentation, there being
postbiotics.®*”? In fact, both paraprobiotics and postbiotics can imitate the health benefits
conferred to probiotics while avoiding the administration of live microorganisms, that can
cause an immune reaction.!”?

Nevertheless, it has been reported that prolonged fermentation processes in breadmaking, such as
sourdough, can reduce the Fermentable Oligo-, Di-, Mono-saccharides and Polyols (FODMAPs)
content by up to a 74%, since sourdough fermentation activates proteolytic and fructosidase enzymes
decreasing the amount of proteins and fructans.”>) Moreover, sourdough fermentation lowers the
glycemic index (GI) of the resulting bread, due to a higher amount of acetic and lactic acids, therefore
reducing starch digestibility. Besides, it also reduces to 50% or less the phytate content in whole wheat
bread, due to the lower pH favours the phytase activity, decreasing the quantity of antinutritional
components and potentially improving mineral absorption.!? Additionally, Laatikainen et al.”*
reported a lower content in a-amylase/trypsin inhibitors (ATIs), gluten and additives in sourdough
breads.

Finally, it has been observed that the use of dietary fibers and ingredients rich in fiber, such as
a mixture of wheat and legume (chickpea, lentil and bean) flours, in sourdough fermentation increased
the concentration of functional compounds.**) In fact, legume proteins are rich in lysine but lack of
sulfur amino acids; whereas cereal proteins are rich in sulfur amino acids and lack lysine. Thus, the
combination of wheat (cereal) with legume flours result in an optimal balance of essential amino acids.
Furthermore, Rizzello et al.** observed a higher antioxidant and acidification activity in legume
sourdough, related to a high content of phenolic compounds found in legume flours. The study
concluded that wheat-legume sourdough maximized the nutritional, sensory and functional proper-
ties of bread.

Conclusions

Sourdough is the result of a fermentation process, that can be spontaneous or not, with or without
backslopping, involving mainly LAB and, also, yeasts, following a 100:1 ratio. The present microbiota
increases acidification, leavening and flavour. In fact, the use of sourdough results in bread with an
improved shelf life, nutritional value and sensory attributes. Process parameters, such as fermentation
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time or temperature, may influence sourdough microbiota and its secondary metabolites production,
which can induce changes in both sourdough and the resulting bread, especially the volatile profile of
the product. While LAB generate more esters, yeasts increase the aldehydes, ketones and alcohols
content. Moreover, consumers are demanding for more nutritious and healthy food, like functional
foods containing probiotics and/or prebiotics. In that regard, sourdough might be elaborated with
probiotic microorganisms, which can release bioactive compounds. Although when bread is baked
microorganisms are inactivated, those bioactive compounds remain in the product as postbiotics and
can reach consumers, providing health properties. Also, sourdough fermentation can lower the
phytate content, FODMAPs and GI of bread, reducing antinutritional components and improving
mineral absorption. Finally, the use of non-conventional flours, such as legume flours, in sourdough
fermentation increase the concentration of functional compounds, maximizing the nutritional, sen-
sory and functional properties of bread.
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Revaloritzacié de les lies del Cava com a nova estratégia de formulacié per a aliments fermentats

En els darrers anys, donada la crisi climatica actual, ha augmentat l'interes
de la societat per canviar d'un model d’economia lineal cap a un model circular.
D’aquesta manera, i en linia amb els ODS els residus es re-introdueixen a la
indUstria de manera que se'ls hi confereix un valor afegit i es re-aprofiten. La
industria del Cava produeix una gran quantitat de residus que per la seva
composicié podrien ser objecte d'aquest tipus de valoritzacid, entre ells, les lies
del Cava.

A més, els habits alimentaris de la poblacié tendeixen cap al consum
d‘aliments més saludables, entre els que s'hi inclouen els fermentats tradicionals
(quefir, kombutxa, kimchi, etc.) i els fortificats amb fibra. Per aquest motiu, la
indUstria alimentaria i la comunitat cientifica busquen la recuperacié d'aliments
tradicionals reforcant-ne |'aspecte més nutritiu. En aquest sentit, els probiotics i
prebidtics aportarien millores tecnologiques als aliments, tenint també un
component de salut i nutricié. De fet, els productes de panificacié entrarien dins
aquesta categoria, essent aliments que tornen a prendre protagonisme en la dieta
tant per la vessant tradicional com nutritiva, sobretot en elaborar-los amb massa
mare. A més a més, introduint les lies en la seva formulacié també seria una
estratégia per augmentar el consum de fibra alimentaria en la dieta habitual de la

poblacié actual.

En aquest context, aquesta tesi doctoral planteja com a objectiu general la
valoritzacié de les lies del Cava com a ingredient per afavorir el procés fermentatiu

de la massa mare del pa, aixi com avaluar-ne la capacitat prebiotica.

Per tal d'assolir aquest objectiu general es plantegen tres ambits d’estudi

amb els seglients objectius especifics:

Potencial prebiotic de les lies del Cava.
Objectiu 1. Valorar in vivo les caracteristiques prebiotiques de les lies del
Cava per promoure el creixement de probiodtics a la microbiota intestinal

(efecte simbidtic)
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Caracteritzacioé de les lies del Cava.
Objectiu 2. Caracteritzacié de la fraccié volatil de les lies del Cava i

avaluacié de la seva capacitat de retencié d'aromes

Les lies del Cava com a ingredient.
Objectiu 3. Estimar I'efecte de les lies del Cava com a promotores de la

fermentacié de la massa mare del pa

Objectiu 4. Avaluar les caracteristiques volatils i sensorials de la massa mare

i del pa amb |'addicié de mares del Cava
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Revaloritzacié de les lies del Cava com a nova estratégia de formulacié per a aliments fermentats

Els diferents ambits relacionats amb els objectius especifics de la tesi van
requerir el desenvolupament de diferents metodes i técniques analitiques. En
aquest capitol es presenta esquematicament el disseny experimental de la tesi

doctoral (Figura 9). Les metodologies especifiques es troben recollides a les

Primerament, el Capitol 4 engloba I'ambit relacionat amb la seguretat
alimentaria i el potencial prebiotic de les lies del Cava. Per aquest objectiu, es va
administrar una dosi diaria de lies a rates Wistar Han. A partir de I'’ADN microbia
extret de les femtes dels animals, es va determinar mitjangant shot-gun sequencing
la composicié de la microbiota intestinal a linici i final del periode d'estudi

( ).

El Capitol 5 se centra en la caracteritzacié de les lies del Cava des d'un punt
de vista organoleptic, englobant el segon ambit d’'estudi de la tesi. Per aquest
objectiu, es van desgorjar ampolles de Cava amb diferents caracteristiques (temps
d’envelliment o tipus de raim vinificat) per avaluar la capacitat de retencié d'aromes
i compostos fenolics de les lies. Per aixo, es van analitzar els mateixos parametres
tant en el Cava com en les lies i es van comparar els perfils resultats ( ).
Una vegada recuperades les lies, aquestes es van liofilitzar, obtenint un
percentatge de recuperacié del 60%, i es van emmagatzemar en tubs hermétics i

protegits de la llum i la humitat. Els parametres analitzats van ser els segients:

- Ndmero de cél-lules de - Intensitat de color (IC)
llevat per gram de lies - Tonalitat de color (TC)
- pH - Compostos volatils

- Index fenolic total (IFT)

Finalment, el tercer ambit (Capitol 6) se centra en I'efecte de les lies del
Cava sobre la massa mare i el pa. Per adregar els objectius especifics 2 i 3, primer
es van formular diferents masses mare amb lies del Cava i se’'n va monitoritzar la
fermentacio i la produccié de compostos volatils ( ). Una vegada

determinat el percentatge de lies més adient, es va aplicar a la massa mare (que
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posteriorment es va utilitzar per a fer pa) aixi com a la formulacié del pa directament

( ).

Addicionalment, els pans formulats amb i sense massa mare i amb i sense
lies (Publicacié 5) es van sotmetre a un analisi de textura (TPA, Texture Profile
Analysis) per determinar possibles diferencies dels diferents parametres que
engloben la textura d'un aliment (duresa, elasticitat, cohesidé, masticacio i
resisténcia). Les mostres es van tallar en llesques de 25 mm de gruix. Els tests de
compressié es van realitzar mitjangant un texturometre TA-XT2 (Stable Micro
Systems Ltd., Surrey, Regne Unit) utilitzant un pisté pla d’alumini de 75 mm de
diamtre. El procediment de mesura va consistir en un pre-assaig de 5 mm/s, un
assaig a velocitat constant de 1 mm/s, i un post-assaig de 5 mm/s, amb un temps
d’espera entre compressions de 5 s i una deformacié del 90%. Cada mostra es va
col-locar a la base del texturdmetre i es va esprémer dues vegades amb la sonda.
El TPA de les mostres es va dur a terme mitjangant el software proporcionat amb

I'equip (Exponent v.6.1).

A més a més, es va realitzar un analisi sensorial dels pans elaborats amb les
diferents concentracions de lies. Per aix0, el panel estava format per 30 voluntaris
semi-entrenats (homes i dones, d'entre 18 i 45 anys) del personal de laboratori i
estudiants universitaris. Abans del test sensorial, els pans es van tallar a rodanxes i
es van identificar mitjangant codis numerics Unics. Cada panelista va avaluar 5
llesques de pa corresponents a les concentracions de lies (control, 0,5%, 1%, 2% i
5%). Es va utilitzar un analisi hedonic per avaluar el color, la molla, la crosta, I'olor i
el gust, aixi com |'acceptacié general del pa. La puntuacié de cada atribut anava

d'1 (més baix) a 10 (més alt).
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Les lies del Cava tenen un alt contingut de fibra i altres polisacarids
complexes (B-glucans i manoproteines). Aquests poden tenir un efecte promotor
sobre el creixement dels microorganismes presents a l'intesti [96,97]. Degut a
aquesta composicid, es podria atorgar caracteristiques prebiotiques a les lies del

Cava.

Per aix0, el tercer ambit de la tesi es va centrar en |'avaluacié del potencial
prebiotic de les lies. En aquest cas, es va utilitzar un model animal (rates Wistar
Han) a les que es va dividir en dos grups: un grup control i un grup amb
I'administracié de 3 x 10¢ cél-lules de lies/Kg pes corporal/dia. Diariament, durant
14 dies, se'n van recollir les femtes per poder fer un estudi de la composicié de la
microbiota intestinal. Se'n va extreure DNA i es va fer una seqlenciacié
metagenomica de shotgun. Una vegada es van tenir les dades, aquestes es van
processar mitjangant eines de bioinformatica (softwares QIIME 2 v. 2022.2 i MG-
RAST v. 4.04).

La suplementacié amb lies del Cava no va suposar cap diferencia respecte
el control en quant a pes dels animals, ingesta d'aliments i aigua. Es va observar
un augment en |'abundancia relativa de bacteris de la familia Lactobacillaceae aixi
com de Blautia hansenii, Roseburia intestinallis i Ruminococcus obeum, tots ells
amb caracter probiotic. Per tant, les lies del Cava van mostrar un potencial

prebidtic.
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La ingesta de lies del Cava va augmentar I'abundancia de bacteris amb

@ potencial probiotic pertanyents a la familia Lactobacillaceae i als
generes Blautia, Roseburia i Ruminococcus. Per tant, les lies del Cava

mostren un potencial caracter prebiotic.
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Abstract: Lees are a winery by-product with a fiber-rich composition that could have a potential
prebiotic effect on gut microbiota. Prebiotics cannot be digested by humans but can be used by bac-
teria found in the large intestine. To evaluate the potential prebiotic effect of lees, those were ad-
ministered to Wistar Rats for 14 days. Feces were collected daily, and DNA was extracted and ana-
lyzed by shot gun sequencing. The supplementation with lees did not affect weight, food intake or
water consumption of the studied rats. It was found that lees promoted the increase of relative
abundance of probiotic bacteria belonging to Lactobacillaceae family, as well as other potentially pro-
biotic species such as Blautia hansenii, Roseburia intestinalis and Ruminococcus obeum. In conclusion,
lees can improve the presence of beneficial bacteria in the gastrointestinal tract and can be re-valor-
ized as a new ingredient in food formulation.

Keywords: gut microbiota; prebiotic; cava lees; dietary fiber; by-product

1. Introduction

Prebiotics are non-digestible ingredients for humans, such as dietary fiber, that can
stimulate the growth and/or metabolic activity of a healthy gut microbiota [1-3]. In fact,
the large intestine is one of the human body organs with greater microbial diversity, with
over a 1,000 bacterial species with a concentration of 1011 — 102 UFC/g [4]. In that regard,
when dietary soluble fiber arrives to the colon, it is fermented by the gut microbiota, pro-
ducing short chain fatty acids (SCFA), such as acetic, butyric and propionic acids [5]. The
SCFA are absorbed to the blood stream, getting to different organs and tissues like the
brain, muscles, or liver, where they can induce several positive effects. For instance, bu-
tyrate is the preferred energy source for the intestinal mucosa, while propionate contrib-
utes to gluconeogenesis in the liver [4,6]. Moreover, dietary fiber also contains bioactive
compounds that can increase its antioxidant activity [7].

Since dietary fiber has a positive effect on human health, the European Food Safety
Authority (EFSA) recommends an intake of 25 g of fiber per day [8]. Among the health
benefits of fiber are the prevention of cardiovascular diseases, hypertension, diabetes and
obesity [9,10]. Furthermore, it contributes to improve the activity of the gastrointestinal
tract, satiety and the modulation of the immune response of the intestinal mucosa [10,11].
Finally, dietary fiber can reduce the glycemic response and the blood cholesterol levels,
that being a risk factor in cardiovascular diseases [9,12].
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Dietary fiber comes from numerous sources (cereals, fruits and vegetables), but due
to the eating habits of the population it is hard to achieve EFSA’s goal [8]. In fact, most
European countries do not reach the minimum of 25 g/day of dietary fiber intake, the
mean being of 19.6 g/day [13]. This results in the need to find alternative sources of fiber
[9]. Recently, there has been a growing interest in the composition of several by-products
and their possible revalorization [5,14-17]. In that regard, wine lees have been described
as a source of fiber and antioxidant compounds [5].

Cava lees are a sparkling wine by-product obtained after the second fermentation of
wine. Lees are rich in fiber, as well as proteins and polyphenols [5,9], but are considered
a waste with no added value. In fact, the consumption of sparkling wine in 2021 was
around 11.1 mhL worldwide [18], where each bottle contains approximately 1g of lees,
being a total of 300 tons per year of such by-product (25 % of the total waste generated by
the wine industry) [19]. Such volume of waste must be managed, which not only repre-
sents and economic impact for the industry but also an important effect on the environ-
ment. Therefore, there is an increasing tendency to reduce waste production by valorizing
by-products and re-introducing them into the production cycle.

In that regard, the valorization of lees has been studied by different research groups.
They have been tested in vitro to improve the viability of certain lactic acid bacteria (LAB)
with probiotic characteristics [20] and have been described as being active against food
pathogens (Listeria monocytogenes and Salmonella spp.) [21]. Also, wine lees have been pro-
posed as an alternative source of antioxidants for meat [22] and as an emulsion stabilizer
[23]. Moreover, our research group has studied a potential revalorization of Cava lees as
anew ingredient in sourdough and bread, improving the growth and survival of the fer-
menting microbiota [24,25].

Therefore, if Cava lees are included in food formulation, given their composition they
can contribute to the fiber intake, reaching the daily intake values recommended. To that
end, the aim of this study was to evaluate the food safety and the potential prebiotic effect
of Cava lees on the intestinal microbiota in an animal model.

2. Materials and Methods
2.1. Ethical Approval

Ethical approval for this study was provided by the Bioethics Committee of the Uni-
versity of Barcelona (IRB00003099).

2.2. Study Design

The study was carried out with 24 Wistar Han rats (Table 1). A daily dose of 3 x 106
lees cells/kg body weight was administered by gavage (Lees diet) for 14 days. The test
item (Cava lees) was weighed and prepared daily, in 0.5% aqueous solution of carbox-
ymethyl cellulose (CMC) (w/v) (CAS Num.: 9004-32-4; Ref.: 144441.1209, Panreac), before
administration. Animals with a Control diet were administered only the aqueous solution
of CMC.

Throughout the entire study, animal weight was controlled, as well as food and water
intake and any clinic symptoms. During the dietary intervention, feces samples were col-
lected daily to evaluate the prebiotic effect of Cava lees. Animals were subjected to hema-
tological, chemical, and immunological blood analyzes at the beginning and end of the
treatment (14 days). At the end of the study, the animals were sacrificed to perform a
necropsy, a macroscopic examination and the collection of organs and tissues.
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Table 1. Experimental design describing the two tested diets (control and lees diet). 92
Lees Dose Administered volume Animal number
Group Label _
(mg/kg/day) (mL/kg/day) Male Female
1 Control 0 10 1-6 7-12
2 Lees 2,000 10 13-18 19-24
! Safety factor equivalent to 15 times more the recommended dose. 93
2.3. Intestinal Microbiota Extraction and Analysis 94

Bacterial DNA was isolated from feces samples using a kit QIAamp PowerFecal DNA 95
Kit (Ref.: 12830-50, QIAGEN, Germantown, MD, EEUU), following the manufacturer’s 9
instructions. DNA concentration was measured by BioDrop uLite (Biotech, Madrid, 97
Spain). To analyze the microbial composition, shot gun sequencing was performed on the 98
Mlumina MiSeq platform by the Genomic and Bioinformatic Service of the Universitat 99
Autonoma de Barcelona. Then, bioinformatics analysis of the microbial composition was 100
performed using the software MG-RAST version 4.04 [26] and QIIME 2 version 2022.2 101
[27]. 102
2.4. Statistic Analysis 103

Statistical analysis was performed using the Prism 9 v.9.1.2 (225) (GraphPad Soft- 104
ware, LLC., San Diego, CA, EEUU). Differences in the microbiota composition between 105
groups were analyzed by the Kruskal-Wallis test for non-parametric data. Alpha diversity 106
was measured by the Shannon index and evenness, and, for beta diversity, a Bray-Curtis 107
dissimilarity analysis was performed and visualized using a principal coordinates analy- 108

sis (PCoA). Differences were considered significant with a p-value <0.05. 109
3. Results and Discussion 110
3.1. Effect of Cava Lees on Body Weght, Food Intake and Organs of Rats 111

Throughout the study (14 days), weight and food and water intake data were regis- 112
tered daily (Figure 1). There were no significant differences of weight gain between the 113
two groups (Figure 1A), nor regarding food intake or water consumption (Figure 1B). 114

400 804

H*H .

350

11
MTTTM

300

Body Weight (g)

Daily Food and Water Consumption (g)

gERSEISSis ot

12 3 4 5 6 7 8 9 10 1 12 13 14
Time (days)
+- Control Diet Male Lees DietMale = Control Diet Female + Lees Diet Female = Control Diet Male Lees DietMale I3 Control Diet Female I Lees Diet Female

(a) (b)

Figure 1. Evolution of body weight and food and water intake during the 14-day dietary interven- 115
tion: (a) Body weight of rats according to sex (male and female) and the dietary intervention (control 116
or lees diet); (b) Food and water consumption by rats according to sex (male and female) and the 117
dietary intervention (control or lees diet). 118

[IT

T T
Food Intake Water consumption

Once the study was finished, animals were sacrificed, and their organs were re- 119
moved. In general, there were no statistically significant differences regarding the organ 120
(thymus, liver, spleen, and kidneys) weight of the two animal groups (Table 2). Neverthe- 121
less, male rats with a lees diet presented a significant increase of spleen weight. The spleen 122
is a peripheric lymphoid organ that plays a key role in the immune response of a healthy 123
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body [28,29]. Therefore, changes in its volume and structure could have a direct impact
on the immunity and resistance of the rat [28]. Even though an increase in spleen weight
has been related to obesity [29], data obtained in this study regarding spleen values of
both control and lees diet rats match those of healthy rats [28,29].

Table 2. Weight (g) of different organs (thymus, liver, spleen, and kidneys) of rats according to sex
(male and female) and diet (control or lees). Values are mean + standard deviation.

o Males Females
rgan Control Diet Lees Diet p-value Control Diet Lees Diet p-value
Thymus 0.80 +0.06 0.72+0.12 0.500 0.66 +0.18 0.64 +0.07 0.970
Liver 15.40+0.74 14.46 +2.07 0.333 8.42+0.71 7.96 £ 0.48 0.762
Spleen 0.97 £0.07 1.15£0.10 0.004 0.66 = 0.05 0.73£0.12 0.291
Kidneys 2.61 +£0.21 247 +0.16 0.489 1.61£0.35 1.65+0.08 0.960

58

Finally, no signs of necrosis nor other adverse effects were seen in the study of acute
toxicity between the rats fed with lees and the controls. The observational parameters/gen-
eral measurements (weight, food, and water intake) hematology, biochemistry, histo-
pathology, necropsy and immunogenicity did not reflect significant differences between
the control groups and the mixed trials.

3.2. Effect of Cava Lees on Gut Microbiota Composition

Gut microbial composition of animals with both control and lees diet was analyzed
and compared at phylum, family, genus and species levels. At the beginning of the study
the gut microbiota of both groups had a similar profile (p > 0.05). Overall, 5 phylum, 20
families, 88 genus and 204 species were found with a relative abundance greater than 1%.

At a phylum level, Bacteroidetes (26 %) and Firmicutes (68 %) were the dominant
bacteria in both groups. After the 14-day diet intervention, those were still the dominant
phylums, although there was a shift in rats with a lees diet, where Bacteroidetes repre-
sented a 17 % and Firmicutes a 75 % (23 % and 66 % respectively in control rats), being
significant changes respect the control group (p <0.05). In general, bacteria belonging the
phylum Firmicutes produce more butyrate, while the ones corresponding to Bacteroidetes
phylum mainly produce acetate and propionate [30-32]. In that regard, butyrate is con-
sidered a health promoter since it can increase insulin sensitivity, has anti-inflammatory
activity and regulates the energetic metabolism [30].

On the other hand, propionate and acetate act in different organs and tissues. For
instance, the former is stimulates GLP-1 and PYY release by L-entero-endocrine cells,
which results in the inhibition of appetite (colon) and participates in hepatic gluconeogen-
esis lowering the expression of enzymes related to the synthesis of fatty acids and choles-
terol (liver) [30,31]. Whereas the latter, acetate, stimulates the synthesis of lipids contrib-
uting to dyslipidemia (liver), activates the parasympathetic nervous system (brain) by
promoting insulin and gastric mucosa secretions (pancreas) [30,32].

Firmicutes includes the families Lachnospiraceae, Lactobacillaceae and Ruminococcaceae,
among others. Table 3 shows the differences in the relative abundance of these families
found between control and lees group.

Table 3. Differences regarding relative abundance (%) of bacteria from the phylum Firmicutes be-
tween rats with control and lees diet. Values are mean + standard deviation.

Family Control Diet Lees Diet p-value
Lachnospiraceae 10,87 £1,91 15,22 +1,87 0,02
Lactobacillaceae 9,71+0,83 11,71 £1,09 0,03
Ruminococcaceae 8,55+1,53 11,00 +£ 1,02 0,02
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Bacteria classified as Lachnospiraceae, Lactobacillaceae and Ruminococcaceae are able to 164
hydrolyze starch and other polysaccharides (e.g. inulin), and produce SCFA such as bu- 165
tyrate [33,34]. In the present study, the relative abundance of such bacteria increased sig- 166
nificantly in the animals with a lees diet. In fact, Zhang et al. (2017) [35] reported that mice 167
fed with a pomegranate extract (rich in polyphenols) the abundance of Ruminococcaceae 168
increased and Clostridiaceae decreased. It has been reported that wine lees are rich in bio- 169
active compounds such as polyphenols [9,23]. Moreover, Ruminococcaceae bacteria are re- 170
sponsible for the degradation of several polysaccharides and fibers, and are related to the 171
prevention of hepatitis (alcoholic and non-alcoholic) and hepatic encephalopathy, and to 172
an increase in intestinal permeability [36]. 173

Lachnospiraceae bacteria found in the human intestine mainly belong to the genus 174
Blautia, Coprococcus, Dorea, Lachnospira, Oribacterium and Roseburia [33]. It was found that 175
Blautia hansenii, Ruminococcus obeum and Roseburia intestinalis increased significantly with 176
the intake of Cava lees (Figure 2). In this sense, Guo et al. (2017) [37] studied the possible 177
prebiotic effect of polyphenols from green tea to reduce induced obesity in mice witha 178
high-fat diet. They focused on the gut microbiota composition as well as the bacterial met- 179
abolic products, finding a positive correlation between an increase of Roseburia and the 180
production of butyrate in mice fed with polyphenols from green tea. That increase in 181
SCFA production could be related to the prevention of opportunistic pathogens and colon 182
diseases by favoring the growth of commensal bacteria [37,38]. Furthermore, it has been 183
observed that certain species of Blautia present antimicrobial activity against pathogens 184
such as Clostridium perfringens, which makes them potential probiotics that benefit the host 185

[39]. 186
Blautia hansenii Ruminococcus obeum Roseburia intestinalis
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Figure 2. Differences of relative abundance (%) of potentially probiotic bacteria between animals 187
with control and lees diet. Significant differences between groups are indicated with an asterisk (*): 188
(a) Blautia hansenii; (b) Ruminococcus obeum; (c) Roseburia intestinalis. 189

Nonetheless, Oliver et al. (2021) [40] reported a negative correlation between the rel- 190
ative abundance of Roseburia and Ruminococcus, and Bifidobacterium, suggesting a negative 191
interaction between species from these taxa. Indeed, they observed a decrease of Bifidobac- 192
terium in animals with lees intake (2.7 %) versus control (4.7 %), while there was an in- 193
crease of Roseburia (8.3 % - lees; 3.9 % control) and Ruminoccocus (8.9 % - lees; 5.8 % - con- 194
trol). As a matter of fact, Bifidobacterium participate of cross-feeding with other bacteria 195
that produce butyrate and release oligo- and mono-saccharides from more complex sub- 19
strates [34]. As a matter of fact, we observed lower abundance of Bifidobacterium in rats 197
with lees supplementation, although it was not significant. 198

Finally, various species of the family Lactobacillaceae are classified as probiotics. In 199
general, we found that rats with lees supplementation presented higher relative abun- 200
dance of potentially probiotic bacteria (Table 3). These bacteria can modulate the immune 201
response of the host, provide extra energy via SCFA production and influence the 202
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structure, function and integrity of the intestine [41]. Moreover, different strains of Lacto- 203
bacillus, isolated from gut microbiota, have shown antimicrobial activity against patho- 204
gens resulting from the production of lactic acid, bacteriocins and other bactericidal com- 205
pounds [41-43]. In addition, several studies report that the intake of dietary fiber increases 206
the relative abundance of Lactobacillus [44]. Table 4 shows the species of Lactobacillaceae 207
bacteria that presented significant differences between control and lees groups. 208

Table 4. Differences regarding relative abundance (%) of bacteria from the family Lactobacillaceae 209

between rats with control and lees diet. Values are mean + standard deviation. 210
Family Control Diet Lees Diet p-value

Lactobacillus brevis 240+ 124 671 +443 0,02
Limosilactobacillus fermentum 327 + 226 1144 +905 0,02
Lacticaseibacillus paracasei 115+ 68 370 +290 0,04
Lactiplantibacillus plantarum 636 + 422 2072 + 967 0,04
Ligilactobacillus ruminis 1109 + 775 5224 + 1628 0,02
Latilactobacillus sakei 166 + 105 509 + 286 0,04
Ligilactobacillus salivarius 1721 +£1143 7684 + 2820 0,02

211

3.2.1. Bacterial Diversity 212

Bacterial diversity was assessed by alpha (Figure 3A and 3B) and beta diversity (Fig- 213
ure 3C). Alpha diversity is a measure of the number of different bacteria found withina 214
sample, taking into account the evenness and distribution of such bacteria. The higher the 215

value of the Shannon index, the more diversity there will be in the sample studied. 216
217
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Figure 3. Alpha and beta diversity between animals with control (green) and lees (orange) diet. 218
Significant differences between groups are indicated with an asterisk (*): (a) Shannon diversity in- 219
dex (alpha diversity); (b) Evenness (alpha diversity); (c) Beta diversity determined by the Bray— 220
Curtis index and principal coordinates analysis (PCoA). 221

Regarding alpha diversity, it was observed that rats from the control group had a 222
significantly higher diversity that lees group. That could be a result of an increase of bac- 223
teria that produce antimicrobial compounds (e.g. L. brevis, L. plantarum or L. sakei) and can 224
reduce the relative abundance of other microorganisms. 225

Finally, beta diversity is related to the differences between individuals regarding the 226
distribution of genera and species. Figure 3C showed that the animals with lees supple- 227
mentation clustered together, while controls were more dispersed. This can translate toa 228
greater homogeneity in the gut microbiota of animals with lees supplementation. 229

230
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4. Conclusions 231

Due to the rich fiber composition of Cava lees, this by-product can present potential 232
prebiotic characteristics. The supplementation with lees did not result in a weight increase 233
nor a modification of the food and water intake. In addition, it did not have a negative 234
impact on the studied organs. As for their effect on gut microbiota, lees promoted an in- 235
crease in the relative abundance of potential probiotic bacteria (B. hansenii, R. intestinalis 236
and R. obeum). Additionally, the abundance of certain species of bacteria from the family 237
Lactobacillaceae also increased significantly. All that could result in an increase of SCFA 238
production (acetate, butyrate, and propionate). Therefore, it could be interesting to study 239
the evolution of SFCA with a prolonged supplementation of Cava lees to confirm these 240
preliminary results. Hence, the supplementation or formulation of food with Cava lees 241
could be a new strategy for the revalorization of such by-product, while promoting a 242
higher daily intake of fiber closer to the recommended values. 243
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El primer objectiu de la tesi fa referéncia a la caracteritzacié de les lies del
Cava a nivell de perfil volatil, degut a la capacitat de retencié d'aromes del Cava a
la seva superficie [30,98]. Aquesta habilitat de les lies per captar els aromes del
Cava podria afectar el perfil volatil dels productes on s'incorporin per la seva

valoritzacié.

Per poder avaluar quins compostos acaben essent adsorbits a la superficie
de les lies, es van analitzar ampolles de diferents Caves en funcié del seu temps de
crianga (Reserva i Gran Reserva), aixi com del raim utilitzat (varietats blanques o
negres) per la vinificacié. Les ampolles es van desgorjar al laboratori i se'n van
extreure les restes de lies, que es van liofilitzar. A continuacio, es van extreure els
compostos volatils per microextraccié en fase solida de |'espai de cap (Head-Space
Solid Phase Microextraction, HS-SPME) i es van analitzar per cromatografia de
gasos acoblada a espectrometria de masses (GC-MS) tant els Caves com les lies
obtingudes. A més a més, també es van analitzar mostres de lies recollides
directament del celler, representant el residu que generen les Caves.
Paral-lelament, també es van avaluar diferents parametres fisicoquimics com el pH,
I'index de polifenols totals (IPT) i la intensitat (IC) i tonalitat de color (TC) tant dels
Caves com de les lies. A més, també es va fer un recompte de cél-lules de llevat

en les mostres de lies.

De manera general, els valors dels parametres d'IPT i IC van ser més alts en
les lies que en els Caves. Aquest fet pot estar relacionat amb una capacitat de les
lies d"adsorbir polifenols a la seva superficie, disminuint-ne el contingut en el Cava
final un cop desgorjat. D'altra banda, es va identificar un total de 45 compostos,
dels quals 19 només es van trobar a les mostres de lies. La majoria d'aquestes
diferencies es van observar a les mostres L-CV1, que en ser el residu del celler era
una barreja de totes les lies dels diferents Caves que produeixen sense distingir
entre temps d’envelliment ni varietats de raim. Aixo podria suposar una font
d'aromes per la industria alimentaria, de manera que es podria donar un nous Us a

aquest subproducte com a nou ingredient dins la formulacié d'aliments.
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Les lies del Cava son capaces de retenir compostos fenolics i volatils a la
@ seva superficie, incrementant amb el temps de crianga, pel que podrien ser

de gran interés per la industria d’aromes i alimentaria com a nou ingredient.

FER GRAFIC ABSTRACT PER POSAR AMB LA IDEA RELLEVANT.
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Characterization of white and rosé sparkling wine lees surface volatiles
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Abstract. Cava is a sparkling wine that requires a second fermentation in the bottle. Its volatile fraction is
conditioned by different parameters (grape, vinification process, fermentative yeast, and aging time). During the
autolysis process, yeasts release compounds into the wine, but lees can adsorb certain compounds on their
surface. Therefore, the aim of this work was to characterize different white and rosé Cavas, and their lees. For
this, white Cavas (CGR1: 40 months; CR1: 16 months) and rosé Cavas (CRR1: multivarietal coupage; CRR2:
monovarietal; both 20 months) were studied. Once disgorged, lees were freeze-dried (L-CGR1, L-CR1,L-CRR1
and L-CRR?2). In addition, lees waste from the winery were collected. pH, total polyphenol index (TPI) and
colour intensity (CI) of Cavas and lees were determined. The volatile fraction was analysed by Head-Space Solid
Phase Microextraction followed by gas chromatography coupled to mass spectrometry. Lees showed higher
values than their respective Cavas for TPI and CI, especially in the case of the L-CGR1. Most of the volatiles
were identified both in Cavas and their lees, esters being the main compounds. Therefore, lees can retain phenolic
and volatile compounds on their surface, which could be of interest as a new ingredient in the food industry.

1. Introduction

Cava is a Quality wine produced in specified regions
(QWPSR) that requires a second fermentation in the bottle,
with a minimum time of 9 months of biological ageing sur
lie [1]. During the ageing period, fermenting yeasts
undergo the autolysis process, in which they can release
different compounds (lipids, carbohydrates, amino acids,
peptides and volatile compounds) to the wine [2]. Once the
ageing process ends, lees are removed from the bottle
(disgorgement) and become waste [3]. In fact, the Cava
industry generates a great amount of organic waste, such
as skins, stems and seeds from the grapes, as well as lees
from the alcoholic fermentation. Indeed, lees represent a
25 % of the total waste of these cellars, which is about 300
tons per year [4].

Lees consist of naturally plasmolyzed yeast cells,
tartaric acid and other adsorbed compounds [5]. Actually,
the cell wall of yeasts is constantly in contact with Cava
during ageing [3]. It mainly consists of mannoproteins
(exterior) and branched glucans (interior). It is this
structure that gives the lees the properties to interact with
the compounds of Cava [3,6]. In fact, different studies
have focused on the lees ability to adsorb compounds such

as polyphenols and other volatile compounds that
contribute to wine aroma [3,7,8].

Recently, since lees are rich in fiber and antioxidant
compounds [5.,9], they have been used as an ingredient in
several food matrices in order to re-valorize such by-
product [10-12]. Since the addition of lees to food
formulation may change its organoleptic properties, Cava
lees should be characterized regarding volatile compounds
and other physicochemical parameters such as pH and
color. Therefore, the aim of this study was to characterize
Cava lees regarding different parameters related to
sparkling wine quality as well as to evaluate their ability
to adsorb volatile compounds from Cava.

2. Materials and methods

2.1. Cava lees recovery

Four types of Cava were selected from the winery
Freixenet, S.A. (Sant Sadurni d’Anoia, Spain) produced
with different grapes (Macabeu, Xarel-lo and Parellada for
white sparkling wines; Garnatxa and Trepat for rosé
sparkling wines) as well as different ageing time (Table 1).
Moreover, samples of the cellar lees waste were also

69



Resultats

Web of Conferences

obtained (L-CV1). All bottles were disgorged at the same
time and wet lees were extracted. Cava samples were
stored at -20 °C until the analysis. Then, wet lees were
frozen (-80 °C, 15 min) and freeze-dried (Cryodos-50,
Telstar, Terrasa, Spain). Lyophilized lees were stored in
sealed tubes protected from light and humidity.

Table 1. Studied Cava and their respective lees.

Sample Lees Biological
D Sample  Grape ' ageing Category *
1D (months)
CGRI L-CGRI MX-P 40 Gran

Reserva
CR1 L-CR1 M-X-P 16 Reserva
CRR1  L-CRRl GA-TR 20 Reserva
CRR2 L-CRR2 TR 20 Reserva

! M: Macabeu; X: Xarel'lo; P: Parellada; GA: Garnatxa; TR:
Trepat. 2 Categories according to PDO Cava [1].

2.2. Determination of physicochemical
parameters

The plasmolyzed cells were determined by cell counting
with a Neubauer chamber (Ref.: 640110, Paul Marienfeld
GmbH & Co., Germany). pH was determined in both Cava
and lees using a pH meter XS PH60 Violab (XS
Instruments, Carpi, MO, Italy).

The optical density (OD) for the analysis of the total
phenolic index (TPI), color intensity (CI) and color hue
(CH) was determined using a UV-3600 UV-Vis-NIR
Spectrophotometer (Shimadzu Scientific Instruments,
Inc., MD, USA). Samples were placed in quartz cuvettes
with a length of 10 mm. OD was measured at a wavelength
range between 280 nm and 620 nm. Ultrapure water was
used as blank. For TPI it was necessary to dilute the
samples with ultrapure water to obtain OD values between
0.1 and 0.9 according to OIV official analysis regulations
[13].

2.3. Analysis of volatile compounds in Cava and
lees

The extraction of volatile compounds in Cava and lees was
performed by head-space solid phase microextraction (HS-
SPME). It was carried out using a 2 cm long
Divinylbenzene/Carboxen/Polydimethylsiloxane
(DVB/CAR/PDMS)  fiber supplied by  Supelco
(Bellefonte, PA, USA). Samples of 5 mL (Cava) or 25 mg
(lees) were placed in 10 mL vials. After 15 min of
equilibration at 50 °C under continuous agitation (250
rpm), the fiber was exposed to the headspace for 40 min.
Chromatographic analysis was carried out in a 6890N
Network GC system (Agilent, Palo Alto, CA, USA)
coupled to MS Agilent technologies 5973 Network
selective detector (Agilent, Palo Alto, CA, USA). Helium
was used as a carrier gas. Separations were accomplished
in a DB Wax USN 125-7031 column (30 m x 0.25 mm x
0.25 um) (Agilent, Palo Alto, CA, USA). A splitless
injector suitable for SPME was used. After extraction, the
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fibre was removed from the headspace vial and inserted
directly into the injection port of the GC. The SPME fibre
was thermally desorbed for 2.5 min at 260°C.

The initial temperature of the column was 40°C for 10
min, and this was subsequently increased at 4°C/min up to
75°C, then temperature was increased at 2°C/min up to
260°C and hold for 5 min using splitless injection mode.
GC-MS detection was performed in complete scanning
mode (SCAN) in the 40-350 amu mass range with two
scans per second. Electron impact mass spectra were
recorded at an ionization voltage of 70 eV and ion source
of 280°C. The results reported were calculated by dividing
the peak area of the compounds of interest by the total area,
obtaining the relative abundance of each compound. The
relative response factor was considered to be 1.
Identification was performed by comparison of their mass
spectra with those of the mass spectra library database
Wiley 6.0., and their retention times with those of pure
standards when they were available.

2.4. Statistical Analysis

All assays were performed in triplicate and in a
randomized run order. The statistical analysis was
performed using Prism 9 version 9.1.2 (225) (GraphPad
Software, LLC., California, USA) statistical package. The
results are reported as the means + standard error (SE) for
parametric data. A one-way ANOVA and comparison of
the means were conducted using Tukey's test, with a
confidence interval of 95% and significant results with a
p-value of < 0.05. Principal component analysis (PCA)
was also performed to determine differences between
Cavas and lees.

3. Results and discussion

For this study, four different types of Cava, as well as their
lees, were analyzed. In addition, wine lees from the cellar
waste were also collected and analyzed, since the wineries
do not separate the lees according to the type of Cava, but
deposit them all together to manage them as waste.

3.1. Determination of
parameters

physicochemical

Cava and lees pH values and cell counts are shown in
Figure 2. In general, pH values of Cava are within the
requirements established in the legislation (minimum 2.8
and maximum 3.4) [1]. It should be noted that the pH of
Caves with Reserva category (CR1, CRR1 and CRR2) had
a pH close to 3.1, regardless of the grape variety, while
Cava Gran Reserva (CGR1) obtained a lower pH (2.94 +
0.05) (p < 0.05). As for the lees, the pH values showed no
significant differences except for the L-CVI1 (cellar
residue) samples, which obtained the lowest value (3.02 +
0.02) (p < 0.05). However, the pH range obtained by lees
was lower than that reported by other studies, in which the
values ranged from 3.6 to 7.2 [4].
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Table 2. UV-Vis spectrometry results regarding total phenolic index (TPI), color intensity (CI) and color hue (CH) expressed as
absorbance units.

Sample ID TPI! OD520 nm CI? CH?

CGR1 647+0.25 372+0.62% 0.604 +£0.062* 1.612£0.162°

§ CR1 543 +0.57 3.11+£0.04% 0.370 £0.097° 1.111 £0.097°
5 CRR1 6.96 £0.70 421+032° 1.145 £0.064¢ 1490 £0.064*
CRR2 5.59+0.88 2.65+0.06°¢ 0.540 £0.013* 1.247 £0.109°

L-CGR1 9.68 £0.48* 435+0.71 1.320 £0.035* 1.140 £0.031°

i L-CR1 9.64 £0.36* 440047 1412 +£0.038* 1.023 £0.010°
E L-CRR1 8.07 £0.64° 4.66 +£0.19 0.832 +0.087° 1.025 +0.002°
= L-CRR2 7.68 £0.52° 501+0.18 1.836 +£0.052°¢ 0.999 +0.016°
L-CV1 636+021°¢ 424+0.12 0.766 £ 0.045¢ 0.942 +0.002¢

! TPI: Total Polyphenols Index, ODasonm x 10. 2CI: Color Intensity, OD420 nm + OD520 nm + ODs20 am. > CH: Color Hue, ODa20 nm / ODs20 nm.
Results are expressed as mean + standard deviation of triplicates. Different letters denote statistically significant differences (p < 0.05)

between the samples of Cava and between the samples of lees for each parameter.

.
T

[

o
2
2
Plasmlzed cells (cellg)

LGGRI LCR1 LORR1 LORRZ LGV

Figure 1. pH (A) and cell counts (B) of the different types of
Cava and lees.

Plasmolyzed cells were then counted in lees samples
using the Neubauer chamber (Figure 1B). The number of
cells was found to be between 2.4 x 10® + 8.0 x 107 cell/g
(L-CGR1) and 6.2 x 10% + 1.8 x 108 cell/g (L-CRR1). The
Reserva Caves (both white and rosé) had a similar
concentration of cells. Also, the residue from the winery
(L-CV1) had a concentration of 4.4 x 10% cells/g.

The different types of polyphenols found in a wine
have absorbance depending on the wavelength: at 280 nm
the absorption is related to the benzene ring common to all
phenolic compounds; at 320 nm are flavones and non-
flavonoid compounds (hydrocinnamic acids, stilbenes, and
hydrobenzoic acids); and finally, 520 nm is related to the
presence of anthocyanins, which provide a reddish or
purple pigment [15,16]. Therefore, the white Cavas will
mainly show absorbance in the 280 nm and 320 nm region,
while in the pink cava samples there will be an extra
absorption region at 520 nm. On the other hand, the color
intensity (CI) represents the amount of color, varies
depending on the wine and the grape variety used during
vinification, and is in the range of 0.3 to 1.8 units. In
addition, the color tone (TC) shows the development of
orange tones with the aging of the wine, obtaining values
between 0.5 and 0.7 for young wines and increasing up to
1.2 - 1.3 for aged wines [14]. The values obtained by UV-
Vis spectrometry are found in Table 2.

Recent studies indicate a first increase and a
subsequent decrease in the values of TPI, CI and CH as a
result of the absorption of polyphenols by lees, as well as
their polymerization and precipitation during the aging of
Cava [15]. In fact, a higher TPI was observed in the

samples of white lees compared to their respective Cava,
obtaining the highest values in L-CGR1 and L-CR1 (white
Cava). In rosé samples the same tendency of increase of
the TPI in the lees was observed, obtaining a difference of
1.11 (CRRI and L-CRR1) and 2.09 (CRR2 and L-CRR2)
between the Cava and its lees. The sample of the cellar
waste (L-CV1) showed the lowest TPI values (6.36 +
0.21).

Regarding the CI, among Cavas of white varieties
CGR1 had a higher intensity than CRI1 (p < 0.05).
However, the CI of L-CR1 was slightly higher than that of
L-CGR1. Therefore, color intensity of Cava increases with
the biological ageing. In contrast, for rosé samples, CRR1
had a higher CI than CRR2 (p < 0.05). In fact, single-
variety rosé Cava (CRR2) had a very pale coloration, so
adding the Garnatxa variety to Trepat (CRR1)
significantly increased the CI. With respect to the lees
obtained from these Cavas, L-CRR1 had a lower CI, as
opposed to L-CRR2, that significantly increased its CI (p
<0.05). Similarly to TPI, the CI of L-CV1 was the lowest.

Finally, CH results were as expected for Cava with
biological ageing, obtaining values between 1.111 +0.097
(CR1) and 1.612 + 0.162 (CGR1); and 0.942 + 0.002 (L-
CV1) and 1.140 = 0.031 (L-CGR1) for lees. In fact, the
highest CH values were those of Cava with the highest

aging.

3.2. Analysis of the volatile compounds of Cava
and lees

The volatile fraction, or aroma, of Cava is one of the most
relevant quality factors of such product. Aroma is
influenced by different parameters, such as grape variety,
the vinification process, the fermenting yeasts, and
biological ageing in contact with lees [7,15,16]. In fact, the
second fermentation and biological ageing have a great
impact on the volatile compounds of Cava. For instance,
during autolysis, yeasts release compounds to the wine [6].
Nevertheless, yeast lees are able to adsorb certain
compounds in their surface [3]. Therefore, ageing time can
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determine the volatile profile of a product such Cava
[15,17].

Biplot

Lees - Medium
ageing time

Cava

PC2 (24.56 %)

4 Adenydes 3 §
Ketone| Loes - Long
ageing time

E T T T T
6 4 2 0 2 4
PC1 (40.76 %)

CGR1 CR1 CRR1 CRR2
L-CGR1 @ L-CR1 e L-CRR1 ® L-CRR2 L-Cv1
Figure 2. Principal component analysis (PCA) biplot of Cava
and lees.

In this study, a total of 68 different compounds were
identified in the samples of Cava and lees. The results
obtained were subjected to a PCA (Figure 2). Generally,
Cava with more time of biological ageing (CGR1) and
their lees (L-CGR1) were the samples with a greater
variety of identified compounds. On the other hand, Cavas
with the same biological ageing time (CR1, CRR1 and
CRR2) showed differences regarding the grapes variety
used for vinification, being significant between CR1 and
rosé Cavas, but not between CRR1 and CRR2 for most of
the compounds.

Both Cava and lees presented a similar volatile profile
(Figure 3). In both matrices esters were the major volatile
compounds (45% - 79%), highlighting ethyl hexanoate and
ethyl octanoate in Cava, and ethyl octanoate and ethyl
decanoate in lees. It can be observed that Cava lees
presented more variability regarding the relative
abundance of each family compound, although their
general profile was very similar to Cava.

Acids are a product of long chain fatty acids catabolism
and, depending on their concentration, they are related to
adecrease in wine quality [18,19]. It has been reported that
when acids between C6 and C10 are above 20 mg/L have
a negative impact on wine organoleptic quality, while
below that concentration, acids contribute with pleasant
aromas [18]. In the present study, acids accounted for 12%
- 17% of the total volatile compounds identified,
increasing with biological ageing. Octanoic acid was the
major acid, in accordance with other studies [15,18,20].
Moreover, Mendes de Souza Nascimento et al. (2018) [18]
reported that higher values of chromatographic areas of
acids can be related to the double fermentation that take
place in sparkling wine vinification following the
traditional method, as it is the case of Cava production.
Regarding lees, acids showed a greater area for L-CV1
(34.37£10.91),L-CGR1 (31.95+9.34) and L-CR1 (16.85
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+ 2.10), being a 26%, 22% and 17%, respectively. Lees
from rosé Cava presented lower values with a relative
abundance of 10.27 £0.61 (9%, L-CRR1) and 7.01 £ 1.00
(7%, L-CRR2).
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Figure 3. Relative abundance of the volatile compounds
identified in Cava and lees A) White Cava and lees; B) Rosé Cava
and lees.

Aldehydes are the result of carbohydrate and lignin
degradation and are responsible for toasty notes in wine
[18,21]. Even though aldehydes can be reduced during
ageing to form their respective alcohols [21], in this study,
both Cava and lees increased the total abundance of
aldehydes with the ageing time. Furthermore, it has been
reported that aldehydes are easily adsorbed by lees [3,21].
For instance, a few aldehydes were identified in CR1
(furfural, benzaldehyde and 2-methylbenzaldehyde),
CRR1 (furfural and benzaldehyde) and CRR2 (furfural
and 3-methylbenzaldehyde), but the aldehydes found in
their lees presented a higher diversity.

During the fermentation process, higher alcohols are
produced from sugars and amino acids. They are an
important fraction of the sparkling wine volatile profile,
even though alcohols may have a positive or a negative
impact on wine aroma [18]. In the present study, isoamyl
alcohol and 2-phenylethanol, both major products of
alcoholic fermentation, where the dominant alcohols in
Cava, being in accordance with other studies [15,18,22].
Although 2-phenylethanol was found in all lees samples,
isoamyl alcohol was only identified in L-CGR1 (Cava
Gran Reserva) and L-CV1 (cellar waste), with a low
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relative abundance (1.11 £+ 0.12 and 2.03 + 0.62,
respectively). 2-butanol, 1-hexanol, (Z)-3-hexen-1-ol and
2-methylpropanol were only found in Cava. Moreover, 2-
butanol and 2-methylpropanol were exclusive of rosé
Cava, while 1-octanol and (Z)-3-hexen-1-ol were only
identified in white Cava. On the other hand, 1,3-
butanediol, 1-nonanol, 2-hexanol and 2-ethilhexanol were
only obtained in lees. In fact, Gallardo et al. (2009) [3]
studied the volatile profile of lees and concluded that lees
have a scarce capacity of retaining higher alcohols on their
surface.

As previously stated, esters were the major volatile
compounds of both Cava and lees, contributing to aroma
with fruity notes. Regarding Cava, they represented
between 65% (CGR1) and 75% (CR1); while in lees there
was a greater variability, ranging between 64% (L-CGR1)
and 82% (L-CRR2). Because of their great hydrophobic
capacity, esters can easily be retained on lees surface [3].
Among the detected esters, most of them were ethyl esters.
Those are produced by yeasts during alcoholic
fermentation, contributing with floral and fruity aromas
[22]. In accordance with other studies, ethyl hexanoate,
octanoate and decanoate and diethyl succinate, were the
major esters found in Cava [18,22]. Similarly, they were
also the most outstanding esters, in agreement with the
results reported by Gallardo-Cachén et al. (2009) [3].

Finally, vitispirane A and 1,1,6-trimethyl-1,2-
dihydronaphthalene (TDN) were the norisoprenoids
identified in Cava and lees. They are both considered
ageing markers due to their concentration increase with
time [3,17]. In fact, the obtained results showed a greater
area percentage in lees and Cava Gran Reserva when
compared to younger Cavas, being in agreement with other
studies [3,15,17,19]. Similarly to esters, those compounds
are hydrophobic, therefore, they have a great capacity of
being retained in lees surface [3].

In general, volatile compounds of Cava and lees differ
from each other (Figure 4). Regarding white Cavas, CGR1
(Gran Reserva) there is a coincidence of 53% of the
compounds with respect to their lees (L-CGR1); while
CR1 (Reserva) there is a 43% similarity between Cava and
lees. As for rosé Cavas, between CRR1 and L-CRR1 there
was a 31% coincidence, and a 35% similarity between
CRR2 and L-CRR2. Thus, longer times of ageing in
contact with lees may result in greater adsorption or
release of compounds and, consequently, more similarity
between the wine and the lees.

CGR1 _—— L-CGR1 L-CR1

/
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|
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Figure 4. Venn diagram of the volatile compounds Shared by
each Cava and their lees: A) Gran Reserva White Cava (CGR1);
B) Reserva White Cava (CR1); C) Reserva Rosé Cava coupage
Garnatxa-Trepat (CRR1); D) Reserva Rosé Cava Trepat (CRR2).

4. Conclusions

During biological ageing of Cava (sparkling wine)
compounds are both released and retained by lees,
therefore modifying the volatile and phenolic profiles of
such wine product.

Different physicochemical parameters of both Cava
and lees were studied. Generally, it was observed that lees
presented higher values of TPI and CI, pointing towards
the adsorption of phenolic compounds in the lees surface.
It was found that pH values were lower for Cava and lees
with a longer ageing period. Regarding the number of
plasmolyzed cells in Cava lees, values were around 10%
cells/g of lees.

On the other hand, a total of 68 volatile compounds
were identified in Cava and lees, of which 19 were only
found in lees samples. Most of these differences were
found in L-CV1 (cellar lees waste) in which lees from
different origins are mixed.

In conclusion, lees could be a potential source of flavor
as a new ingredient for the food industry. That might be a
new strategy for the valorization of such by-product.
Therefore, future research should focus on the use of
different lees in the formulation of foodstuff.
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La massa mare és una barreja de farina i aigua que, tradicionalment, es
deixa fermentar de manera espontania (sense I'Us de cultius iniciadors) per la
microbiota propia dels ingredients utilitzats, on les farines més utilitzades son les
de blat i ségol. D'altra banda, les lies del Cava sén un subproducte de la industria
vitivinicola, riques en fibra i compostos antioxidants (Seccié 2.1.2.3). Per tant, la
hipotesi de la que deriva el segon objectiu de la tesi se centra en la possible
capacitat de les lies del Cava per promoure el creixement i supervivéncia de
microorganismes amb interés tecnoldgic, com ho sén els responsables de la

fermentacié de la massa mare i el pa.

De fet, en els aliments fermentats, aquests microorganismes tenen un
efecte sobre la qualitat nutricional i organoléptica d'aquests productes. Es més, en
funcié de les poblacions microbianes I'aroma d‘aliments com el pa es pot veure
modificat. A més a més, com s’ha comprovat les lies tenen capacitat de retencié
de compostos volatils a la seva superficie (Seccié 5.1 — ). Per tant, com
a conseqiencia de la incorporacié de lies a la formulacié de la massa mare i el pa
es podria modificar la microbiota fermentativa i aportar aromes nous al producte,

pel que podrien presentar canvis en la percepcié i acceptacié d'aquest.

Per tant, el segon ambit estudiat en aquesta tesi es va dividir en diferents
objectius. Per una banda, avaluar I'addicié de diferents concentracions de lies del
Cava (0 — 2%) sobre el creixement i supervivencia de la microbiota propia de la
massa mare ( ). A continuacid, es va estudiar |'efecte d'aquest nou
ingredient sobre el perfil volatil de la massa mare utilitzant les mateixes
concertacions ( ). Finalment, es va fixar una concentracié del 5%, basat
en estudis previs in vitro [29], i se'n va estudiar |'efecte sobre la microbiota i el perfil

volatil tant de la massa mare com del pa final ( ).
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L'addicié de lies del Cava a la formulacié de massa mare promou el
creixement i supervivencia dels microorganismes fermentadors i,
conseqlientment, promou una disminucié del pH i un increment en la
produccié d’acids organics. Tot aixd pot suposar una major estabilitat

microbioldgica aixi com canvis en el sabor i aroma del pa resultant.
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Abstract: Cava lees are a sparkling wine by-product formed of dead microorganisms, tartaric acid
and other inorganic compounds, with a potential for enhancing microbial growth. Lees are rich
in antioxidant compounds as well as 3-glucans and mannoproteins. The aim of this study was to
evaluate the effect of different concentrations of cava lees (0-2% w/w) on the microbiota (LAB and
yeasts) responsible for sourdough fermentation (8 days) to revalorize this by-product of the wine
industry. The results showed that 2% cava lees promoted microbial growth and survival in both
wheat and rye sourdoughs, except for yeast growth in rye, which stopped at day 3 of fermentation.
Moreover, sourdough with lees achieved lower pH values as well as higher concentrations of organic
acids, especially lactic and acetic acids (p < 0.05). To sum up, the use of cava lees in sourdough
formulation promotes the growth and survival of microorganisms, which, in consequence, promotes
a lower pH and greater amounts of organic acids. This could lead to microbial stability as well as
changes in bread flavor.

Keywords: cava lees; wine by-product; revalorization; sourdough; lactic acid bacteria; yeasts;
prebiotic

1. Introduction

Cava is a Spanish sparkling wine with a Certified Brand of Origin (CBO) that is
produced using a traditional method, refermenting a base wine in a sealed bottle. In order
to be considered Cava, wines must undergo an ageing process for a minimum of 9 months
(EC Regulation 2019/934). Yeast autolysis takes place during the ageing process, releasing
cell components and breakdown products into the wine [1,2].

Lees are defined as the residue formed at the bottom of receptacles containing wine,
after fermentation and during storage (e.g., during the ageing process of Cava). Lees
mostly consist of dead microorganisms (generally Saccharonyces cerevisiae), tartaric acid and
other adsorbed compounds [3]. The cell wall of S. cerevisiae remains intact and is mainly
composed of mannoproteins and branched -glucans, as well as soluble polysaccharides [1].
Cava lees are rich in antioxidant compounds [3,4] along with soluble and insoluble dietary
fiber from the yeast cell wall [5].

Each bottle of Cava contains about 1g of lees, which contains approximately 108 yeast
cells that contribute to organoleptic properties during ageing [6]. However, yeast lees
of Cava are considered a by-product of approximately 300 tons per year, representing
approximately 25% of the waste by-products from the wine industry [4]. Despite being
the second largest by-product in wineries, wine lees are mainly destined for distillation.
However, considering their composition, those lees could also potentially acquire an added
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value [5,7-9]. In fact, there is an increasing trend in the food and drinks industry to reduce
food waste by revalorizing by-products and co-products, therefore contributing to a circular
economy and more sustainable food production [4,8,10-16].

On the other hand, consumers are more conscious of their food consumption and
their health. Moreover, artisan food products” popularity is increasing due to a clean-label
trend, including the use of sourdough in bread-making [17]. In addition, Spain has recently
developed new bread legislation, including the definition of sourdough and establishing
some rules regarding its production and labelling (RD 308/2019) [18].

Sourdough is a mixture of flour and water, fermented by homo- and heterofermenta-
tive lactic acid bacteria (LAB) and yeasts. The traditional method consists of the sponta-
neous fermentation of sourdough by the microorganisms present in the flour, which are
responsible for acidification, leavening and flavor formation [17,19,20]. Different flours
(e.g., wheat, rye, teff, barley, etc.) may be used to produce sourdough, presenting different
characteristics in the final bread, such as flavor or nutritional value. In fact, the flour
composition and its quality can affect the microorganisms’ dynamics and, therefore, the
sensory properties of the sourdough bread [17,21-23].

Therefore, the aim of this study was to evaluate the prebiotic effect of yeast lees on
the microbiota (LAB and yeasts) responsible for sourdough fermentation to revalorize this
by-product of the wine industry.

2. Materials and Methods
2.1. Preparation and Propagation of Sourdoughs

A commercial wheat flour was used for sourdough preparation (Ref.: 7230 Buonpane,
Molino Quaglia SpA, Padua, Italy), with the following composition (% w/w): carbohydrates
72.0, fat 1.5, fiber 2.0, protein 11.5 and moisture 15.0. A second type of sourdough was
prepared using a commercial rye flour (Ref.: 50782, Molino Quaglia SpA, Padua, Italy),
with the following composition (% w/w): carbohydrates 76.4, fat 0.8, fiber 4.6, protein 4.6
and moisture 15.0.

Both types of sourdough were prepared by mixing 100 g of flour and 100 mL of sterile
distilled water, without the inoculation of starter culture bacteria or yeasts, and incubated
at room temperature. Cava lees were provided by the winery Freixenet S.A. (Sant Sadurni
d’Anoia, Spain) and lyophilized following the method described by Hernandez-Macias
etal., (2021) [7]. Lyophilized lees were added at different concentrations (0%, 0.5%, 1% and
2% (w/w)) to assess their effect on sourdough fermentation (Table 1). The sourdoughs were
propagated daily by backslopping for 8 days, inoculating an aliquot of the previous dough
into a new mixture of flour and water. All fermentations were carried out in triplicate.

Table 1. Ingredients of sourdough (flour weight basis, g).

Flour! Water Dough 2 Cava Lees 3
Control 100 100 100 -
0.5% Lees 100 100 100 0.5
1% Lees 100 100 100 1
2% Lees 100 100 100 2

1 Either wheat or rye flour; 2 Aliquot of the previous dough into the new mixture; ® Lees were added as a
percentage of flour weight in sourdough formulation in each propagation step.

2.2. Viable Counts of Lactic Acid Bacteria (LAB) and Yeasts

To assess the microbial growth of LAB and yeasts, samples of 10 g of sourdough
were added to 90 mL of sterile peptone water (Ref.: 1402, Condalab, Madrid, Spain)
and homogenized with a laboratory blender (Stomacher 400 Seward Ltd., Worthing, UK)
for 1 min. Samples were taken daily, diluted and plated in MRS (Ref.: 1043, Condalab,
Madrid, Spain) to monitor LAB populations and in Saboraud-Chloramphenicol Agar (Ref.:
01-166-500; Scharlab, Barcelona, Spain) for yeasts.
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2.3. Determination of pH, Fermentation Quotient (FQ) and Organic Acids

Sourdough fermentation was monitored daily by pH using the pH meter XS PH60
VioLab (XS Instruments, Carpi, Italy). The fermentation quotient (FQ) was determined
as the molar ratio between lactic and acetic acids. Organic acids (acetic, citric, D-lactic,
L-lactic and L-malic acids) were determined using enzymatic detection kits supplied by
BioSystems (Barcelona, Spain) and a spectrophotometer Shimadzu UV-3600 (Shimadzu
Corporation, Kyoto, Japan), following each kit’s instructions.

2.4. Statistical Analysis

All assays were performed in triplicate. Statistical analysis was performed using the
Prism 9 v.9.1.2 (225) (GraphPad Software, LLC., San Diego, CA, USA) statistical package.
The results are reported as means + standard error (SE) for parametric data. Analysis of
variance (ANOVA) and comparison of the means were conducted using Tukey’s test, with a
confidence interval of 95% and significant results with a p-value of < 0.05. Principal compo-
nent analysis (PCA) was also performed to determine the differences between sourdoughs.

3. Results and Discussion

Two types of flour (wheat and rye) were used to produce sourdoughs, and different
concentrations of yeast lees (0%, 0.5%, 1% and 2% (w/w)) were added to the sourdough
formulation to test its prebiotic effect on the fermenting microbiota.

3.1. Propagation of Sourdoughs
3.1.1. Effect of Cava Lees on Lactic Acid Bacteria

In both wheat and rye sourdoughs, adding 2% of cava lees resulted in major viable
LAB cells (8.4 + 0.2 log CFU/mL and 9.1 £ 0.1 log CFU/mL, respectively) at the end
of fermentation (Figure 1). These results are in accordance with Hernandez-Macias et al.
(2021) [7], who reported higher microbial counts in vitro with 2% and 5% of yeast lees after
24h and 48h of incubation, respectively.

A B
a0 T 104
E 10 E 10
=) >
6 pu T 3 6 5 u
3 : i o Z AN b9
= I £ i = = /* = Y
2 & | ¥ 2 4 :
g ¢ bt g 61
Q 7 i m Y 7
3 T 3 )
o 47 2 4
;3 ;# T 1 T 1 § 1 T T 1
0 2 4 6 8 0 2 4 6 8
Time (days) Time (days)
Control = 0,5%lees —+ 1% lees 2% lees Control - 0,5%lees —+ 1%lees 2% lees

Figure 1. Growth kinetics of LAB during sourdough fermentations: (A) wheat sourdoughs; (B) rye
sourdoughs.

As shown in Figure 1A, the maximum growth achieved by LAB in wheat sourdough
was: 7.3 £ 0.2 log CFU/mL (day 6) in control fermentations; 8.1 + 0.3 log CFU/mL (day 3)
by adding 0.5% lees; 7.9 + 0.1 log CFU/mL (day 8) by adding 1% lees; and 8.4 + 0.2 log
CFU/mL (day 8) by adding 2% lees.

On the other hand, Figure 1B shows the growth kinetics of rye sourdoughs, reaching
their highest number of viable cells as follows: 7.9 £ 0.2 log CFU/mL (day 2) in control
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fermentations; 8.4 + 0.1 log CFU/mL (day 5) with 0.5% lees; 8.0 £ 0.1 log CFU/mL (day 3)
with 1% lees; and 9.3 £ 0.1 log CFU/mL (day 6) with 2% lees.

These results suggest that the incorporation of Cava lees in the formulation of wheat
and, in particular, rye sourdough improve the growth and survival of LAB. In wheat
sourdough (Figure 1A), it can be observed that bacterial growth increases with lees con-
centration, obtaining the best results at 2% (w/w), and having statistically significant
differences in all fermentations with lees regarding control.

In rye sourdough (Figure 1B), at the end of fermentation, incorporating lees in its
formulation has an effect with 1% (w/w), obtaining statistically significant results with 2%
(w/w) of Cava lees.

Other studies have also reported a stimulatory effect on fermenting LAB by different
by-products [7,15,24-26], mainly due to oligo- and poly-saccharides. As stated by Rivas
etal. (2021) [5], wine lees are the winery by-product with the highest percentage of dietary
fiber (DF), over grape skins and stems. Similarly, the positive effect that Cava lees had over
LAB’s growth could be attributed to the use of the p-glucans and mannoproteins found in
their cell wall as a carbon source. Moreover, several studies focused on the extraction and
usage of B-glucans and mannoproteins from various sources (spent brewer yeasts, bacterial
production or cereal origin) in order to use them as food ingredients [10,15,26-28].

3.1.2. Effect of Cava Lees on Yeasts

Figure 2 shows the growth development of yeasts in both wheat (Figure 2A) and rye
(Figure 2B) sourdoughs. It can be observed that, in wheat control sourdoughs, the plate
counts showed no yeast growth.
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Figure 2. Growth kinetics of yeasts during sourdough fermentations: (A) wheat sourdoughs; (B) rye
sourdoughs.

Regarding yeasts in wheat sourdough (Figure 3), cell viability slightly increased with
lees (p > 0.05), being stable during the whole fermentation process, and obtained the highest
number of viable cells at the end of fermentation: 3.8 & 0.2 log CFU/mL with 0.5% lees
and 4.2 & 0.1 log CFU/mL with 1% lees; and 4.5 & 0.2 log CFU/mL with 2% lees.

In contrast, rye sourdough (Figure 3) control samples reached a yeast cell density of
5.3 & 0.1 log CFU/mL at the end of fermentation, whereas the samples with 2% Cava
lees stopped yeast growth at day 3. The sourdough environment is considered to be
stressful; consequently, the microbiota has to adapt to the variability in nutrients and the
low pH [17,29]. On that account, wheat control sourdoughs had the fastest acidification
(data not shown), which may explain the growth inhibition of yeasts. Yeast higher plate
counts in rye sourdoughs were as follows: 5.5 4 0.4 log CFU/mL (day 6) in control
fermentations; 6.5 &= 0.2 log CFU/mL (day 7) with 0.5% lees; and 5.6 & 0.1 log CFU/mL
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(day 8) with 1% lees. In fact, rye sourdoughs presented higher populations of yeast from
the beginning than wheat (data not shown).
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Figure 3. Yeast cell density at the end of sourdough fermentation. Different letters denote statistically
significant differences (p < 0.05) between the sourdoughs with different amounts of lees. * Yeast
plate counts in rye sourdough with 2% of cava lees ended at day 3 of fermentation, i.e., there was no
further growth.

Similarly to LAB, higher yeast cell densities may be due to the fiber composition of
Cava lees. Lees’ main monosaccharides are glucose, mannose and rhamnose [5], whereas
the carbohydrates present in the flour are sucrose, glucose, fructose and maltose [30].
Therefore, lees present an additional source of glucose that yeasts can catabolize.

In both wheat and rye sourdoughs, it took approximately 6 days to obtain a stable
microbiota, which is in accordance with other studies [31,32]. The sourdough ecosystem
is formed by LAB and yeasts that can interact with each other. These interactions can be
synergistic (positive effects) or antagonistic (negative effects). As a result, both LAB and
yeast may improve their growth kinetics or decrease them [17,30,32]. For instance, the
absence of yeast growth in wheat control fermentations may be due to an antagonistic
interaction with LAB, such as acidification of the medium or the production of some
antifungal compounds [33].

On the other hand, in sourdough, it is very common that the association between LAB
and yeast is a consequence of their metabolism preferences (e.g., a maltose-positive LAB
with a maltose-negative yeast). For instance, sucrose is hydrolyzed by yeasts, releasing
glucose and fructose for LAB to consume [34]. The extra nutrients from lees could enhance
that type of microbial association.

Overall, the addition of Cava lees into the formulation of sourdough at 2% (w/w)
improved the growth and survival of the dough microorganisms.

3.2. Physicochemical Characterization of Sourdoughs

In addition to microbial growth, pH was also monitored daily. Furthermore, at the
beginning and end of fermentation, several organic acids (acetic, citric, lactic and malic
acids) were analyzed, and, consequently, the fermentation quotient (FQ) was determined
for both wheat and rye sourdoughs. FQ is a molar ratio between the values of lactic and
acetic acids.

3.2.1. Monitoring of pH

New Spanish legislation (RD 308/2019) [18] establishes that sourdough must have a
maximum pH of 4.2 before incorporation into the bread. Following those guidelines, wheat
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control sourdoughs have a slightly higher final pH, with a value of 4.38 £ 0.04. On the con-
trary, sourdoughs including Cava lees have an acidic pH, with a difference of 0.50 relative
to control. In fact, 1% (w/w) fermentations have a lower value of 3.87 & 0.13, followed by
2% (w/w) sourdoughs (3.88 + 0.04) and, finally, 0.5% (w/w) samples (3.98 £ 0.04). This
tendency in pH reduction is in accordance with the higher LAB cell densities that increase
with the addition of lees.

Conversely, all rye sourdoughs meet legislation requirements, obtaining a lower
pH with 2% (w/w) Cava lees (3.66 £ 0.01), also relating to higher bacterial populations.
Moreover, the addition of lees significantly decreased the initial pH with a difference of
0.66 regarding control.

Overall, both wheat and rye sourdoughs showed a reduction in pH (ranging between
1.74 and 1.95 in wheat; and 1.97 and 2.10 in rye) with the addition of Cava lees, in accordance
with other studies that included Cava lees [7,8], co-products [12] or by-products [25,35]
from other food industries with potential revalorization. In all cases, the ingredient added
to the formulation was already acidic (e.g., citrus or orange fibers), similar to the Cava lees,
which are also acidic.

3.2.2. Fermentation Quotient (FQ) and Organic Acids

Regarding organic acids (Table 2), the addition of lees to sourdough formulation
resulted in significantly higher concentrations of organic acids, in both the beginning and
end of fermentation in both wheat and rye formulations, following the same tendency
as reported by Vriesekoop et al. (2021) [15], with the addition of brewer spent grain to
sourdough bread production. In contrast, the FQ decreased with the addition of lees, with
a difference in control of 6.6 in wheat (50% lower) and 3.39 in rye (52% lower), with 2% of
Cava lees. In fact, the FQ was lower in all rye samples compared to wheat values. This
is the result of the lower production of lactic acid and the higher concentrations of acetic
acids in rye sourdoughs [31]. In fact, high values of FQ are usually found in traditional
sourdoughs [30,31,36] and could be attributed to a larger presence of homofermentative
and facultative heterofermentative LAB, which primarily converts glucose into lactic acid,
with respect to obligate heterofermentative LAB, which also produce acetic acid [17,30].

Wheat sourdoughs (Table 2) showed an increase in initial organic acids (L-malic
and citric acid) when Cava lees were added to the formulation. L-malic acid increased
significantly from 0.450 + 0.070 g/L in the control to 0.850 + 0.021 g/L in 0.5% sourdoughs,
reaching 1.000 £ 0.045 g/L in 2% sourdoughs. The concentration of citric acid ranged
between 22.840 4 2.418 mg/L (control) and 359.250 & 11.341 mg/L (2% Cava lees). Citric
acid increased significantly with the addition of at least 1% of Cava lees to the formulation
(174.172 + 12.815 mg/L), having a major impact with 2% lees.

At the end of fermentation (8 days), the use of Cava lees augmented the concentration
of the quantified organic acids, having an effect at 1% and, in particular, in 2% lees sour-
doughs. The production of acetic acid was five times greater in 2% cava lees sourdoughs
(0.660 + 0.023 g/L) than in the control (0.135 £ 0.025 g/L). Lactic acid concentration in-
creased 2.5 times in 2% fermentations in comparison to the control. The higher production
of organic acids is in accordance with a higher cell density and a lower pH with the addition
of Cava lees.

As for FQ, there was a significant decrease in control fermentations when a minimum
of 0.5% (w/w) Cava lees were added to the sourdough, although there were no differences
between 1% and 2% sourdoughs.

Organic acids in rye sourdoughs (Table 2) also increased by adding Cava lees to their
formulations. In comparison to wheat, L-malic and citric acid concentrations were higher
in the control already and were critically augmented with the addition of lees.
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Table 2. Physicochemical characterization of sourdoughs (both wheat and rye) and fermentation

quotient (FQ).
Wheat Sourdoughs Control 0.5% lees 1% lees 2% lees
Beginning of fermentation (t = 0 days)
pH 5.78 £ 0.04 5.72 4 0.07 5.48 4 0.03 5.83 = 0.04
Acetic acid (g/L) <0.03 <0.03 <0.03 <0.03
Lactic acid (g/L) <0.02 <0.02 <0.02 <0.02
Malic acid (g/L) 0.45 £ 0.07 2 0.85+0.02° 0.95 + 0.04° 1.00 + 0.05°
Citric acid (mg/L) 22,84 +2422 40.74 + 8702 17417 + 12.82° 359.25 4+ 11.34 ¢
End of fermentation (t = 8 days)
pH 4.38 £0.052 3.98 £0.04" 3.87 £0.13° 3.88 £0.04°
Acetic acid (g/L) 0.14 + 0.03 @ 0.29 + 0.08 2 0.51 +0.02° 0.66 + 0.023
Lactic acid (g/L) 2584+ 0.142 3.14 +0.342 437 +£0.13P 6.35 +0.25°¢
Malic acid (g/L) <0.03 <0.03 <0.03 <0.03
Citric acid (mg/L) <11.00 <11.00 <11.00 <11.00
F ”"“"”t”(iig)Q””““”t 13.00 £ 0.96 2 7.40 + 0.89 b 626+ 0.44° 640+ 0.02°
Rye Sourdoughs Control 0.5% lees 1% lees 2% lees
Beginning of fermentation (t = 0 days)
pH 6.29 + 0.07 6.01 +0.03° 5.84 + 0.06 5.63 +0.11°
Acetic acid (g/L) <0.03 <0.03 <0.03 <0.03
Lactic acid (g/L) <0.02 <0.02 <0.02 <0.02
Malic acid (g/L) 0.95 + 0.03 @ 1.20 +0.04° 1.550 + 0.05 P 2104 0.02¢
Citric acid (mg/L) 116.53 £ 8.732 18241 + 12532 250.32 + 29.51 @ 638.15 4+ 72.51 b
End of fermentation (t = 8 days)
pH 4.06 +0.022 392 +0.05P 3.93 +0.01° 3.66 & 0.01¢
Acetic acid (g/L) 0.18 £ 0.032 0.49 +0.07° 0.62 + 0.04 bc 0.80 & 0.08
Lactic acid (g/L) 1.70 £0.202 255+ 0.191P 3.22 +0.18b¢ 3.67 +0.18¢
Malic acid (g/L) <0.03 <0.03 <0.03 <0.03
Citric acid (mg/L) <11.00 <11.00 <11.00 <11.00
Fermentation Quotient 648 +£0.794 353 +0.20" 347 £023° 3.06 £ 0.17°

(FQ)

Values are mean =+ standard deviation of triplicates. Significant differences between samples are indicated by
different superscript letters (p < 0.05) for each compound.

With reference to acids at the end of fermentation (8 days), the addition of 0.5% Cava
lees had a significant effect on acetic acid and L-lactic acid, with a major change occurring
with the addition of 2%, compared to the control. D-lactic acid presented significance when
lees were added at a minimum of 1% (w/w), compared to the control. Following the same
tendency as wheat sourdoughs, rye fermentations also raised their organic acid production
accordingly, with greater cell density and a lower pH, with the addition of Cava lees to
their formulation.

Concerning FQ, by adding 0.5% (w/w) Cava lees, it was reduced to half, but there
were no significant differences with the addition of higher concentrations of lees.

As previously stated, the microbial association due to their metabolism preferences is
very common. As a consequence, the nutrient consumption affects the production of organic
acids such as acetic and lactic acids, since yeasts may consume the soluble carbohydrates
faster, decreasing LAB acidification because of the microbial competition [37].

Additionally, LAB metabolize malic acid and convert it to lactic acid [38]. In both
wheat and rye sourdoughs, L-malic acid increases its concentration when Cava lees are
added (Table 2); therefore, Cava lees may be a source of malic acid that might have been
adsorbed during Cava ageing. Furthermore, some LAB strains are able to degrade tartrate,
a major compound found in wine lees, into lactate and acetate [38]. Therefore, this could
explain the increment in lactic acid concentration in sourdoughs with lees.

Citric acid metabolism can also produce acetate (considered an antimicrobial com-
pound), as well as acetoin, diacetyl and butanediol. These compounds are flavor com-
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pounds of the bread crumb [39,40]. Hence, a greater concentration of citric acid at the
beginning of fermentation may result in an increased amount of these compounds, proba-
bly having a positive impact on flavor.

Considering the variables studied, the results obtained were subjected to a PCA
(Figure 4) that confirmed the differences between the sourdoughs with and without Cava
lees. The PCA shows similar behavior in sourdoughs with the same Cava lees concentration
in both wheat and rye, although it can differ across samples according to the flour used
to produce them. It can be observed that Component 1 separates the samples according
to the percentage of lees added, whereas Component 2, which is equivalent to 22% of the
variance, separates the sourdoughs according to the type of flour, wheat or rye. In fact, it
shows that sourdoughs with Cava lees have higher LAB cell densities, acetic, citric and
lactic acids as well as a lower pH, whereas control sourdoughs are defined with higher
pH values, less microbial cell density and lower organic acids concentrations, especially
wheat control sourdoughs. Therefore, according to the PCA, the addition of 2% (w/w) Cava
lees to sourdough formulation has the greatest impact in its microbial populations and,
consequently, to its physicochemical characteristics.
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Figure 4. Principal component analysis (PCA) biplot of sourdoughs obtained at the end of fermentation.

4. Conclusions

Cava lees are a wine industry by-product containing several highly valuable com-
pounds such as -glucans and mannoproteins [1,4], with the potential to modify food-
fermenting microbial populations, such as the ones in sourdough.

In this study, with the aim of revalorizing such by-products, it was found that the
addition of 2% (w/w) Cava lees to sourdough formulation improved the growth and
survival of LAB and yeasts that carry fermentation, especially in rye sourdough.

In addition, with increased microorganism cell density, there can be a greater pro-
duction of organic acids and a lower pH, as shown in the PCA. Therefore, it may change
sourdough bread flavor as well as other parameters such as texture and shelf life.
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Since consumer acceptance is of great value, studies on sourdough bread volatiles
and more complete sensory analysis should be conducted. Further studies with higher
concentrations of Cava lees should also be considered, as well as the use of lees obtained
from different Cava productions (e.g., different ageing times or initial coupages), which
could also affect their composition and, consequently, bread flavor.
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Revaloritzacié de les lies del Cava com a nova estratégia de formulacié per a aliments fermentats

Changes in the Volatile Profile of Wheat Sourdough Produced with the Addition
of Cava Lees

Alba Martin-Garcia, Oriol Comas-Basté, Montserrat Riu-Aumatell, Mariluz
Latorre-Moratalla, Elvira Lépez-Tamames.
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L'addicié de lies del Cava va resultar en un increment en la concentracié
I de compostos volatils (alcohols, acids, aldehids, cetones i esters), sobretot
a una concentracié del 2% de lies. Addicionalment, les lies van contribuir a

I'aroma de la massa mare amb compostos tipics del Cava.
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Abstract: The volatile fraction is of great importance for the organoleptic quality and consumer
acceptance of bread. The use of sourdough improves the sensory profile of bread, as well as the
addition of new ingredients to the fermentation. Cava lees are a sparkling wine by-product formed of
dead microorganisms, tartaric acid, and other inorganic compounds, rich in antioxidant compounds
as well as B-glucans and mannoproteins. The aim of this study was to evaluate the effect of different
concentrations of Cava lees (0-2% w/w) on sourdough volatile compounds to re-valorize this by-
product of the wine industry. Headspace solid-phase microextraction (HS-SPME) was optimized to
study the volatile fractions of sourdoughs. The parameters selected were 60 °C, 15 min of equilibrium,
and 30 min of extraction. It was found that the addition of Cava lees resulted in higher concentrations
of volatile compounds (alcohols, acids, aldehydes, ketones and esters), with the highest values being
reached with the 2% Cava lees. Moreover, Cava lees contributed to aroma due to the compounds
usually found in sparkling wine, such as 1-butanol, octanoic acid, benzaldehyde and ethyl hexanoate.

Keywords: sourdough; HS-SPME-GC-MS; volatile compounds; Cava lees; wine by-product

1. Introduction

Sourdough is the result of fermenting a mixture of flour and water, and it is tradition-
ally used during bread making as a leavening agent, influencing bread quality [1,2]. This
process takes place by the action of the lactic acid bacteria (LAB) and yeasts present in flour,
and can occur either by the addition of a starter culture or by spontaneous fermentation.
The metabolic activity of the bacteria leads to acidification and flavor formation, improving
nutritional and sensory characteristics in addition to increasing microbiologic stability and
shelf life [3].

The volatile profile is very significant for the organoleptic quality and consumer
acceptance of bread. More than 500 volatile compounds have been reported in bread [4],
while sourdough (and sourdough bread) volatiles have been less studied, with less than
200 compounds having been identified [2]. Several research articles have been published
in which headspace solid-phase microextraction (HS-SPME) has been used to study the
volatile fraction of sourdough [5-8]. Nonetheless, there is no common base methodology.

Moreover, sourdough bread flavor strongly depends on the fermenting microbiota that
produces a range of secondary metabolites, as well as on the enzymatic and autoxidation of
flour lipids, and the Maillard reaction [1-3]. In addition, several bacteria and yeast strains
not only produce desirable volatile compounds, but also release aromatic precursors, and

Molecules 2022, 27, 3588. https:/ /doi.org/10.3390/molecules27113588
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some are able to degrade undesirable compounds [7,9]. In fact, researchers are studying
the use of different flours (i.e., chickpea, lentil, bean and hemp) and the addition of new
ingredients (i.e., broccoli by-products and brewers’ spent grain) in sourdough formulation
that can improve its fermentation and the effect on sourdough and bread characteris-
tics [7,10-13]. On that account, our research group has been focused on the valorization of
wine by-products as new ingredients in bakery products. We found that the use of Cava
lees in wheat and rye sourdough promoted the growth and survival of LAB and yeast in
spontaneous fermentation [14].

Lees are a residue formed during the ageing process of Cava (Spanish sparkling
wine) and consist, mostly, of dead microorganisms (generally Saccharomyces cerevisiae),
tartaric acid, and other adsorbed compounds [15,16]. They are rich in antioxidant com-
pounds [16,17] as well as dietary fiber from the yeast cell wall that is composed of manno-
proteins and branched B-glucans [18,19]. Nowadays, Cava lees are produced at an amount
of 300 tons per year, representing 25% of the waste generated by the wine industry [17].
Although some studies have reported that wine lees could acquire an added value due to
their composition [18,20-23], they are actually destined for distillation. Moreover, there is
an increasing tendency in the food industry towards reducing food waste and re-valorizing
by- and co-products to contribute to a circular economy and sustainable food produc-
tion [10,13,21,24].

The addition of Cava lees in the formulation of sourdough could have an important
effect on the fermenting microbiota and, hence, in the volatile profiles of these products.
Therefore, the aim of this study was to evaluate the impact of Cava lees on sourdough
volatile compounds by an optimized method of HS-SPME-GC-MS.

2. Results

The addition of Cava lees to sourdough formulation may change the volatile profiles
of such products. Hence, this study focused on the impact of different concentrations of
Cava lees on the volatile fraction of wheat sourdough. Since there is no common base
methodology for the extraction of volatile compounds in sourdough [5-8], a previous
optimization of the HS-SPME parameters was performed.

2.1. Optimization of Headspace Solid-Phase Microextraction (HS-SPME) Parameters

Figure 1 shows the total number (TN) of volatile compounds and total area (TA) of
volatile compounds identified by GC-MS analysis as a result of the modification of the
extraction parameters. Figure 2 shows the TN of the different chemical families (acids,
alcohols, aldehydes and ketones, and esters) identified.
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Figure 1. The effect of different extraction parameters of HS-SPME on the total number (TN) and
total area (TA) of volatile compounds in sourdough: heating temperature (a); equilibrium time (b);

extraction time (c).
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2.1.1. Effect of Heating Temperature

To evaluate the effect of the heating temperature, four temperatures were selected:
20 °C, 50 °C, 60 °C, and 75 °C. The impact of heating temperature on the extraction of the
volatile compounds from sourdough is shown in Figures 1a and 2a. The TN and TA of the
compounds increased with temperature (Figure 1a), although there were no significant
differences between the TN of compounds extracted between 50 °C (250 & 12 identified
compounds), 60 °C (259 + 13 identified compounds), and 75 °C (263 + 12 identified
compounds). However, Figure 2a shows that when compounds were separated by chemical
families, the TN did not increase with temperature for all of them. Acids, aldehydes and
ketones increased with temperature. Alcohols and esters decreased, reaching the maximum
performance in the TN of volatiles extracted at 50 °C (67 &= 1.2 and 64 + 1.0 compounds,
respectively), although there were no significant differences (p > 0.05) between 50 °C and
60 °C (63 £ 1.2 (alcohols) and 60 =+ 1.0 (esters)). Since 60 °C was the temperature at which
the number of compounds extracted was higher, it was the selected temperature for the
HS-SPME in sourdough.

2.1.2. Effect of Equilibrium Time

For the optimization of the HS-SPME method, three periods of time were assessed
for the equilibration of the samples: 10 min, 15 min and 30 min (Figures 1b and 2b). It can
be observed that the equilibrium times before extraction did not lead to any significant
differences in the TN identified, in general or when separating between chemical families.
In view of the cost of time, an equilibrium time of 15 min was chosen as the optimal amount
of time sulfficient to extract the volatile compounds of the sourdough.

2.1.3. Effect of Extraction Time

Four periods of time were tested for extraction: 20 min, 30 min, 40 min and 50 min. The
TN and TA of the volatile compounds extracted depending on extraction time are shown
in Figure 1c. Figure 2c shows the TN of each chemical family according to different times
of extraction. There was an increase in the TN of volatiles extracted when increasing the
extraction time, although there was a decrease in those numbers with 50 min of extraction
(Figures 1c and 2c). Therefore, the optimal extraction time was considered to be between
30 min and 40 min, which were the periods of time that showed the maximum number of
volatiles identified (268 & 8.7 and 262 + 12.7 identified compounds, respectively). When
observing the impact of time on each chemical family, the effect was similar on all of them,
except for esters, which peaked at 30 min (56 + 0.7 compounds) and began decreasing at
40 min (46 £ 1.2 compounds). Regarding the other compounds, there were no significant
differences between the TN of compounds extracted at 30 min and 40 min.

As shown in Figure 3, at a lower temperature (20 °C) and shorter extraction time
(20 min), the TN of components extracted was significantly reduced (33 + 1.4 compounds)
compared to the same temperature with a longer extraction time of 40 min (48 + 1.8 com-
pounds). Nonetheless, when the extraction time was too long (50 min), the TN of compo-
nents was also lower (29 & 1.2 compounds). The same trend was observed for all the other
studied temperatures (50 °C, 60 °C and 75 °C). For the selected temperature of 60 °C, the
TN increased from 36 + 0.7 (20 min extraction) to 79 & 0.9 (30 and 40 min) compounds.
However, when the time of extraction was 50 min, the TN compounds identified decreased
(65 £ 0.5). Therefore, the extraction time selected was 30 min in order to obtain the high-
est number of volatiles extracted from each chemical family with the shortest amount of
time possible.
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Figure 3. The total number (TN) of volatile compounds regarding heating temperature (°C) and
extraction time (min). Different letters denote statistically significant differences (p < 0.05) between
different times of extraction for each temperature.

2.2. Analysis of Volatile Compounds in Different Sourdough Samples

The effect of different percentages of Cava lees on the volatile profile were assessed
following the optimized HS-SPME method (60 °C, 15 min, 30 min). The volatile compounds
of Cava lees were also analyzed by HS-SPME. During the sourdough fermentation, volatile
compounds such as alcohols, acids, aldehydes, ketones, and esters were formed (Table 1).

Table 1. Concentration (mg/kg) of total volatile compounds classified by the chemical family obtained
with the optimized HS-SPME method in Cava lees and sourdough.

Family C a Sourdough
ami ompoun C. L
Y P ava Lees Control 0.5% Cava Lees 1% Cava Lees 2% Cava Lees
Alcohols 95.14 + 8.92 158.66 + 28.812 283.87 4 39.69 2 505.29 + 80.88 P 923.39 + 150.02 ¢
Acids 143.33 £+ 14.45 612.72 +39.372 386.83 +£99.922 568.27 + 132.07 @ 1008.03 + 69.33 b
Aldehydes 519 +1.77 160.44 +13.342 189.96 + 12.18 2 165.14 £ 8.612 23431 +19.95P
Ketones 2.01 +0.58 11.74 £3.952 1159 £ 5412 32,96 + 7.27" 4451 +4.19°
Esters 489.38 + 60.34 373.08 +£44.022 1136.39 + 268.77 3593.89 + 737.88 ¢ 7514.18 + 764.37 4

94

Values are mean + standard deviation of triplicates. Significant differences between sourdoughs are indicated by
different superscript letters (p < 0.05) for each family compound.

Opverall, the control and 0.5% Cava lees samples showed no significant differences in
the concentration of volatile compounds reported, except for esters (p < 0.05). As a general
rule, with higher amounts of Cava lees added to the sourdough formulation, there was a
greater production of volatile compounds, especially alcohols and esters (p < 0.05). In fact,
Cava lees were characterized by esters (489.38 + 60.34 mg/kg).

2.2.1. Alcohols

The concentration of alcohols (Table 1) increased with the addition of lees, with values
ranging between 158.66 & 28.81 mg/kg (control) and 923.39 + 150.02 mg/kg (2% Cava
lees). The main alcohols identified in sourdough were 1-butanol, 1-pentanol, 1-hexanol,
1-octen-3-ol, 1-heptanol, 1-octanol, 1-nonanol, and 2-ethylhexanol (Table 2).
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Table 2. Concentration (mg/kg) of the main alcohols obtained with the optimized extraction parameters in Cava lees and sourdough

. R Sourdough
Compound CAS Num. Odor oot CavaLees Control 0% Cavalees 1% Cavalees 2% CavaLees

1 1-Butanol 71-36-3 medicinal, fruit, wine 500 nd 27.53 £9.86* 5852 4 9.06 20 148.09 + 36.70® 390.76 + 66.00 ©
2 1-Pentanol 71-41-0 green, fruit, balsamic 4000 29.74 £ 4.62 6.62+1.73° 16.04 + 6.87 2 4153 £6.72¢ 8242 + 6.64 9

3 1-Hexanol 111-27-3 sweet, resin, flower 2500 52.76 +£3.22 76.17 £7.932 126.41 +£11.942 165.10 + 21.78 3 249.65 + 29.86 ¢
4 1-Octen-3-ol 2291-86-4 mushroom, earthy 1 nd 2049 £0.96° 2328 £1.70* 25.63 £2.21° 2454 £430°
5 1-Heptanol 111-70-6 herb, mushroom, chemical, green 3 nd 173 +2.88° 21.91 4239 28.18 + 1.56 ¢ 29.47 +2.19 4

6 1-Octanol 111-87-5 moss, nut, mushroom, chemical 110-130 12.32 £ 1.03 51242732 2530 4 2.37 20 62.66 + 6.47 > 100.57 + 30.93 <
7 1-Nonanol 143-08-8 fat, green, oily, floral 50 nd 260 £2592 9.64 + 3.49 ab 24.63 + 4.32b¢ 34.69 + 8164
8 2-Ethylhexanol 104-76-7 citrus, fatty na 0.32 4 0.05 2.83+0.132 2.77 +1.87 3 947 +1.12°¢ 11.29 + 1.94<d

1 From [25]. 2 ODT: Odor Detection Threshold (in water) from [26]. Expressed as mg/kg. Values are mean + standard deviation of triplicates. Significant differences between sourdoughs
are indicated by different superscript letters (p < 0.05) for each compound. nd: not detected; na: not available.
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Most of the alcohols identified in the sourdough samples increased their concentration
with the addition of Cava lees, reaching the highest values at 2% Cava lees (p < 0.05). The
dominant alcohol quantified was 1-hexanol in sourdoughs formulated with and without
Cava lees. Additionally, 1-butanol was the dominant alcohol in sourdoughs with 2% Cava
lees (249.65 & 29.86 mg/kg).

2.2.2. Acids

The total concentration of acids ranged between 386.83 + 99.92 mg/kg and 1008.03 +
69.33 mg/kg, depending on the Cava lees percentage in the sourdough. A total of 12 dif-
ferent acids were found in the sourdough samples (Table 3): acetic, butanoic, pentanoic,
hexanoic, heptanoic, octanoic, nonanoic, decanoic, benzoic, tetradecanoic, hexadecenoic,
and octadecanoic acid.

Although butanoic acid (269.41 + 9.36 mg/kg) was the most prevalent acid in the
control sourdough, its concentration decreased with the addition of Cava lees, and was not
detected in the 2% Cava lees sourdough. Pentanoic and heptanoic acid followed the same
trend, being identified in the control sourdough but not in the sourdoughs with Cava lees.
The opposite occurred to acetic acid, with a lower concentration in the control sourdough
(66.08 £ 9.99 mg/kg) that increased with lees, reaching values of 246.10 + 14.64 mg/kg
with the 2% Cava lees.

2.2.3. Aldehydes and Ketones

The aldehydes identified in sourdough (Table 4) were hexanal, benzaldehyde, nonanal,
(E)-2-heptenal, (E)-2-octenal, and decanal. In the control and 0.5% lees sourdoughs, the
most prevalent aldehyde was (E)-2-octenal (72.65 + 3.32 mg/kg and 75.18 + 5.44 mg/kg,
respectively), while in 1% and 2% lees sourdoughs this aldehyde was not detected. Gen-
erally, hexanal, nonanal and decanal increased their concentration with the addition of
Cava lees, adding 1% to 2% (w/w). The ketones quantified in this study were acetoin
and 2-undecanone, representing 1% of the total volatile fractions in all samples (Table 1).
Acetoin was the main ketone identified in all samples.

2.2.4. Esters

Esters were the most prevalent compounds in all types of sourdough (Table 1), es-
pecially when Cava lees were added, with values ranging between 373.40 mg/kg in the
control sourdough (33% of the total volatile compounds) and 7514.18 mg/kg in the 2%
Cava lees sourdough (77% of the total volatile compounds). The esters present in the
sourdough (Table 5) were butyl acetate, butyl butyrate, butyl hexanoate, butyl benzoate,
ethyl hexanoate, ethyl octanoate, ethyl decanoate, ethyl laurate, ethyl palmitate, hexyl
acetate, hexyl butyrate, octyl acetate, and decyl acetate. The most prevalent esters found in
the sourdough samples were butyl butyrate (96.76 + 3.36 mg/kg-689.04 & 12.35 mg/kg)
and ethyl decanoate (80.07 & 15.41 mg/kg-3,330.26 £ 314.82 mg/kg) in all sourdoughs.
Moreover, the sourdoughs with Cava lees presented high concentrations of ethyl octanoate
(170.91 + 94.63 mg/kg-2,629.71 + 316.18 mg/kg).

95



Resultats

“Ppa12939p J0u :pu “punoduwod yoes 105 (50" > d) s1onay 1duosiadns jussayip £q pajestpur are
SY3nopInos usaM}aq SADUBIHIP JuedyIUSIS ‘sejedl[dLs} Jo uoneIASp PIepUR)S T UeSW dIe sanfe 3 /3w se passardxy ‘[97] woxy (193em Ul) ploysary ], uoRda3e( 10pQ :LAO ¢ [S7] wox] |

p €9V F ¥8'99 > 9€CF 8909 qe €V'C F °L8E e LTV F997CE £90F 861 To Taqumdnd ‘aurrewr ‘Asnua ‘Ajaaq ¢1eCit [euedsq 8¢
pu pu e¥V'S F8T°GL e CEEFTITU pu € nureM ‘Jed] ‘e nu ‘usard 0-£8-8%5C [euePRO-¢-(8) LT
q@ 60 F I¥L eSS0 F 149 e L0 FELS pu pu €1 ardde Aymniy ‘ysoxy Jooms ‘wsa18  G-G6-67881 Teuaydoy-z-(3) 9z
p90'6 F 8C'88 >80°¢ F 999% qe S8'T F 80°0¢C eS9TF V66 0Tl F 1€ 1 yej “Asnayo “[esoyy ‘Aourd 9-61-%C1 [eueuoN o4
q09°CF 98%1 e 80 F 988 e 860 F I€€ pu 840 F 10T L SHI ‘9501 ‘SN 6CI-CIT UOuedIpU)-g ¥
¥E0 T 66T 800 F 660 pu pu pu 008€-05€ Apue> Aoy £-25-001 apAyaprezusg €¢
q 65T F 6C°6C q66'€F 607 e V7Y F 808 eS6°€ FVLTL pu 008 wea1d ‘epng 0-98-€19 UI0320V (44
2q 00'S F 61°69 5q 96°C F 9509 qe €T F 98°09 e IT'C F CC'GY pu P4 AKsser3 ‘usa13 ‘A1yey 1-62-99 [euexoH 1C
$397 BARD) 9T S99 eARD 9, [ S99 eARD) 9,5°0 [ouo) 5007 vACS L 1do L 10p0 N SV punoduion
ySnopinog
‘ySnopinos pue saa] eae)) ur s1ojowered vondenxe paznundo AU Yiim paurejqo sauo3ay pue sapAyapre urew jo (3y/9ur) uonenuaduo)) p d[qer,
*9qe[TeAR JOU (BU /Pajdajap jou :pu punodwiod yoes 105 (G0'0 > d) s1ona] 3didsiadns juaiagyip Aq pajestpur are
SYSNOPINOS UsaMId] SOUIJIP JUedYIUSIS “sa3edr[dL) Jo uoneIAdp pIepue)s T uea are sanjep 3y /3w se passardxy ‘[9z] woxy (197em U) poysaIy ] uondieq 10pQ :LAO  ‘[67] worg |
¥9°€ F+ 60'1C pu pu pu pu 000°0C - P-11-4S poe dlouesspepo 0¢
p 6401 F SE€F91 2q ¢0CL F 6LVL oq €€ F €9°CS e (8GF LG8 6€C F 29'6C 00001 - €-01-48 poe SouesspexaH 61
286'F F 9€°6C q9€T F LETT pu eZ10 F 997G pu 000°0T yurey ‘Ao ‘Axem 8-€9-¥¥4 Pproe drouesspena], 81
e 700 F99°1 e 00 F 09T q€€0F 190 e G0°0 F €€1T pu eu - P-€9-€981 poedtrozusg L1
286'% F LT'60C q €V'IT F 0468 e VL'l F LT°€C pu ¥8'G F 89'1¢ 00001 Anej ‘mos §-87-vee Ppoe d1ouedsq 91
2€6'TF 660% q 9L F1T8C q L€ F 8L L1 080 F €0€ pu 000€ mnu ‘pu ‘Ayyey 0-60-C11 PIoe dIoURUON a1
p 9€7CC F 84°€SC > 16'€1 F 86'SEL qe €€°CC F 07'8¥ e81'CF LS8 86V F S¥'6v 000€ prouer Ao L0l proe droueo i
pu pu pu €L F8C8 pu 000€ - 8-VI-111 pe doueydopy €l
qeL6'S F €LY ¢ 80°C F 6€7CE e 896 F 09'1€ qe 60°C F 9999 pu 000€ - 1-29-¢¥1 proe drouexoH [4s
pu pu pu ¥0'CF 819 pu 000€ - ¥-¢e-601 proe drouejusg 11
pu 59Ty F 99'6C q €IVl F €708 e 9€'6 T 1¥'69¢C pu ove prouer ‘Ajeams 9-¢6-£01 ppeotoueing 01
qe PO¥1 F 01°9%C e 878/ F 84891 e LT9Y F T1°CET e 66'6 F 8099 T F 897CE eu mos ‘uadund £-61%9 pednady 6
$397 eARD) 9T $397 eARD 9, $397 BARD 9,6°0 [on3uo) 5007 eATS L 1do L 10p0 N SV punoduos

ySnopinog

“y8nopinos pue saa[ eae)) ur srajourered uonoenxs pazrundo ay) yirm paureiqo spoe urew jo (3y/98ur) uonenuaduo)) ¢ d[qer,

81J08

88G€ /T “TT0T SN0

96



Revaloritzacié de les lies del Cava com a nova estratégia de formulacié per a aliments fermentats

*9]qE[TeAR JOU :BU /Pajdajap jou :pu punodwiod yoes 105 (G0°0 > d) s10339] 3dusiadns juaragzip Aq pajedrpur are

SYSnopINos usaMIaq SRIULIAHIP JuedGTUSIS "sajedr[din Jo uoneIAdp prepue)s F ueaur are saneA "3y /3w se passardxq ‘[9z] woiy (193em uT) ploysany, uondela( 10pQ :1dO ¢ [sz] worg |

5008 F ¥6'6C q€9'TF9TLl e 9T F 99 pu €C'9 F L6'61 eu Kymay Ayyey 19ams V-L1-CLL arepa0e A2 v

> 29 F 0267 q V¥ F L8°61 e 080 F ST pu pu [48 Ayey “Kymiy I-¥1-C11 ajeR0e A0 (Ui

2q 6661 F SLFOT q06'8 F 6764 e 9L'8 F 66'TF ¢ 08'C F 05°SC pu 0sT Axem ‘a1qezadan “Kymyy ‘uoard 9-€9-6€9C aeIlngAeH  6¢

p CTLFOTGLT > 108 F 66'88 ql6TF 19TF e VCT F 66'C S¥'8 F 6L7C 4 quey ‘Ayny Jpams £7C67CVL Sre1a0e [AXoH 8¢

q 659 F 0¥'09 e L€l F €€71C e6VCF VIS e89T F SLY 89T F 69°¢Cl 000Z< oruresyeq ‘ef[ruea ‘Aureand ‘Aymaiy ‘Axem £7L67829 syeyrured 1Ay €

q 97’87 F 66681 e 991 F 61°02 e 99°G1 F ¥9°CC pu IFEL F €€'TF eu [e1ofy ‘Aureard ‘Axem 3oams T-¢¢-901 ajeney [Aypg 9¢

ST8TIE FITOEEE  qL6ISE F GTOE6  qe€€6LF €6F0F o IFST FL008  S6'LL F L0°0ST eu pnu A[10 J90Ms €-8¢-0T1 ajeouedsp [y G¢

>8T'9TE F 14'629C  q SV'SLT F 6€°€0ST e €976 F 16041 e 99T F 869 £97C1 F €9'6¢€1 Bu Teoyy ‘Aymiy 1-2€-901 ayeoueloo Ay 43

q96'F1 F S£°00T e 96 F 1867 e 68 F99T¢ pu pu ¥8-0L Lymuy 0-99-¢t1 seouexoy [Apg  €g

SECTF ELT6 >94°¢ F 888 q 609 F €6'69 e 0I'C F 8999 pu eu Aymuy ‘Sruresyeq aquie £-09-9¢1 ajeozuaq [Aing g

e Z8'CF 9T6L e S2'C F S6'9L e 8¢ F ¥T°C9 e 810 F ¥€£9 pu 004 uea13 ‘A11aq “Aourm Kymiy ¥-78-929 sjeouexay ling  1¢

p S€CT F 70°689 >9C°9¢ F 88469 q C¥'1¥ F89°Cce e 9¢C F 9496 pu 00T 10oms ‘Aymag £-1T-601 ajerding [hing 0¢

5067 F 95°¢L q P8¢ F 199 q€0Y F 6£ch e 049 F 10'1€ pu 99 U213 Ay ‘adur Joams $-98-¢t1 ajejaoe [Ang 6C
S99 eARD) 9T $997 eARD 9,1 $997 BARD) 9,6°0 [o13U0) so97 eaes .1do 1 1op0 wmN SVD punoduo)

ySnopinog

USnopanos pue saa] eae)) ur siajowered uondenxe pazrundo auyy yiim pauteiqo s193sa ofew jo (83 /3w) uonenuaduo)) ‘g 3qeL,

81306

88G€ “/T “TTOT 59]Mm22]0IN

97



Resultats

Molecules 2022, 27, 3588

100f 18

98

The results obtained were subjected to a PCA to group the different sourdoughs
produced based on their similarities or differences in the volatile fraction. Figure 4 shows
the result of a previous correlation analysis and Figure 5 presents the PCA biplot obtained.
It can be observed that, in general, most compounds had a positive correlation between
them, except for the SCFAs (butanoic, pentanoic and hexanoic acids) and heptanoic acid
(Figure 4). These compounds were also the ones that characterized the control sourdoughs
(Figure 5). Indeed, samples were grouped according to the concentration of Cava lees
added to the formulation. The PC1 and PC2 explained 84.40% of the total variability.
The first principal component (PC1) explained 75.26% of the samples variances while the
second one (PC2) explained 9.15%. All volatile compounds were found on the positive
side of PC1, except for butanoic, pentanoic, hexanoic, and heptanoic acids (short- and
medium-chain fatty acids), and 2-undecanone (ketone) and (E)-2-Octenal (aldehyde). These
compounds were considered to characterize the control and 0.5% Cava lees sourdoughs.
On the other hand, it can be observed that the sourdoughs with 1% and 2% Cava lees
had the highest concentrations of all volatile compounds, especially esters. PC2 showed
a positive correlation with alcohols, aldehydes and ketones, whereas the negative axis
contained esters mainly characterizing sourdoughs formulated with 2% lees and acids.
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1’3
£
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i
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Esters

3 5 9 11 13 15 17 19 21 26 28 23 29 31 33 35 37 39 41

Figure 4. Heatmap of the correlation matrix of the volatile compounds (p < 0.05). Numbers in
loadings correspond to the volatile compounds identified in sourdoughs: 1-8 alcohols (Table 2);
9-20 acids (Table 3); 21-28 aldehydes and ketones (Table 4); and 2941 esters (Table 5). Positive
correlations are shown in blue; negative correlations in red; absence of correlation in white.
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Figure 5. Principal component analysis (PCA) loadings for 41 volatile compounds (grey) and scores
for the different sourdoughs at the end of the fermentation period (purple—control; blue—0.5%
Cava lees; green—1% Cava lees; and orange—2% Cava lees). Numbers in loadings correspond
to the volatile compounds identified in sourdoughs: 1-8 alcohols (Table 2); 9-20 acids (Table 3);
21-28 aldehydes and ketones (Table 4); and 29-41 esters (Table 5).

3. Discussion
3.1. Optimization of Headspace Solid-Phase Microextraction (HS-SPME) Parameters

As previously stated, although multiple studies have used HS-SPME to extract and
analyze the volatile fraction of sourdough [5-8], there is no common base methodology.
Consequently, we conducted an optimization process for the HS-SPME parameters. This
included the selection and evaluation of three parameters that influence extraction: heating
temperature, equilibrium time, and extraction time.

Overall, the higher the TN of compounds identified, the greater the TA and concentra-
tion of the compounds will likely be [27], as can be observed in Figure 1. Moreover, the
increase in heating temperature resulted in a greater composition (TN) and content (TA)
of volatilized compounds. This temperature rise could have the ability to facilitate the
volatilization of the molecules from the sourdough matrix, improving the vapor pressure
and diffusion coefficients of the analytes being absorbed by the fiber coating [27,28].

Before extraction, samples are usually equilibrated for a period of time to enable
molecules into the headspace, which leads to a potentially greater recovery of the com-
pounds [27,29]. Three sets of time were tested (10 min, 15 min, and 30 min), although there
were no statistically significant differences between them.

Lastly, extraction time is of importance since it is the time that compounds need to
reach equilibrium between the headspace and the fiber [29]. In fact, longer extraction times
can be beneficial, with more analytes occupying more sites on the fiber, but exceeding these
times may trigger a desorption of the analytes [27,28]. Additionally, extraction temperature
and time are closely related [29], since increasing extraction temperature can accelerate the
volatilization of compounds; consequently, extraction time can be reduced. In fact, a three-
factor analysis was performed on the results obtained from the optimization to observe any
possible interactions between the variables (temperature, equilibrium, and extraction time).
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It was found that temperature and extraction time presented an interaction, being related
to one another in accordance with Garvey et al. (2020) [28]. On that account, the selected
HS-SPME parameters for the extraction of volatile compounds in wheat sourdough were
60 °C, 15 min of equilibrium, and 30 min of extraction.

3.2. Analysis of Volatile Compounds in Different Sourdough Samples

Volatile compounds in sourdough are developed during the fermentation process,
and many come from precursors such as carbohydrates and amino acids. Lipid oxidation
also produces aldehydes and ketones from the decomposition of triglycerides and fatty
acids. Additionally, LAB also release aroma precursors, such as amino acids that can be
transformed into aldehydes or the corresponding alcohols [30].

It was observed that, with the addition of Cava lees, there was a greater production
of volatile compounds (Table 1), including the products of microbial metabolism. In fact,
previous studies have focused on the effect of Cava lees on the growth and survival of LAB,
concluding that they have a positive effect on the fermenting microbiota [14,20,21]. There-
fore, higher microbial populations in formulations with Cava lees might induce greater
concentrations of volatile compounds as a consequence of LAB and yeast fermentation in
sourdough.

3.2.1. Alcohols

Alcohols can be produced by both sugar fermentation (short-chain alcohols) and
amino acid metabolism (long-chain alcohols) [30,31], and are usually characterized by
green and herbaceous odor notes [32]. In fact, microbial amino acid metabolism may be
increased during the back-slopping steps of fermentation as a protection against acidic
stress and to maintain the redox balance, transforming peptides and amino acids into
higher alcohols [33].

The dominant alcohol quantified was 1-hexanol in the control sourdoughs and in
the sourdoughs formulated with Cava lees (Table 2). 1-Hexanol is usually one of the
dominant alcohols produced in sourdough [5,7,8], as well as in sparkling wines [31,34-36],
along with the other alcohols reported in this study, such as 1-pentanol, 1-octanol and
2-ethylhexanol [32,35]. It contributes odors of cut grass, sweetness, resin, flowers and green,
and it originates from fermentation and lipid oxidation (linoleic and linolenic acids) [2,5].
Actually, 1-hexanol was also identified in the lees samples (Table 2), which can support
the fact that Cava lees seem to retain volatile compounds on their surface during the
biological ageing process [15,36]. In addition, it has been reported that heterofermentative
bacteria produce a greater quantity of hexanol than homofermentative LAB [5,31,37,38].
In fact, Liu et al. (2020) [38] proposed that facultatively heterofermentative LAB, such as
Lactiplantibacillus plantarum (formerly Lactobacillus plantarum), can produce 1-hexanol via
pathways other than the reduction of hexanal and that it can facilitate the production of
hexanal, resulting in more substrate to transform into the corresponding alcohol.

1-Butanol was the dominant alcohol in sourdoughs with 2% Cava lees (249.65 + 29.86 mg/kg).
It can be observed that the mentioned compound increases its concentration by the addition
of Cava lees. This higher alcohol has been reported in wine fermentation [39,40] and is also
commonly found in sparkling wines [32,35,36,41].

In summary, most of the alcohols identified in the sourdough samples increased their
concentration with the addition of Cava lees (Table 1). In addition, the alcohols found in
Cava lees increased their concentration in sourdoughs formulated with lees. The highest
values were reached at 2% Cava lees (p < 0.05), which may be due to higher survival rates
among the microorganisms fermenting the sourdough. In fact, it has recently been reported
that Cava lees have a growth-promoting effect on different species of LAB in vitro and in
sourdough [14,20].
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3.2.2. Acids

Acids are produced during fermentation throughout the catabolism of long-chain fatty
acids [31]. The total concentration of acids was higher with the addition of 2% Cava lees
(p < 0.05) (Table 1). In general, high concentrations of organic acids exhibit antimicrobial
activity, contributing to the extended shelf-life of bread made with sourdough [3]. In this
sense, acetic acid in sourdough has a positive effect because, besides improving its sensory
properties, it also possesses anti-ripeness and anti-mold activity [5]. In the same manner,
it has also been observed in sparkling wine that acids tend to increase in concentration
during biological ageing in contact with lees [36].

Moreover, there are acids that were not detected in the control sourdoughs that
increased in concentration with the addition of lees, as was the case of decanoic acid
(Table 3). Decanoic acid has been reported as a major volatile compound found in wine lees
surfaces [42]. We identified this compound in Cava lees along with other organic acids, such
as acetic, octanoic, dodecanoic, and hexadecanoic acid (Table 3). It can be observed in Table 3
that all of these compounds increased in concentration in the sourdoughs formulated with
lees. Since Cava lees can promote the growth and survival of sourdough microbiota [30],
this increase may be a consequence of a higher production of microbial metabolites coming
from the lees surface, since they are able to retain certain volatile compounds [15,42].

Nevertheless, short-chain fatty acids (SCFAs) (butyric and pentanoic acids) decreased
in concentration with the addition of lees. In fact, pentanoic acid was not detected in
the sourdoughs with Cava lees, even though both SCFAs are volatiles of fermentation
origin that have been reported in wheat sourdough [2,7]. Indeed, butyric acid has been
associated with the metabolism of acetic bacteria (such as Acetobacter cerevisiae) [7]. Since the
sourdoughs produced were fermented spontaneously and analyzed shortly after microbial
stabilization, it may be assumed that a greater presence of wild bacterial strains may be
conditioned by the addition of lees.

3.2.3. Aldehydes and Ketones

Aldehydes are formed by unsaturated fatty acid decarboxylation as well as lipid
oxidation [2,5,7,31]. Hexanal was one of the dominant aldehydes in this study (Table 4).
It produces fatty, green, grassy, powerful, and tallow odors and has an odor threshold
in water of 4.5-5 ppb [2]. Although lipid oxidation products such as hexanal have been
reported several times and in high concentrations in bread crumbs, they generally produce
off-flavors [43].

Nonanal, an aldehyde that has also been reported in sparkling wine [32], showed the
greatest increment in samples with lees compared to the control, increasing eight times
its value when 2% Cava lees (w/w) were added to the sourdough formulation. Moreover,
benzaldehyde was only identified in sourdoughs with 1% and 2% Cava lees. It is an
aldehyde commonly found in sparkling wine [31,32] and it has been reported in other
foodstuff formulated with wine lees [23]. Nevertheless, the absence of certain aldehydes or
their low production may be explained by the ability of heterofermentative LAB to reduce
aldehydes to other compounds [37,38].

Regarding ketones, acetoin was the main one in all samples (Table 4). Acetoin is a key
aroma in bread formed during fermentation, with a positive correlation with wheat bread;
therefore, the higher the concentration, the better the acceptance by consumers [43]. It is
characterized by a buttery and creamy odor and comes from the bacterial conversion of
citrate into pyruvate, which then results in acetoin in order to equilibrate the redox balance
of the cell metabolism [44].

As for 2-undecanone, this ketone has only been reported once in gluten-free hemp-
enriched sourdough bread [11], but it has been identified in wine as well [45-47]. In this
study, 2-undecanone was only found in samples with Cava lees, and it was the only ketone
identified in lees (Table 4). This could indicate that it comes from lees, perhaps being
attached to their surface during the ageing of the sparkling wine.
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3.2.4. Esters

Esters were the most prevalent volatiles in all types of sourdough, especially in sam-
ples with Cava lees (Table 1). As a general rule, esters are characterized by a fruity odor,
and are a result of the reaction of alcohols (mainly ethanol) and acetyl co-A derivatives
of fatty acids [8]. Additionally, ester production is predominantly due to heterofermen-
tative LAB [29,37,38]. In addition, esters are released by the degradation of yeast cells
in sparkling wine, which could explain the concentration increase in samples with Cava
lees [32,48,49]. Along with other substances, esters improve the flavor characteristics of
sourdough bread [3]. Adding Cava lees to sourdough fermentation presents an increment
in ester concentration. Therefore, the flavor of the breads produced with these sourdoughs
could be more complex.

Some of the esters reported in sourdough with Cava lees were not found in the
control (ethyl laurate and decyl acetate). These compounds have previously been reported
in wine and sparkling wine, being dependent of the yeast strain as well as the grapes
used [32,50-52]. So, it can be assumed that these esters originate the Cava lees added to
sourdough fermentation.

Overall, all sourdoughs shared 14 volatile compounds (Figure 6). Moreover, 13 volatiles
were identified in both sourdoughs and Cava lees including 2-ethylhexanol, 1-hexanol,
1-pentanol, and 1-octanol (alcohols); hexadecenoic, octanoic, and acetic acid (acids); decanal
and nonanal (aldehydes); and ethyl octanoate, hexyl acetate, ethyl decanoate, and ethyl
palmitate (esters). Furthermore, ethyl laurate, decyl acetate, 2-undecanone, and decanoic
acid were compounds found in the sourdoughs with lees that were also identified in
Cava lees. Nevertheless, heptanoic and pentanoic acids were only detected in the control
sourdoughs. To summarize, the addition of Cava lees resulted in sourdoughs with a greater
diversity of aldehydes and esters, as well as higher concentrations of all chemical families
(Table 1). For instance, benzaldehyde, (E)-2-heptanal, (E)-2-octenal (aldehydes), ethyl
hexanoate, ethyl laurate, octyl acetate, and decyl acetate (esters) were only produced in
sourdoughs with Cava lees.

® (@
S #
olo™*°

Figure 6. Venn diagram of the volatile compounds shared between the different sourdoughs produced
and Cava lees.



Revaloritzacié de les lies del Cava com a nova estratégia de formulacié per a aliments fermentats

Molecules 2022, 27, 3588

150f18

Lastly, a PCA was performed with the aim to observe the differentiation between
the produced sourdoughs (Figure 5). After the analysis, the PCA showed that there were
differences between the sourdoughs according to the percentage of Cava lees added to
the formulations. It showed that sourdoughs with 1% and 2% Cava lees were described
by esters. Oppositely, the control and 0.5% lees sourdoughs were only characterized by
short- and medium-chain carboxylic acids. Finally, it is known that there are several
factors influencing the volatile characteristics of sparkling wine, such as the grape used,
the fermenting yeast, and the terroir [31]. This may also modify the characteristics of
the corresponding lees; therefore, further studies should focus on how different lees may
impact sourdough and sourdough bread flavor as well as its microbial population and
physicochemical characteristics.

4. Materials and Methods
4.1. Preparation and Propagation of Sourdoughs

For the sourdough formulation, a commercial wheat flour was used (7230 Buonpane,
Molino Quaglia SpA, Padua, Italy) with the following composition (g/100 g): carbohydrates
72.0, fat 1.5, fibre 2.0, protein 11.5, and moisture 15.0.

Sourdoughs were prepared by mixing 100 g of flour and 100 mL of sterile distilled
water, without the inoculation of starter culture bacteria or yeasts, and incubated at room
temperature for 24 h, following the method described by Martin-Garcia et al. (2022) [29].
Briefly, Cava lees were provided by the winery Freixenet S.A. (Sant Sadurni d’Anoia, Spain)
and lyophilized following the method described by Hernandez-Macias et al. (2021) [20].
They were added as a percentage of flour weight at different concentrations (0%, 0.5%, 1%,
and 2%) to assess their effect on the volatile compounds. Sourdoughs were propagated
by backslopping for 8 days and inoculating an aliquot of the previous dough into a new
mixture of flour and water. Three different sourdoughs were prepared and analyzed in
triplicate.

4.2. Optimization of Headspace Solid-Phase Microextraction (HS-SPME) Parameters

The optimization of extraction of volatile compounds was performed using headspace
solid-phase microextraction (HS-SPME) and it was carried out using a 2 cm long divinyl-
benzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS,) fiber supplied by Supelco
(Bellefonte, PA, USA). To that end, a control sourdough was produced, and samples of 5 g
were prepared. Before extraction, the fiber was conditioned according to the manufacturer’s
recommendations. After equilibration at a specified temperature (20, 50, 60 and 75 °C) for
a specified time (10, 15 and 30 min), the fiber was exposed to the sample headspace for a
specified time (20, 30, 40 and 50 min). A total of 48 runs were analyzed in triplicate for the
optimization procedure based on a multilevel factorial design. Once the HS-SPME method
was optimized, it was applied to the assessment of the different sourdoughs produced
with and without lees. An internal standard (4-methyl-2-pentanol (CAS: 108-11-2, TCI Ltd.,
Eschborn, Germany), 100 nug/mL) was added (100 uL) for semi-quantification.

4.3. Analysis of Volatile Compounds by Gas Chromatography—Mass Spectrometry (GC-MS)

Chromatographic analysis was carried out in a 6890N Network GC system (Agilent, Palo
Alto, CA, USA) coupled to an MS Agilent technologies 5973 Network selective detector (Thermo
Fischer Scientific, Waltham, MA, USA). Helium was used as a carrier gas. Separations were
accomplished in a DB Wax USN 125-7031 column (30 m x 0.25 mm x 0.25 um) (Agilent,
Palo Alto, CA, USA). A splitless injector suitable for SPME was used. After extraction, the
fiber was removed from the headspace vial and inserted directly into the injection port of
the GC. The SPME fiber was thermally desorbed for 2.5 min at 260 °C.

The initial temperature was 40 °C for 5 min, and this was subsequently increased at
4 °C/min using the splitless injection mode for 5 min up to 250 °C. GC-MS detection was
performed in complete scanning mode (SCAN) in the 40-350 amu mass range with two
scans per second. Electron impact mass spectra were recorded at an ionization voltage of
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70 eV and an ion source of 280 °C. The volatile concentrations reported were calculated by
dividing the peak area of the compounds of interest by the peak area of the internal standard
(normalized area). The relative response factor was considered to be 1. Identification was
performed by comparison of the mass spectra with the mass spectra library database Wiley
6.0., and retention times with those of pure standards when they were available.

4.4. Statistical Analysis

All assays were performed in triplicate and in a randomized run order. The statistical
analysis was performed using the Prism 9 version 9.1.2 (225) (GraphPad Software, LLC., San
Diego, CA, USA) statistical package. The results are reported as the means + standard error
(SE) for parametric data. A three-factor analysis was conducted on the optimization results.
A one-way ANOVA and comparison of the means were conducted using Tukey’s test with
a confidence interval of 95%. Significant results were identified with a p-value of <0.05.
Principal component analysis (PCA) was also performed to determine the differences
between the sourdoughs.

5. Conclusions

After the optimization of the HS-SPME parameters, it was found that the best tempera-
ture of extraction was 60 °C, with 15 min of equilibrium and 30 min of extraction for wheat
sourdough. Then, when applied to the studied sourdoughs, it was found that acids and
esters were the most prevalent compounds quantified, followed by alcohols, aldehydes,
and finally ketones. Regarding particular compounds, butyl butyrate, ethyl octanoate, ethyl
decanoate, octanoic acid, and 1-hexanol were the most prevalent volatiles quantified.

In general, the addition of Cava lees caused an increase in the concentration of the
volatile compounds typically found in sourdough, such as 1-hexanol, acetic acid, hexanal,
and ethyl decanoate. Additionally, compounds usually reported in sparkling wines were
also identified in sourdough samples formulated with Cava lees, such as 1-butanol, octanoic
acid, benzaldehyde, and ethyl hexanoate. Therefore, it can be concluded that Cava lees
not only promote the production of sourdough volatile compounds, but they also provide
volatiles frequently found in sparkling wines, which supports the fact that lees can retain
volatile compounds on their surface. Moreover, the ability of Cava lees to retain odorous
volatile compounds could be of great interest for the food and aroma industries that could
revalorize and use such by-products, contributing to a circular economy.
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Abstract: Wine lees are a by-product that represents a 25% of the total winery waste. Although lees
are rich in antioxidant compounds and dietary fiber, they have no added value and are considered a
residue. The aim of this study was to evaluate the effect of Cava lees (0 and 5% w/w) on microbial
populations during sourdough and bread fermentation and the volatile fraction of the final bread.
The results showed that 5% Cava lees promoted the growth of both lactic acid bacteria (LAB) and
yeast in short fermentations (bread) but did not improve microbial growth in long fermentations
(sourdough). Regarding volatile compounds, the addition of Cava lees increased the concentration
of volatiles typically found in those products. Also, some compounds reported in sparkling wines
were also identified in samples with Cava lees adsorbed on their surface. To sum up, the addition
of Cava lees to sourdough and, especially, bread formulation may be a new strategy to revalorize
such by-product.

Keywords: sourdough bread; volatile compounds; lactic acid bacteria; cava lees; revalorization;
wine by-product

1. Introduction

In the EU, around 129 Mt of food waste is generated annually in the food supply
chain [1]. It not only has economic repercussions, but it also presents an environmental
impact as a consequence of the management and disposal of the food waste [2,3]. The
current situation demands for a change from a linear economy to a circular economy where
by-products acquire an added value and re-enter the production cycle in order to decrease
the environmental impact of industries [4].

It is particularly concerning to the winemaking industry, which includes the produc-
tion of Cava. Cava is sparkling wine with Protected Denomination of Origin (PDO) that
requires a second fermentation in the bottle with a biological ageing process in contact with
lees for a minimum of 9 months [5]. Wine elaboration produces approximately 25 kg of
waste for every 100 kg of processed grapes. Actually, the main solid residues produced by
winemaking are grape pomace (60%), lees (25%) and stalks (15%) [2,3].

Lees are the residue formed during wine fermentation and consist, mainly, of nat-
urally plasmolyzed cells of Saccharomcyces cerevisiae, tartaric acid and other adsorbed
compounds [6,7]. It is estimated that the production of Cava lees is about 300 tones per
year [8]. Those lees are rich in phenolic compounds as well as fiber and proteins from the
cell wall of S. cerevisiae [2,5-7]. Indeed, the use of by-products with high contents of fiber
and other bioactive compounds as novel ingredients is being studied to obtain foods with
greater nutritional value [9-11].
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Despite their composition, lees are an undervalued by-product mostly used for the
recovery of tartaric acid and distillation to obtain alcohol [12]. Nevertheless, some studies
have reported the possibility of revalorizing wine lees [8,13-15].

In fact, Hernandez-Macias et al. (2021) [6] reported an improvement of growth and
survival of lactic acid bacteria (LAB) with the addition of Cava lees in vitro. In addition,
our research group recently demonstrated that the addition of Cava lees to sourdough
formulation promoted the growth and survival of microorganisms (both LAB and yeast) in
spontaneous fermentation [15]. In addition, it has been reported that Cava lees can inhibit
the growth of pathogens (Salmonella spp. and L. monocytogenes), improving the microbio-
logical safety of fermented sausages [6]. Hence, Cava lees might be revalorized as a food
ingredient to improve fermented foods like sourdough and bread. Moreover, modifying
microbial populations of food fermentation might have an impact on its flavor [16].

Indeed, flavor and especially odor are of great importance for consumer acceptance. It
must be taken into account that the addition of by- and co-products to food formulation may
change its sensory properties (from texture to aroma or color). For instance, Lafarga et al.
(2018) [9] added broccoli co-products (stems and leaves) to wheat bread formulation to
obtain functional products with enhanced concentrations of fiber and phenolic compounds.
The researchers observed that breads with broccoli presented an increased green hue as
well as a higher color intensity in crumb and crust. Nevertheless, when performing sensory
tests, the overall acceptance of the breads was not affected by broccoli incorporation [9].
Other by-products, such as cumin and caraway seeds by-products and cocoa dietary fiber
have been added to wheat bread formulation to obtain functional products [10,11]. In both
studies, researchers examined the effect of those new ingredients on the sensory properties
of bread. In both cases, there were no significant differences on the overall acceptance of
the fortified breads and controls, even though color, texture and aroma changed.

In that regard, lees are able to adsorb volatile compounds during the biological ageing
of sparkling wine [17]. Consequently, incorporating Cava lees to sourdough and bread
formulations may add new odors and other compounds to such bakery products. Therefore,
the aim of this study was to evaluate the effect of Cava lees on microbial populations
during sourdough and bread fermentation as well as the volatile fraction of those breads to
revalorize this winery by-product.

2. Materials and Methods
2.1. Sourdough Formulation and Bread-Making

A commercial wheat flour (Harina de Fuerza Gallo, Comercial Gallo S.A., Barcelona,
Spain) with the following composition (% w/w): carbohydrates 69.0, fat 1.4, fiber 4.2,
protein 11.7 and moisture 15.0, was used.

A parallel study was designed in order to compare breads with and without sourdough.
Sourdoughs were prepared by mixing 100 g of flour and 100 mL of sterile distilled water
(Table 1), without the inoculation of microorganisms and incubated at room temperature
for 24 h. Cava lees were lyophilized following the method described by Hernandez-Macias,
Comas-Basté, et al., 2021 [6]. They were added as a percentage of flour weight at 5% (w/w)
and compared to a control without lees, based on previous in vitro studies [6]. Sourdoughs
were propagated by backslopping for 8 days, inoculating an aliquot of the previous dough
into a new mixture of flour and water, adding the corresponding lees percentage.

Table 1. Ingredients of sourdough (wheat flour weight basis, g).

Code Wheat Flour Water Dough ! Cava Lees
SDC 100 100 100 -
SD+L 100 100 100 52

1 Aliquot of the previous dough into de new mixture. > Lees were added as a percentage of flour weigh in
sourdough formulation in each propagation step.
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Breads were made with the sourdoughs produced (Table 2). Breads were prepared
by mixing flour (500 g), water (285 mL), sourdough (150 g), baker’s yeast (4 g) and salt
(10 g). Separately, breads fermented with commercial yeast (Ref.: 36835, Sosa Ingredients
S.L., Barcelona, Spain) were also prepared with the following formulation: flour (500 g),
water (285 mL), Cava lees (0% and 5% (w/w)), and salt (10 g). Cava lees were also added as
a percentage of flour weight. The dough was manually mixed and kneaded for 10 min. The
dough temperature at the end of kneading was between 22 and 24 °C. Once formed, dough
was rested for 40 min, after which the dough was knocked back and rested for another
40 min. All bread was given a final proof of 20 min at 30 °C and 80% relative humidity.
Following the processing of the dough, breads were baked in a convection-steam oven
(Ref.: SA-SC-623, Salva S.L.U., Guipuzkoa, Spain) at 220 °C for 30 min.

Table 2. Ingredients of bread (wheat flour weight basis, g).

Code ! Wheat Flour Water Sourdough  Baker’s Yeast Salt  Cava Lees

SBC 500 285 150 4 10 -

SB+L 500 285 150 4 10 -

BC 500 285 - 4 10 -
B+L 500 285 - 4 10 25

! Codes of sample series of bread types: SBC: control sourdough bread; SB+L: sourdough bread with 5% Cava
lees; BC: control bread; B+L: bread with 5% Cava lees.

2.2. Microbial Populations and Fermentation Monitoring

Microbial populations were monitored following the method described by Martin-
Garcia et al. (2022) [15]. Briefly, samples of 10 g were added to 90 mL of sterile peptone
water (Ref.: 1402, Condalab, Madrid, Spain) and homogenized with a laboratory blender
(Stomacher 400 Seward Ltd., Worthing, UK) for 1 min. Sourdough samples were taken
daily, while breads were monitored every 30 min. All samples were diluted and plated in
MRS (Ref.: 1043, Condalab, Madrid, Spain) to monitor LAB populations and in Saboraud-
Chloramphenicol Agar (Ref.: 01-166-500, Scharlab, Barcelona, Spain) for yeasts. Also, pH
was monitored in all samples using a pH meter XS PH60 VioLab (XS Instruments, Carpi
MO, Italy).

2.3. Headspace Solid Phase Microextraction (HS-SPME)

The extraction of volatile compounds was performed using Headspace Solid Phase
Microextraction (HS-SPME) as reported by Paraskevopoulou et al. (2012) [18] using a
2 cm long Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) fiber
supplied by Supelco (Bellefonte, PA, USA). Before extraction, the fiber was conditioned
according to the manufacturer’s recommendations. All breads were grinded, and samples
of 3 g were placed in 20 mL vials. Then, 1 mL of a 20% NaCl solution (pH 3 adjusted
with 0.05 M citric acid solution) was added to the vial. After equilibration at 60 °C for
30 min, the fiber was exposed to the sample headspace for 60 min. An internal standard
[4-methyl-2-pentanol (CAS: 108-11-2, TCI Ltd., Eschborn, Germany), 100 ug/L] was used
(100 pL) for semi-quantification.

2.4. Analysis of Volatile Compounds by Gas Chromatography—Mass Spectrometry (GC-MS)

Chromatographic analysis was carried out in a 6890N Network GC system coupled
to MS 5973 Network selective detector (Agilent, Palo Alto, CA, USA). Helium was used
as a carrier gas. Separations were accomplished in a DB Wax USN 125-7031 column
(30m x 0.25 mm x 0.25 um) (Agilent, Palo Alto, CA, USA). A splitless injector suitable
for SPME was used. After extraction, the fiber was removed from the headspace vial and
manually inserted directly into the injection port of the GC. The SPME fiber was thermally
desorbed for 4 min at 260 °C.

The initial temperature was held at 40 °C for 5 min and increased at from 40 °C to
190 °C at 3 °C/min and from 190 °C to 220 °C at 10 °C/min which was held for 5 min using



Revaloritzacié de les lies del Cava com a nova estratégia de formulacié per a aliments fermentats

Foods 2022, 11, 1361

40f13

Viable LAB cells (log CFU/mL)

splitless injection mode. GC-MS detection was performed in complete scanning mode
(SCAN) in the 40-350 amu mass range with two scans per second. Electron impact mass
spectra were recorded at an ionization voltage of 70 eV and ion source of 280 °C. Volatile
concentrations reported were calculated by dividing the peak area of the compounds of
interest by the peak area of the internal standard (normalized area). The relative response
factor was considered to be 1. Tentative Identification was performed by comparison of
their mass spectra with those of the mass spectra library database Wiley 6.0., and their
retention times with those of pure standards when they were available.

2.5. Statistical Analysis

The statistical analysis was performed using Prism 9 version 9.1.2 (225) (GraphPad
Software, LLC., San Diego, CA, USA) statistical package. The results are reported as the
means =+ standard error (SE) of triplicates for parametric data. A one-way ANOVA and
comparison of the means were conducted using Tukey’s test, with a confidence interval of
95% and significant results with a p-value of <0.05. Principal component analysis (PCA)
was also performed to determine differences between breads.

3. Results and Discussion
3.1. Microbial Populations and Fermentation Monitoring

A control and a fortified (5% Cava lees) sourdough were prepared to assess the effect
of Cava lees on the fermenting microbiota of sourdough. Figure 1 shows the growth kinetics
of lactic acid bacteria (LAB) and pH during the 8 days of sourdough propagation. Both
types of sourdough (control without lees—SDC; with 5% lees—SD+L) were spontaneously
fermented. Although the promoting effect of 5% (w/w) Cava lees on LAB growth has been
reported in vitro [6] and up to a 2% (w/w) Cava lees in wheat and rye sourdoughs [15], it
can be observed that the addition of Cava lees to sourdough formulation did not stimulate
LAB growth in this particular food matrix.

6 %
k- 3
T 59-. \
e\
4 l
29 ; . ~ _ .
B o S S R
0 T T ) 3 T T T |
0 4 6 8 0 2 4 6 8
Time (days) Time (days)
+ SDC o SD+L - SDC ® SD+L
(a) (b)

Figure 1. Growth of LAB (a) and pH (b) in sourdough without lees (SDC) and sourdough with 5%
lees (SD+L).

The initial pH of sourdoughs with 5% Cava lees (w/w) was significantly lower
(p < 0.05). In particular, SDC started the sourdough fermentation with a pH of 5.80 £ 0.01,
while SD+L begun with a pH of 5.06 £ 0.07 due to the inherent acidity of Cava lees [8].
During the fermentation and propagation process of sourdough, pH decreased during the
first steps of fermentation and then stabilized, obtaining values of 3.60 + 0.04 (SDC) and
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3.70 & 0.02 (SD+L), similar to those reported in other studies [19-21] and in accordance
with the pH range of traditional sourdoughs (pH 3.5-4.5) [13]. However, there were no
statistically significant differences between sourdoughs. Once sourdoughs were mature
(8 days), breads were prepared (Table 2) and baked.

Figure 2 presents the cell density of both LAB and yeast at the end of bread fermen-
tation. When Cava lees were used in the formulation of bread (both fermented with and
without sourdough) there was a higher cell count for both yeasts and bacteria. In fact,
bread fermented without sourdough presented a difference of 0.7 log10 CFU/mL between
the ones with Cava lees (B+L) and the controls (BC). Also, there was a higher cell den-
sity in SB+L (5.1 & 0.2 log10 CFU/mL) in comparison to SBC (4.1 & 0.1 log10 CFU/mL).
Regarding yeasts, the addition of lees to formulation had the same tendency.

5.5

Viable cells (log CFU/mL)

Yeast Lactic acid bacteria

= sBC I SB+L I BC I B+L

Figure 2. Microbial cell density at the end of bread fermentation. Different letters denote statistically
significant differences (p < 0.05) between different formulations of bread. SBC: control sourdough
bread; SB+L: sourdough with 5% Cava lees; BC: control bread; B+L: bread with 5% Cava lees.

Sourdough bread usually presents a pH ranging between 5.0 and 5.5 [22], which was
in accordance with the results obtained in this study (Table 3). The addition of Cava lees
to both sourdough bread (SB+L) and leavened bread (B+L) resulted in lower pH at the
beginning of dough fermentation, and, consequently, also at the end. As previously stated,
the difference in pH values between samples with and without lees was probably due
to the inherent acidity of Cava lees [8]. In fact, B+L obtained the lowest pH values of all
formulated doughs. Actually, the addition of Cava lees to bread formulation (B+L) resulted
in the greatest drop of pH during fermentation, which could be related to the higher plate
counts of both LAB and yeast (Figure 2).

Table 3. pH values at the beginning (t = 0 h) and end (t = 2 h) of bread fermentation.

pH SBC SB+L BC B+L
t=0h 548 +0.032 5.00 +0.01° 5.76 £0.03 497 £0.03°
t=2h 5.14 £0.022 4754 0.04° 5.45+0.02°¢ 437 +£0.034

Values are mean + standard deviation of triplicates. Significant differences between samples are indicated by
different superscript letters (p < 0.05) for each compound. SBC: control sourdough bread; SB+L: sourdough bread
with 5% Cava lees; BC: control bread; B+L: bread with 5% Cava lees.
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3.2. Analysis of Volatile Compounds

In order to evaluate the effect of Cava lees on the volatile fraction of breads, HS-
SPME-GC-MS was performed. A total of 74 volatile compounds were identified (Table 4),
including nine acids, 16 alcohols, 11 aldehydes, five ketones, 14 esters and eight terpenes.
Bread volatile compounds may result from fermentation, lipid oxidation and Maillard
and caramelization reactions [20,23-25]. Alcohols, acids, esters, aldehydes and ketones
were generated mainly during fermentation while some of them as alcohols, ketones and
aldehydes come from lipid oxidation too.

Lastly, Maillard and caramelization reactions originate pyrazines, pyridines, pyrroles,
furans, sulfur compounds, aldehydes and ketones [22]. Additionally, the volatile com-
pounds of Cava lees were also analyzed by HS-SPME (Table S1), since wine lees are able to
retain aromatic substances such as esters, aldehydes, norisoprenoids, terpenes and some
phenolic compounds [17,26].

Table 4. Concentration (mg/kg) of the main volatile compounds identified in bread.

Compound CAS-Num. Odor! ODT 2 SBC SB+L BC B+L
ACIDS
1 Acetic acid 64-19-7 sharp pungent sour vinegar - 143.83 +1.63% 27.01 £ 8.74° 132.04 4+ 0.06 * 67.60 + 16.22 ¢
2 Benzoic acid 65-85-0 faint balsam urine na nd 6.83 £0.98° 3.89 £0.10? 85242357
3 Decanoic acid 334-48-5 sweet waxy floral 1000 nd 509 +0.77° nd 7719 +2.62°
soapy clean
4 Dodecanoic 143-07-7 sweet waxy floral 1000 nd nd nd 24041 + 83.22
soapy clean
5 Hexadecanoic 57-10-3 slightly waxy fatty 1000 7264178° nd 10.20 +1.03° 18.86 + 2.66 °
6 Hexanoic acid 142-62-1 sour fatty sweat cheese 300 nd 376 £049° 18.33 £ 033" 46.97 £5.34°¢
7 Octanoic acid 124-07-2 fatty waxy rancid oily 300 13.69 + 2.56 2 nd 1113 + 6272 173.53 + 11.96
vegetable cheesy
8  Tsobutyric acid 79-31-2 “C‘d‘f) sour cheese dairy 810 nd nd 18.90 + 630 * 18.72 +9.86 2
uttery rancid
9 Myristic acid 544-63-8 waxy fatty soapy coconut 1000 2854 +3.87% 1251 +£245° nd 8.66 +1.53°
TOTAL ACIDS 19332 +£9.84° 55.20 + 13.43° 19449 £1409° 66046 + 135.76°
ALCOHOLS
10 Butyl alcohol 71-36-3 bf;i:;:"‘}v i‘ﬁgy 50 nd nd 10.32 +1.97° 11.61 4+ 2.65°
11 lsoamyl 123-513 fusel oil alcoholic whiskey o5 3, 96.16 +7.30° 92,88 + 6197 82,69 + 4,57 6026 +5.17°
alcohol fruity banana
12 1-Dodecanol 112-53-8 earthy soapy waxy fatty na nd 4764030 nd nd
honey coconut
13 1-Hexanol 111273 ethereal fusel oil fruity 250 8878431467  3795+1130°  7665+1119%  3954%7.10°
alcoholic sweet green
1 JEh 104767 citrus fresh floral oily sweet na 862320 9.81+4.44° 55.69 + 9,96 6475+ 1.08°
15 1-Octanol 111-87-5 waxy green orange 11-13 18.61 +8.182 11.22 +2.882 1023 + 2452 692+ 2572
aldehydic rose mushroom
16  1-Octen-3-0l 3391-86-4 “‘usz‘r’fg?l i:fg“gc‘ff: oily 1 20.22 +2.362 8.89 +0.87" 2017 +1.252 8.06 +0.96°
17 1-Pentanol 71-41-0 fusel oil sweet balsam 400 13.85 £ 1.48 nd nd nd
18 zpl\r/ff}:;y‘ill 78-83-1 ethereal winey cortex na 879 +0.79° nd 1227 +0.84° nd
19 > 98-00-0 alcoholic chemical musty na 13.79 +£5.67° 740 +2.44° 2412 +4.04° 1554 +1.78
Furanmethanol sweet caramel bread coffee : : : . : : - :
20  7-Octen-4-ol 53907-72-5 - na 28.42 +5.87 nd nd nd
21 9-Decen-1-ol 13019-22-2 de";’l’é ;gsael‘;g;‘y)’dfiZESh na 27.08 43272 7.78 + 086 3413 + 5,972 15.69 + 348"
Phenethyl floral rose dried rose flower b b b
22 aleohol 60-12-8 e tor 75-110  253.45+378° 10051 + 33.46 102.35 + 17.03 130,47 + 30.62
23 Benzyl alcohol 100-51-6 floral rose phenolic balsamic 1000 nd nd nd 11.64 +1.27
24 ZZ}}“Z’;“;’;Y 122-99-6 mild rose balsam cinnamyl na nd nd 15.46 £ 5.11° 8.76 £ 2487
musty leafy violet herbal a b a
25 Heptanol 111-70-6 green sweel woody peony 03 22,69 + 5.53 ° 12.77 +1.97 24.61 +2.15 nd
26 Nonanol 143-08-8 fmj:‘aggzréigggfif;se 5 10.81 + 1482 nd 19.48 + 6.17° 21.54 +1.57°
TOTAL ALCOHOLS 611.27 £80.37° 29397 +6471Y  488.17+7270°  394.78 + 60.73
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Table 4. Cont.
Compound CAS-Num. Odor* ODT? SBC SB+L BC B+L
ALDEHYDES
27 (E)-2-Heptenal  18829-55-5 P““ge"f‘rfsrﬁef‘;t‘t’;ge‘able 13 16.50 + 236 758 +3.29° 40.93 + 20,65 13.21 +3.082
28  (E)-2-Nonenal  18829-56-6 fatty green cucumber 0.08-0.1 27.29 +£2.932 10.85 + 0.93° nd 2621 +328°
aldehydic citrus
fresh cucumber fatty green
29 (E)-2-Octenal 2548-87-0 herbal banana waxy 03 23.02 42447 10.77 +3.39® 17.74 + 1.86 % 12.81 + 1.84°
green leaf
(E,E)-24- R4 oily cucumber melon citrus P |
30 Dol 25152-84-5 pumpkin nut meat 0.07 1046 + 2362 nd 823 +094° 892+ 0.64°
(E,Z)-24- 23 fried fatty geranium
31 Decadienal 25152-83-4 green waxy na nd nd 24.70 +2.79 nd
32 Benzaldehyde 100-52-7 strong sharp sweet bitter 35-350 4190 +459° 4346 +19.192 24.36 4 5.68° 88.66 + 11410
almond cherry
o
33 Tolualdehyde 529-20-4 cherry na nd 4.57 +0.57 nd nd
34 Butanal 123-72-8 pungent cocoa musty green g 5 73 nd nd nd 2394015
malty bready
35 Isovaleraldehyde 590863  ctherealaldehydicchocolate o, nd nd nd 2,054 043
peach fatty
36 Heptanal 111-71-7 fresh aldehydic fatty green 3 14.04 + 768 18.19 +1.69 2 nd nd
herbal wine-lee ozone
37 Hexanal 66-25-1 fresh green fatty aldehydic 5 5 5011497120 3286+1476°  10501+£1626° 535611537
grass leafy fruity sweaty
38 Nonanal 124-19-6 waxy aldehydic rose fresh 1 nd 8.88 + 0.81° 15.04 + 0.74° 21.80 + 2.63°¢
orris orange peel fatty peely
TOTAL ALDEHYDES 189.68 +33.48°  137.16 £44.63° 23601 +£4892°  229.61 +34.99°
KETONES
39 Acetoin 513-86-0 sweet buttery creamy dairy 80 131946752 1403 £9.112 6.94+097° 13.38 £3.592
milky fatty
40 2-Nonanone 821-55-6 fresh sweet green weedy 05-20 nd nd nd 478 +128
earthy herbal
41 2-Octanone 111-13-7 earthy weedy natural 5 264 £ 0452 nd 487 £1.04° nd
woody herbal
4-Methyl-2- 10 sharp solvent green herbal
2 Centanone 108-10-1 ity davy spice na 1124 43492 nd 1452 40782 1126 2372
23 dill asparagus cilantro
43 Octane d-ione 585-25-1 herbal aldehydic earthy na nd nd 6.26 +1.08 nd
fatty cortex
sweet pungent hawthorn
44 Acetophenone 98-86-2 mimosa almond 6.5 nd nd 5.64 +1.11 nd
acacia chemical
TOTAL KETONES 27.07 + 10.69 * 14.03 +9.11° 38.23 +4.98° 29.42 +7.24°
ESTERS
Isoamyl waxy banana fruity sweet b
45 e e 2306-91-4 cognac green na nd 5.54+0.83° nd 175.37 + 20.93
Phenethyl Ty floral rose sweet honey
46 s 103-45-7 fratty tropical na 620 +£1.12 nd nd nd
47 Hexyl acetate 142927 fr‘i)“y green apple 2 nd nd nd 12.77 + 2,57
anana sweet
18 L-Bornyl 5655-61-8 sweet Palsamic woody fresh na nd 623+ 0.98 nd nd
acetate pine needle herbal
Diethyl mild fruity cooked
49 succinate 123-25-1 apple ylang na nd nd nd 47.49 + 6.39
50 Ethyl 628-97-7 mild waxy fruity creamy >200 59.56 + 3.912 127.37 +13.90® nd 22030 + 38.41°
decanoate milky balsamic greasy oily
51 Ethylo- 54546-22-4 - na nd nd nd 23.95 + 2.64
hexadecenoate
Ethyl .
52 9-decenoate 67233-91-4 fruity fatty na nd nd nd 41.81 £2.93
53 Ethyl 123-66-0  SWeetfruity pineapple waxy 1 9.67 +3.37° nd 18.64 +3.78° 98.44 +£3.07°¢
hexanoate green banana
54 Octyl acetate 112-14-1 green earthy mushroom 12 nd nd nd 8.04 +1.26
herbal waxy
Ethyl nonade-
55 PAR, 18281-04-4 - na nd nd nd 543 +1.02
Isoamyl 00, sweet oily fruity green soapy
5 octanoate 2035-99-6 pineapple coconut na nd nd nd 181.00 +£17.83
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Table 4. Cont.
Compound CAS-Num. Odor! ODT? SBC SB+L BC B+L
fruity wine waxy
57 Ethyl octanoate 106-32-1 sweet apricot banana na nd nd 2872+ 4.55° 965.31 + 167.18®
brandy pear
5§ Phenethyl 103480  floral fruity rose tea na nd nd nd 1422 4249
isobutyrate rose peach pastry
59  Ethyl myristate 124-06-1 sweet waxy na nd nd nd 10.75 + 7.36
violet orris
TOTAL ESTERS 75.43 +8.76* 139.14 £15.71 47.36 +8.33* 1804.88 + 274.08 ©
TERPENES
60  a-Terpinolene 586-62-9 ffes‘;;’;g‘z‘flfr’:swee* 20 nd 8714125 nd nd
61 Vitispirane 66965-94-4 floral fruity na nd 7.73+043° nd 25.03 + 3.08"°
earthy woody
6  (EBTamesyl 14128170 oily waxy na nd nd nd 14488 % 5.60
63 dihydromyrcenol  18479-58-8 fresh citrus lime na 2324013 nd nd nd
64 Bornylene 464-17-5 - na nd nd 37.11 4 6.92 nd
65 d-Nerolidol 142-50-7 mild floral na nd nd nd 13.66 + 2.01
. citrus herbal a ab b
66 DL-Limonene 138-86-3 terpene camphor 10 539 +1.06° 943 £4.22° 23.34 +14.40 % 34.02 + 2.30
67 Farnesol 4602-84.0 . mild fresh sweet 2 nd nd nd 24.84 + 621
linden floral angelica
68 Nerolidol 7212444 floral green waxy na nd nd nd 73314875
citrus woody
TOTAL TERPENES 771 £1.19° 25.87 + 5.90 2 60.45 +21.32° 215.74 £ 27.95¢
MISCELANEOUS
fruity green
69 2-Pentyl- furan 3777-69-3 earthy beany 6 2282+ 1112 59.05 +9.20 5447 + 6.62° 46.31 £ 6.37°
vegetable metallic
2- sweet woody almond P b
70 Furancarboxaldehyde 98-01-1 fragrant baked bread na 6.20 £3.68° 6.45+ 0912 nd 19.55 + 8.56
1,1,6-Trimethyl-1,2-
71 dihydronaphthalene  30364-38-6 licorice na nd 43.95 +16.26 ° nd 196.29 + 34.35°
(TDN)
72 4-Ethylguaiacol 2785-89-9 spicy smoky bacon 50 nd nd nd 19.73 + 6.59
phenolic clove
sweet balsam a b
73 Styrene 100-42-5 floral plastic 730 nd 103.69 + 30.91 2 nd 12.59 £ 0.89
74  ~y-Nonalactone 104-61-0 coconut creamy waxy na nd nd 15.80 +7.792 15.10 4 4.86 2
sweet buttery oily
TOTAL MISCELANEOUS 29.02 +4.792 213.14 + 57.28" 70.27 +14.41° 309.56 + 61.62 "

1 From [27]. 2 ODT: Odor Detection Threshold. From [28]. Expressed as ug/mL. Values are mean + standard
deviation of triplicates. Significant differences between samples are indicated by different superscript letters
(p < 0.05) for each compound. na: not available; nd: not detected. SBC: control sourdough bread; SB+L: sourdough
bread with 5% Cava lees; BC: control bread; B+L: bread with 5% Cava lees.

In general, B+L had the highest concentration and number of different volatile com-
pounds (p < 0.05), especially in acids (660.46 & 135.75 mg/kg), esters (1804.88 + 274.08 mg/kg)
and terpenes (215.74 + 27.95 mg/kg). Oppositely, controls (SDC and BC) were richer in
alcohols (611.27 + 80.37 and 488.17 + 72.70 mg/kg, respectively).

Although it would be expected that sourdough bread had a richer aroma profile [29],
in the present study we obtained less abundance of volatile compounds in SB+L and SBC
breads. In that regard, sourdough is generally added at less than 50% of the flour content
(Table 2) and afterwards there is a baking process, so volatile compounds from sourdough
might be diluted in the end product [24].

Acids are a product of the fermentation process and are responsible for the acidifi-
cation of the dough [24,30]. Nevertheless, organic acid production during sourdough
and bread-making depends on several variables, including microbial composition as
well as process parameters (dough yield, fermentation time and temperature and NaCl
concentration) [16,24,30]. In B+L samples, the dominant acids were dodecanoic acid
(240.41 £ 83.22 mg/kg) and octanoic acid (173.53 & 11.96 mg/kg). In fact, octanoic acid
along with decanoic acid, were the major organic acids found in Cava lees (Table S1).

115



Resultats

Foods 2022, 11, 1361

90f13

116

Octanoic acid was also found in SBC and BC samples, and its production is related to
yeast [24].

Control breads with and without sourdough (SBC and BC) presented no significant
differences in organic acid concentration (p < 0.05). Furthermore, SBC and BC breads had the
highest concentration of acetic acid (143.83 & 1.63 and 132.04 + 0.06 mg/kg, respectively).
In fact, acetic acid is one of the main organic acids responsible form microbiological shelf-
life extension since it also possesses antiripeness and antimold activity [20,30]. Moreover,
acetic acid is thought to inhibit yeast growth [25], which can be related to the lower yeast
cell density obtained in SBC and BC breads (Figure 2).

Alcohols are mainly produced during fermentation from flour amino acids via the
Ehrlich pathway in yeast cells but may be also a product of lipid oxidation [20]. SBC showed
the highest concentration of alcohols (p < 0.05). The dominant alcohols in all bread samples
were phenethyl alcohol and isoamyl alcohol. Phenethyl alcohol is derived from the fermen-
tation of phenylalanine by yeast, and it has been reported that prolonged fermentations
increase its concentration [20,31]. SBC had the highest concentration (253.45 £ 3.78 mg/kg),
which can be related to the longer fermentation of sourdough. Isoamyl alcohol is a prod-
uct of the fermentation of leucine also in the yeast cell [20,24,31] and presented higher
values in sourdough samples (with and without Cava lees). In addition, isoamyl alcohol
can also be produced by LAB such as Lactiplantibacillus plantarum (formerly Lactobacillus
plantarum) [24,32].

Aldehydes are formed during lipid oxidation and decarboxylation of unsaturated fatty
acids as well as from amino acid degradation by the Ehrlich pathway [20,33]. The most
prevalent aldehydes found in the studied breads were benzaldehyde, hexanal, (E)-2-nonenal
and nonanal which are commonly reported in both sourdough and bread [20,24,33].

The addition of Cava lees increased the concentration of benzaldehyde, especially in
yeast leavened bread (B+L, 88.66 + 11.41 mg/kg). This compound is the result of both
fermentative reactions and lipid oxidation and has been found in bread produced with and
without sourdough [20,24,34]. Benzaldehyde has been reported to be produced by yeast
as well as L. plantarum and L. helveticus via amino acid (phenylalanine) conversion [24,35].
Moreover, benzaldehyde has also been found in sparkling wines [36-38], which might
explain the increase in its concentration in breads with Cava lees since sparkling wine lees
can retain aldehydes in their surface (Table S1) [17].

Nonanal, another compound derived from fermentation and lipid oxidation [20] has
also been identified in the surface of sparkling wine lees [17]. In this study, SB+L and B+L
showed significantly higher amounts of this compound, that was, indeed, also identified in
Cava lees surface (Table S1). In fact, in SBC, nonanal was not detected. It must be taken into
account that some heterofermentative LAB strains are able to reduce aldehydes to other
compounds, which may explain the lower concentration of certain volatiles in samples
with 5% Cava lees [32,35].

Regarding ketones, BC samples presented a greater variety of those compounds. Those
volatile compounds are influenced by LAB in dough fermentation, and only certain ho-
mofermentative and facultatively heterofermentative bacteria are able to produce them [32].
Acetoin is a distinct aroma in bread produced during fermentation related to consumer
acceptance [23]. In this study it was found that the addition of Cava lees increased its
production, especially in B+L where it reached similar values to those of sourdough bread.

Esters are characterized by a fruity odor resulting from a direct esterification between
ethanol and acetyl co-A derivatives of fatty acids during fermentation mainly due to
heterofermentative LAB [32,35,39]. In fact, it has been observed that fermentations with
LAB produce more esters than those with yeast [24]. In this study, the addition of 5% Cava
lees increased the production of esters, especially in bread samples (B+L) in which 13 esters
were identified, which is in accordance with higher LAB populations (Figure 2). Ethyl
decanoate was the dominant ester in SB+L (127.37 £ 13.90 mg/kg), while in B+L it was
ethyl octanoate (965.31 & 167.18 mg/kg). As previously mentioned, sparkling wine lees
also retain esters such as ethyl hexanoate, ethyl octanoate and isoamyl octanoate [17]. In
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fact, most of the esters only identified in B+L samples have been reported in sparkling
wine [36,37,40] and sparkling wine lees [17], and were also found in the Cava lees analyzed
(Table S1).

Terpenes are generally characterized by a floral odor and commonly found in sparkling
wine [37,38]. Furthermore, vitispirane and nerolidol, identified in this study, have also
been found in sparkling wine lees [17]. Overall, it was found that the addition of Cava lees
increased terpenes concentration and variability in both sourdough bread and, especially,
yeast leavened bread.

TDN (1,1,6-trimethyl-1,2-dihydronaphthalene) is a C13-norisoprenoid usually found
in sparkling wine [36-38]. TDN has been pointed out as an ageing marker in sparkling
wine, along with diethyl succinate (ester) and vitispirane (terpene) [37]. It was identified in
both SB+L and B+L but not in the respective controls. Those compounds were found by
Gallardo-Chacén et al. (2009) [17] in sparkling wine lees surface, as well as in our Cava lees
analysis (Table S1).

Lastly, the results obtained were subjected to a PCA to determine the differences
between the breads produced with and without sourdough and Cava lees. Figure 3 shows
the result of a previous correlation analysis and Figure 4 presents de PCA biplot obtained.
The PC1 and PC2 explain 79.02% of the total variability. The first principal component
(PC1) explains a 52.37% of the samples variances while the second one (PC2) explains a
26.64%. Most of the volatile compounds were found in the positive side of PC1, especially
esters, acids, and linear aldehydes, whereas branched aldehydes, alcohols and ketones
were situated on the negative axis of PC1. On the other hand, the positive axis of PC2
contained a greater number of volatiles, including alcohols, linear aldehydes, ketones, and
esters; while branched aldehydes and terpenes were situated in the negative side of PC2.
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Figure 3. Heatmap of the correlation matrix of the volatile compounds (p < 0.05). Numbers correspond
to the volatile compounds identified in Table 4. Positive correlations are shown in yellow; negative
correlations in blue; absence of correlation in white.
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Figure 4. Principal Component Analysis (PCA) biplot of the breads obtained. SBC: control sourdough
bread; SB+L: sourdough with 5% Cava lees; BC: control bread; B+L: bread with 5% Cava lees.
Numbers correspond to the volatile compounds identified in Table 4.

It can be observed that both controls (SBC and BC) were placed in the same quadrant.
In fact, both controls and SB+L were positioned opposite bread with Cava lees (B+L). SBC
and BC were characterized by alcohols and ketones, while B+L was described by esters and
terpenes. Moreover, a greater quantity of different volatiles was identified in B+L samples.

4. Conclusions

There are several factors involved in the development of bread flavor, from microbial
activity to aroma precursors in the flour used. Therefore, it is important to determine the
volatile fraction of the product to obtain consumers acceptance. Formulation of bread with
5% Cava lees (w/w) improved microbial growth (both LAB and yeast) in short fermen-
tations, although there were no significant differences in prolonged fermentations (sour-
dough). Actually, LAB and yeast release aroma compounds as well as aroma precursors
(including carbohydrates and amino acids) that can be transformed into the corresponding
volatiles. Thus, higher microbial populations obtained with Cava lees might produce a
greater concentration of volatile compounds due to LAB and yeast fermentation in dough.
In general, the addition of Cava lees to bread increased the concentration of volatiles typ-
ically found in bread and sourdough bread. Also, some compounds usually reported in
sparkling wines were also identified in samples with Cava lees, supporting the fact that
yeast lees adsorb volatile compounds during wine ageing.

Therefore, it can be concluded that Cava lees promote the production of bread volatiles
besides contributing with new odors from sparkling wine. Hence, the use of Cava lees
as an ingredient in bread fermentation could be a new strategy to revalorize this winery
by-product obtaining a new bread product. Also, further studies should focus on the effect
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of Cava lees on identified microorganisms of sourdough and bread, since the fermenting
microbiota can influence bread aroma and flavor.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods11091361/s1, Table S1: Main volatile compounds identified
in Cava lees.
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Segons la Organitzacié Internacional de la Vinya i el Vi (OIV), la produccié

de vi a Espanya al 2019 va representar el 13% del total produit a tot el mén, essent

el major productor a nivell mundial. A més a més, el vi escumés, com el Cava, ha

augmentat la seva produccié en els dltims anys[99]. Per tant, la indUstria del Cava,

genera grans quantitats de residus anuals. Alguns d'aquests residus, degut a la

seva composicid, podrien ser re-valoritzats ja que poden tenir aplicacions

tecnologiques que podrien millorar altres processos dins la industria alimentaria i

també efectes positius sobre la salut (Figura 10). D'aquesta manera, |'objectiu

general d'aquesta tesi era estudiar la possible valoritzacié de les lies del Cava com

a nou ingredient en la formulacié de la massa mare i el pa per tal d'afavorir-ne el

procés fermentatiu, i avaluar el potencial prebiotic de les lies sobre la microbiota

intestinal.

-
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Figura 10. Efectes tecnologics i saludables dels polifenols i la fibra derivats dels diferents
subproductes de I'elaboracié del vi escumés. Adaptat de [100].
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El primer ambit de |a tesi esta relacionat amb un potencial prebiotic de les
lies del Cava. Per aix0, es va realitzar un estudi in vivo en model animal (rates Wistar
Han) en el que es va observar que I'administracié d'una dosi de 3 x 10° cel-lules de
lies/Kg pes corporal diaria a rates va modificar la microbiota intestinal dels animals
d'estudi ( )-

Per la composicio rica en fibra i altres polisacarids, les lies no poden ser
digerides per |'organisme, pero si pels bacteris de la microbiota intestinal. Aixo els
atorga un potencial prebiotic teoric. De fet, una de les principals funcions de la
microbiota intestinal és metabolitzar els compostos que arriben a l'intesti que no
han pogut ser degradats pels enzims del nostre cos. D'aquesta manera, els
polisacarids més complexos i el midé poden ser digerits per aquests bacteris,
promovent-ne la seva proliferacié. En retorn, els microorganismes alliberen certs
productes derivats del seu metabolisme (AGCC o monosacarids) que llavors si
poden ser absorbits pel cos huma [101]. En aquest sentit, la ingesta d'aliments
integrals, polifenols i fibra pot modificar positivament la microbiota intestinal,
millorant la salut de I'hoste [102]. A més, un increment de la concentracié d’AGCC
també pot suposar una millora de la solubilitat i, per tant, I'absorcié de certs

minerals com per exemple el calci [96].

En general no es van trobar diferéncies significatives entre les rates control
i les alimentades amb lies del Cava per a cap dels parametres generals (pes
corporal, ingesta d'aliments i aigua). Aixi mateix, tampoc es van observar efectes
adversos ni necrosi durant la continuitat de |'estudi per a cap dels dos grups. Quan
al pes dels organs, tampoc hi va haver diferencia entre els dos grups, excepte el
referent a melsa. Les rates mascle alimentades amb lies del Cava van acabar amb
el pes de la melsa significativament superior al dels controls. Tot i aixo, els valors

obtinguts per ambdds grups no van diferir dels reportats en rates sanes [103,104].

En avaluar I'efecte de les lies del Cava sobre la microbiota intestinal, es va
observar que aquestes van potenciar |'abundancia de bacteris pertanyents a

families amb potencial probiotic (p.e.: Lactobacillaceae o Ruminococcaceae)
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(Figura 11). Aixi mateix, també es va observar una disminucié en |'abundancia de

bacteris patdogens (p.e.: Clostridium spp.o Enterococcus spp.).
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Figura 11. Abundancia relativa (%) de bacteris de les diferents (a) families i (b) géneres
identificats a la microbiota intestinal dels animals del grup control i amb administracié de lies a
I'inici (O dies) i final (14 dies) de |'estudi.

Dins els bacteris amb potencial probiotic, B. hansenii, R. intestinalis i R.
obeum, i diferents especies de la familia Lactobacillaceae van valors
significativament més alts en la seva abundancia respecte el control (Figura 12).
Aquest tipus de bacteris, pertanyents al filum Firmicutes, sén productors d’AGCC
com el butirat (majoritariament), |'acetat o el propionat, que exerceixen diverses

funcions de promocié de la salut de I'hoste [105,106].
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Figura 12. Diferencies respecte I'abundancia de bacteris de la familia Lactobacillaceae amb
potencial probidtic. Les diferéncies significatives entre grups s'indiquen mitjangant un asteric
().

D’aquesta manera, els resultats preliminars d'aquest estudi apunten cap a
un potencial prebiotic de les lies del Cava. A més, I'increment de |'abundancia
d'aquests bacteris podria resultar en un augment dels AGCC, pel que serien
necessaris més estudis in vivo en el que també s’analitzin aquests compostos per

tal de confirmar aquests resultats preliminars.

Com s’ha introduit anteriorment (Seccié 2.1.2.2), durant |'envelliment del
Cava es produeix |'autolisi dels llevats. En aquest procés els llevats alliberen
compostos al vi pero, alhora, les lies poden adsorbir compostos a la seva superficie,
com per exemple diferents compostos volatils o fenolics. Tot i aixi, hi ha pocs
estudis centrats en els compostos volatils retinguts per les lies, pel que es van haver

de caracteritzar en aquest aspecte.

En general es va observar que cada Cava i les seves lies presentaven
composicions molt similars entre ells ( ). La Figura 13 mostra les
diferents lies obtingudes després de la liofilitzacié. D'una banda, en mesurar I'lPT i

la IC mitjangant espectroscopia ultraviolada-visible, les lies presentaven valors
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superiors respecte el Cava en ambdods parametres. En general, la major part de la
produccié de Cava sén escumosos amb poc temps de crianga biologica (classificats
com a Cava de Guarda, aproximadament 9 mesos d’envelliment), pel que les lies

residu dels cellers seran majoritariament joves. Per tant, era d'esperar que les lies

L-CV1 presentessin valors menors respecte els parametres estudiats.

Figura 13. Lies del Cava liofilitzades: A) L-CV1 (residu celler); B) L-CGR1 (Blanc, Gran Reserva);
C) L-CR1 (Blanc, Reserva); D) L-CRR1 (Rosat monovarietal, Reserva); i E) L-CRR2 (Rosat, Reserva).

Pel que fa a I'IPT, els valors obtinguts eren significativament superiors en
lies blanques (9,64 + 0,36— L-CR1i 9,68 £ 0,48 — L-CGR1). L'IPT més baix va ser el
de les lies residu (L-CV1), amb un valor de 6,36 = 0,21. De la mateixa manera, les
lies tenien una IC més alta que el Cava. Finalment, la TC presentava valors superiors
en el Cava, augmentant amb el temps d’envelliment. A les mostres de lies també
va augmentar en lies amb major envelliment. Tot aixd pot ser conseqiiéncia de la
precipitacio i posterior adsorcié de polifenols per part de les lies durant el temps
d’envelliment del Cava [107].

D’altra banda, la fraccié volatil del vi escumds és un dels factors més
rellevants en relacié a la seva qualitat. De manera global, es va observar que les
lies de major envelliment retenien més quantitat de compostos volatils i
presentaven una major similitud amb el seu Cava (compartint un 53% de
compostos) (Figura 14). En comparar la composicié de les lies del Cava separades
segons el temps d’envelliment utilitzat respecte el residu del celler (L-CV1) es va
observar que totes compartien un 33% del total de volatils. Els compostos trobats
Unicament a les mostres L-CV1 pertanyen a la familia dels terpens (Taula 2 — Annex
1). Els terpens, tot i ser compostos minoritaris, aporten aromes afruitats i florals al
vi, a més d'olor a resina, llavors i arrels i s’han descrit com a compostos clau de

I'aroma dels vins escumosos [108].
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Figura 14. Cromatogrames del perfil volatil del (a) Cava Gran Reserva i (b) les lies Gran Reserva.

A més a més, els compostos acetats (acetat d'hexil, acetat d'isoamil i acetat
de 2-feniletil) i el decanoat d'etil presentaven valors més baixos d‘abundancia

relativa en el Cava amb major envelliment. En canvi, els nivells de dietil succinat,
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vitispiran i TDN van augmentar amb el temps, obtenint els valors més alts al Cava
Gran Reserva (Taula 1 — Annex 1). De fet, Francioli et al. (2003) [109] havien
proposat alguns d’aquests compostos com a marcadors d'envelliment pel Cava. En
les mostres de lies es va observar una tendéncia similar a la del Cava, de manera
que també es podrien diferenciar lies amb diferent temps d’envelliment en funcié
d'aquests compostos marcadors. Per tot aixo, les lies del Cava tenen capacitat de
retenci6 de compostos a la seva superficie, incrementant amb el temps
d’envelliment del Cava. Per tant, es considera que podrien modificar el perfil volatil

dels aliments on s'utilitzessin com a ingredient.

Després de caracteritzar les lies des d'un punt de vista organoléptic i
determinar que aquestes podrien modificar el perfil aromatic de I'aliment on
s'utilitzin, es van aplicar a la fermentacié de la massa mare i el pa. Primerament es
van formular masses mare afegint lies a diferents concentracions i se'n va avaluar
I'efecte sobre la fermentacidé ( ) i el perfil volatil ( ).
Posteriorment, fixant un percentatge del 5% de lies es va formular el pa i també es

va determinar l'impacte sobre la fermentacié i el perfil organoleptic ( ).

En ambdds casos (blat i segol), I'addicié de lies del Cava entre un 0,5% i un
2% a la formulacié de massa mare va augmentar els recomptes de BAL i llevats
(Figura 15). Una vegada confirmada la hipotesi de promocié de la fermentacié
(alcoholica i lactica) de la massa mare formulada amb lies i basat en resultats previs
in vitro (Annex 2), es va fixar la concentracid de lies a la massa mare en un 5% i es
va aplicar el mateix percentatge directament al pa ( ). Tal i com
s'observa a la Figura 15A, en la massa mare I'augment de concentracié de lies va
resultar en un augment proporcional del nimero de cel-lules viables de bacteris al
final de la fermentacio, tot i que entre el 2% i el 5% no s’hi van trobar diferéncies
significatives. En canvi, en el cas dels llevats (Figura 15B), en afegir un 5% de lies
del Cava a la formulaci6 de la massa mare, aquests van incrementar

significativament.
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Figura 15. Cél-lules viables de bacteris de I'acid lactic (a) i llevats (b) al final de la fermentacio
de la massa mare de farina de blat formulada amb lies del Cava (0,5% - 5%). Diferents lletres
indiquen diferéncies significatives entre les mostres.

Aquest augment del creixement de microorganismes durant la fermentacié
de la massa mare pot ser degut al contingut de fibra, ramnosa i manosa de les lies
del Cava [2]. A més a més, alguns estudis ja havien observat in vitro una millora del
creixement i supervivéncia de certes soques de bacteris entre els que s'hi troben
els propis de la massa mare [2,29]. Per tant, les lies del Cava no només
promocionen la fermentacié lactica, sindé que també incrementen el creixement de
llevats, responsables de la fermentacié alcoholica. Per aixo, pot ser que I'is de les
lies en altres aliments o begudes (p.e., kombutxa, iogurt o formatge) podria

promocionar-hi la microbiota fermentativa.

Tot i aixi, en un ecosistema complex com és el de la massa mare, les
poblacions de microorganismes evolucionen de manera constant. Aquests canvis
respecte els microorganismes inicials de |a farina i I'aigua sén conseqiéncia de la
manipulacié i fermentacié de la massa, els ingredients utilitzats (on es podria
incloure I'addicié de lies) i I'ambient (destacant la temperatura) [81]. De fet, la
microbiota inicial passa per diverses fases de seleccié natural on prevalen els
microorganismes adaptats a |'acidesa, la temperatura i les poques fonts de
nutrients propies de la massa [79,81]. Es per aixo que en futures investigacions seria

interesant la caracteritzacié i tipificacié mitjangant técniques moleculars dels
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diferents bacteris i llevats que es donen durant la fermentacié de la massa mare

amb la incorporacié de lies del Cava.

Posteriorment es van aplicar les masses mare amb un 5% de lies com a
cultiu iniciador de la fermentacié del pa i paral-lelament es va formular pa fermentat
amb un llevat comercial, amb i sense lies al 5%. En aquest cas, els recomptes de
microorganismes, tant bacteris com llevats, en els pans amb lies van ser
significativament superiors que en els controls, independentment de I'is de la

massa mare.

La promocié dels microorganismes fermentadors també va derivar en
canvis fisicoquimics de la massa mare (pH i acids organics) i, conseqlientment, en
el quocient de fermentacié (QF). En referéncia al pH, les lies del Cava ja tenen un

caracter acid ( ). pel que era d’esperar que acidifiquessin la massa mare.

El QF és la ratio molar entre |'acid lactic i I'acid acétic i depén directament
de la composicié microbiana de la massa mare i la seva activitat metabolica [110].
Segons s'ha descrit, un QF d’entre 3 i 4 és caracteristic de la fermentacié lactica i
té efectes positius sobre el perfil sensorial de la massa mare [110,111]. Per tant, en
afegir lies del Cava a la formulacié de la massa mare resulta en un QF menor (Figura
16), més proper als valors descrits en la literatura, tot i que no hi ha diferéncies

significatives entre les diferents concentracions aplicades.

131



Discussié General

159 a

10

Quocient de Fermentaci6
o
o
o

o

Figura 16. Quocient de fermentacio (QF, ratio molar entre I'acid lactic i I'acid acétic) de les
masses mare formulades amb farina de blat amb diferents concentracions de lies del Cava
(0,5% - 5%). Diferents lletres indiquen diferéncies significatives entre les mostres.

Addicionalment, la concentracié d'acid citric i acid malic van augmentar
proporcionalment a la quantitat de lies afegida ( ). D’'una banda, els
BAL poden metabolitzar I'acid malic en acid lactic, pel que aquesta podria ser una
de les causes de I'augment d'acid lactic a la massa mare i, conseqlientment, la
modificacié del QF. A més, la presencia de diferents acids organics (acétic, lactic,
citric, etc.) poden allargar la vida util del pa, ja que tenen activitat antimicrobiana
[112]. D’altra banda, el metabolisme de |'acid citric per part dels bacteris produeix,
entre d'altres, acid acétic i acetoina. Ambdds compostos van incrementar la seva
concentracié en mostres de massa mare amb lies del Cava ( ). De
fet, I'acetoina és un compost caracteristic dels productes de forneria que

proporciona aromes mantegosos.

Aixi mateix, |'addicié de lies del Cava a la massa mare va suposar un
increment per la majoria de compostos volatils propis d'aquesta fermentacié
(Figura 17). Al mateix temps, es va observar que les lies del Cava i la massa mare
compartien diversos compostos volatils, com per exemple el 1-hexanol, 'hexanoat
d’etil o el decanoat d'etil ( ). De fet, les masses mare amb lies del Cava
van presentar perfils més complexes i amb major diversitat d'aldehids i ésters,
respecte el control. Per tant, I'augment d'aquests compostos podria ser causa de
I'increment de l'activitat metabolica dels microorganismes fermentadors pero

també poden provenir directament les lies.

132



Revaloritzacié de les lies del Cava com a nova estrategia de formulacié per a aliments fermentats

Fermentacié espontania + 1 [compostos volatils] amb I'addicié de lies
Lies del Cava (0,5% - 5%) del Cava a la formulacié de massa mare.
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Figura 17. Compostos volatils que van incrementar la seva concentracié amb I'addicié de lies

del Cava.

A més a més, les lies del Cava també van aportar compostos propis dels
vins escumosos, aportant un aroma diferencial a les masses mare (Figura 18). Quant
als compostos volatils del pa, I'addicié de lies al 5% també va suposar un increment
en la concentracié dels compostos propis d'aquest aliment, aixi com |'aportacié de
volatils tipics del Cava (Figura 18). En general, per la majoria de parametres
estudiats es va observar un major efecte de les lies sobre el pa fermentat amb
llevats que sobre el formulat amb massa mare. Aixo és degut que tot i haver
demostrat propietats de millora de la fermentacié i els volatils a la massa mare
( ), quan s'utilitza com a cultiu iniciador aquesta s'afegeix en un

percentatge menor del 30% del pes de |la massa, pel que queda diluida [113].

133



Discussié General

@) @)
)\/U\ /\)k i
H H H30W0A0H3

/

Isovaleraldehid Butanal Dodecanoat d'etil

0 /
B O ;
H HgCAOW\CH3

Benzaldehid Vitispiran Acetat de decil

Figura 18. Compostos volatils identificats només en masses mare i pa amb addicié de lies del
Cava.

Aixi mateix també es analitzar el TPA dels diferents pans formulats (jError!
No se encuentra el origen de la referencia.). En general, es van observar diferencies
significatives entre els pans amb i sense massa mare, independentment de |'addicié
de lies (Figura 19). Per tots els parametres de TPA, es van trobar diferencies
significatives entre els pans en funcié de I'Gs de massa mare, independentment de
I'addicié de lies del Cava. De fet, els pans sense massa mare presentaven valors
superiors respecte els pans amb massa mare, especialment quant a duresa i

masticacid, pel que els pans elaborats amb massa mare eren pans més tous.

Taula 5. Analisi de textura (TPA) dels diferents pans formulats amb i sense massa mare i lies del

Cava (5%).

Pa amb Massa Pa amb Massa Pa Pa i Lies
Mare Mare i Lies
Duresa (g) 43,7+0,9° 44,6 +1,3° 53,0+ 1,5° 51,7 +1,9°
Elasticitat 0,68 + 0,032 0,65+ 0,052 0,88 +0,04°> 0,91+0,02°
Resisténcia 0,44 +0,03% 0,35+ 0,06° 0,54+0,032 0,50+0,04°
Cohesid 0,53+0,04¢ 0,61+0,032 0,83+0,01® 0,82+0,04°
Masticacio (g) 15,6 £0,6° 17,5+0,7° 38,4+0,9° 37,2+1,1°

Els valors sén la mitjana + desviacié estandard de triplicats. Les diferéncies significatives entre

mostres es troben indicades amb lletres al superindex (p < 0,05) per a cada propietat.
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Tant la cohesié com la masticacié sén parametres relacionats amb la
consisténcia del pa i |'energia necessaria per mastegar-lo [114,115]. Els valors
obtinguts van mostrar que els pans elaborats amb massa mare tenien un grau de
cohesié menor que els pans fermentats amb llevat, i requerien menor energia per
mastegar-los. D'aquesta manera, els valors de cohesié i masticacié indicaven que
el pa amb massa mare és de més facil masticacio.
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(b)

Figura 19. Analisi del perfil de textura (TPA) del (a) pa fermentat amb massa mare i (b) pa
fermentat amb llevat comercial.

Tot i aixo, degut que la formulacié amb aquest tipus de subproductes
podria alterar el perfil organoleptic de I'aliment [116—118], es van realitzar analisis
sensorials dels pans elaborats amb i sense lies del Cava (Figura 20). També es va
realitzar un analisi sensorial dels pans elaborats amb les diferents masses mare,
perd tal i com s’ha comentat anteriorment, la massa mare s'incorpora en menys
d'un 30%, pel que I'impacte és menor i no s’hi van trobar diferencies significatives

respecte el control.

Color

Gust Molla

~0f

Olor Crosta

—e— Control 0.5% Lies 1% Lies 2% Lies —e—5% Lies

Figura 20. Spider-web de |'analisi sensorial de pa elaborat amb i sense lies del Cava.

Tot i ser una fraccié important per |'acceptacié per part dels consumidors,
no s'han realitzat gaires analisis sensorials de productes elaborats amb lies. Aixi
mateix, els pocs estudis on si s’han realitzat, els tastadors van atorgar majors
puntuacions en quant a textura i olor a les hamburgueses [116] i gelats [118]

elaborats amb lies.

En el resultats obtinguts d’aquesta tesi, el panel de tastadors van puntuar
positivament el gust i I'olor dels pans elaborats amb lies del Cava, especialment els

del 2% i 5% de lies. Contrariament, el color i la molla del pa van rebre menor
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puntuacié en aquests pans. En general, els tastadors van destacar que en afegir les
lies del Cava al pa de blat el color es tornava més fosc , arribant a comparar-lo amb
el del pa de farina de segol. Tot i aixi, es va valorar molt positivament el canvi en
I'aroma, que recordava al raim i el vi, recolzant els resultats obtinguts per HS-SPME-
GC-MS ( ), resultant en la obtencié d'un producte diferencial. Per
tant, els compostos adsorbits a la superficie de les lies tenen un impacte directe
sobre el perfil volatil dels aliments on s’incorporen. Aixi mateix, també seria
d'interes per a futures investigacions I'is de diferents lies (en funcié del tipus de
raim utilitzats) per avaluar |'efecte d’aquestes sobre el color del producte final, ja
que s'ha observat diferent composicié entre lies amb diferent origen (

).
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La ingesta de lies del Cava resulta en un augment de 'abundancia relativa de
bacteris probiotics, pel que les lies poden tenir un potencial efecte prebiotic

sobre la microbiota intestinal.

Durant I'envelliment biologic del Cava les lies retenen compostos a la seva

superficie (volatils i fenolics).

Les lies del Cava poden ser una font potencial d'aromes i utilitzar-se com a nou

ingredient per a la formulacié d'aliments.

L'addicié de lies del Cava a la formulacié de la massa mare en un 2% i en el pa
en un 5% promou la fermentacié lactica, provocant un increment de la
produccié d'acids organics com |'acetic o el lactic, i, per tant, a I'acidesa de la
massa. Aixd contribueix a una major estabilitat microbioldgica promovent la

seguretat alimentaria del producte.

L'addicié de lies del Cava a la massa mare i el pa augmenta la concentracié
dels compostos volatils del producte i aporta compostos propis del Cava i el

vi. A major concentracié de lies, major concentracié de volatils.

L'Gs de les lies del Cava com a ingredient en aliments fermentats és una
it/ potencial estratégia per la revaloritzacié de dit subproducte, contribuint

a una economia circular i als ODS.
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Annex 1. Material suplementari de la Publicacié 2.

Taula 1. Abundancia relativa (expressada com a % d'area) dels compostos volatils identificats en les mostres de Cava.

Compost Nam. CAS  Aroma' CGR1 CR1 CRR1 CRR2
ACIDS

Acid Acétic 64-19-7 vinagre, agre, picant 1,01 £ 0,39 1,30 £ 0,33 1,48 +0,12 1,55 + 0,29
Acid Hexanoic 142-62-1  formatge, agre 4,20+ 0,742 3,46 = 0,74 2,46 +0,34° 2,42 +0,83P
Actic Octanoic 124-07-2  cera, ranci, oliés, formatge, vegetal 12,52 £ 2,492 12,30 £ 1,662 8,86 £ 0,372 7,56 = 1,98b
Acid Decanoic 334-48-5  citric, ranci 1,76 = 0,692 1,47 + 0,472 0,64 +0,11° 1,27 0,152
Acid Tetradecanoic 544-63-8  coco 0,34 +0,04 nd nd nd

Acid Hexadecanoic 57-10-3  cera 0,93 +0,53 0,44 + 0,08 nd nd
Total Acids 20,76 + 4,882 18,97 =3,28% 13,44 +0,94> 12,80 + 3,25°
ALDEHIDS

Nonanal 124-19-6  rosa, iris, pell de taronja 0,46 + 0,01 nd nd nd
Acetaldehyde 75-07-0  afruitat, picant, eteri 3,41 +0,04 nd nd nd
Furfural 98-01-1 pa, ametlla, llenya 1,87 =0,40° 0,25 + 0,04° 0,55+0,11° 0,57 £0,14°
Benzaldehyde 100-52-7  cirera, ametlla amarga 0,43 +0,12° 0,38 = 0,032 0,65 = 0,10 nd
2-methylbenzaldehyde  529-20-4  cirera nd 2,88 +0,10 nd nd
3-methylbenzaldehyde  620-23-5  cirera, afruitat, fenolic 1,80 = 0,09 nd nd 1,50 £ 0,10
4-methylbenzaldehyde  104-87-0  afruitat, cirera 2,38 +0,77 nd nd nd
Total Aldehids 10,35 + 1,432 3,51 +£0,17° 1,20+ 0,21¢ 2,07 = 0,24bc
ALCOHOLS

2-butanol 78-92-2  afruitat, albercoc nd nd nd 0,47 £0,12
1-hexanol 111-27-3  eteri, afruitat, alcoholic, dolg, verd 2,06 +1,33 2,02 +1,03 1,82 +0,26 3,12+ 0,98
1-octanol 111-87-5  bolets, rosa, verd, taronja 0,31 + 0,06 0,28 + 0,05 nd nd
(2)-3-hexen-1-ol 928-96-1  herba tallada, oli d'herbes, vegetal 0,66 +0,33 0,20 + 0,02 nd nd
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Taula 1. Continuacio.

Compost Nam. CAS  Aroma’ CGR1 CR1 CRR1 CRR2
hisky, alcohdlic, afruitat,
Isoamyl alcohol 123-51-3 ﬁafa'?’ alconalic, arura 13,57 £2,34% 974+191° 1540%513% 18,49 =431"
2-methyl-1-propanol 78-83-1 vi, whiskey nd nd 0,39 +10,18 0,59 +0,16
2-phenylethanol 60-12-8 ;Oesfé)j;’sra" rosa seca, aigua 4,27 + 0,93 4,02 + 0,64 506 %067  645%276
Total Alcohols 20,87 £ 4,99 16,26 £ 3,65 22,67 £ 6,24°® 29,12 + 8,33°
CETONES
2-Nonanone 821556 resh sweetgreen weedy 0,31+0,14 nd 0,36 = 0,11 nd
earthy herbal

4-methyl-2-heptanone 6137-06-0 - 0,26 + 0,01 nd nd 0,25 + 0,05
Total Cetones 0,57 = 0,152 nd 0,36 +0,11b 0,25 +0,05°
ESTERS
Acetic acid, ethyl ester 141-78-6  afruitat, dolg, verd, herba 3,33+0,742 2,810,122 4,90 = 1,442 9,52 +2,50°
Acetic acid, hexyl ester 142-92-7 Ztr;tat' poma verda, platan, nd 0,42 +0,10 0,74 + 0,07 nd
Butanoic acid, ethyl ester 105-54-4  afruitat, conyac, pinya 1,33 +0,37 0,94 +0,13 1,00 = 0,32 1,26 = 0,29
Butanoic acid, 2-methyl-, 7452-79-1  dolg, poma verda, afruitat 0,20 + 0,02 nd nd 0,32+0,10
ethyl ester
Butanoic acid, 3-methyl-, . .

108-64-5  afruitat, poma dolga, pinya 0,30 £ 0,072 1,10 = 0,04 0,20 = 0,042 0,54 +0,15¢
ethyl ester
1-Butanol, 3-methyl-, acetate 123-92-2  dolg, afruitat, platan 0,18 = 0,022 0,66 0,172 1,27 £0,14° 1,31 £0,70°
Diethyl succinate 123-25-1  poma cuita 5,44 + 0,86 3,31 +0,59 3,40 £ 0,36 4,69 + 1,88
Hexanoic acid, ethyl ester 123-66-0 f/’:r'j afruitat, pinya, platan 55771839 13.41£392  20,04+420 19,72 % 456
2-Hydroxyethyl propionate 97-64-3  mantegds, afruitat, caramel 3,15+0,162 1,73 +0,15b 1,70+ 0,18 nd
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Taula 1. Continuacio.

Compost Nam. CAS  Aroma' CGR1 CR1 CRR1 CRR2
Formic acid, hexyl ester 629-33-4 Zzlr;a’ pruna verda, platan, 2,77 £ 0,31 nd nd nd
Ethyl 2-hydroxy-4- 10348-47-7 fresc, mora 0,25 +0,02 nd nd nd
methylvalerate

balsamic, afruitat, floral,
Ethyl 2-furoate 614-99-3 orquidea, cremat 0,40 + 0,11 0,29 + 0,05 nd 0,33 +0,11
Octanoic acid, ethyl ester 106321  2uitat, vi, albercoc, 21,90+ 4,35 41,46+711> 3422+3,65> 21,77 +549¢

Y

platan, brandi, pera
Decanoic acid, ethyl ester 110-38-3  afruitat, poma, raim, brandi 4,62 + 1,582 8,79 £2,16° 5,59 + 0,682 6,42 2,123
Dodecanoic acid, ethyl ester 106-33-2  dolg, floral 0,32 +0,17 nd nd 0,35 +0,02
Tetradecanoic acid, ethyl ester 124-06-1  dolg, violeta nd 0,65 +0,18 nd nd
Diethyl malate 7554-12-3 :L?:;nhs:rgbaarl' sweet, wine, 0,40 + 0,22 nd nd nd
Total Esters 65,36 + 17,39 75,57 £+ 14,72 73,06 + 11,08 66,23 + 17,91
TERPENS | NORISOPRENOQIDS
Vitispirane A 6965-94-4  floral, fruity, earthy, woody 3,27 £0,51°2 1,31 £0,29° 1,49 £0,42° 1,14 £0,11°
Total Terpens i Norisoprenoids 3,27 +0,51°2 1,31 =£0,29° 1,49 =0,42° 1,14 =0,11°

! Obtingut de [33]. Els valors sén mitjana + desviacié estandard de triplicats. Les diferéncies significatives entre mostres estan indicades amb diferents

lletres en superindex (p < 0,05) per a cada compost. nd: no detectat.
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Taula 2. Abundancia relativa (expressada com a % d'area) dels compostos volatils identificats en les mostres de lies del Cava.

Ndm.

Compost CAS Aroma’' L-CGR1 L-CR1 L-CRR1 L-CRR2 L-CV1

ACIDS

Acid Acétic 64-19-7  vinagre, agre, picant 3,30 £0,90° 0,74 +£0,10° 0,14 +0,01°® 0,49 +0,18° 0,46 +0,11°

Actic Octanoic 124072 €T3 ranci. olics, 14,41 +436°  654+125°  403=004b 243+0,19° 16,25+ 4,747
formatge, vegetal

Acid Nonanoic 112-05-0 formatge, cera, lactic 0,92 +0,322 0,36 £0,12° 0,24 +0,13° 0,20 +0,08° nd

Acid Decanoic 334-48-5 citric, ranci 8,12+ 2,152 7,68 +0,37° 5,09 =0,23° 3,49 +£0,37° 15,68 = 5,84°

Acid Dodecanoic 143-07-7 oli de coco 1,06 = 0,382 0,76 + 0,082 0,28 +0,08° 0,28 +0,11° 1,63+0,17¢

Acid Tetradecanoic  544-63-8 coco 1,45+ 0,32 0,33 0,06 nd nd nd

Acid Hexadecanoic 57-10-3 cera 2,690,912 0,45 +0,11° 0,49 +0,12° 0,12 +0,07° 0,35 +0,05°

Total Acids 31,95+ 9,342 16,85 = 2,10° 10,27 = 0,61°b 7,01 £ 1,00 34,37 +10,912

ALDEHIDS

Octanal 124130 Ctc pell taronja, 061+008°  042+003°  029+0,02¢ nd nd
herbaci

Nonanal 124-19-6 grs;j';'s' pell de 3,94+0,18°  1,40=061° 1,11+050° 094=048> 0,53 =027°

Decanal 112312 dolc pell taronja, nd 1,10£0,01°  0,36+0,05° 0,17 0,08 0,46 + 0,07°
citric, floral

Furfural 98-01-1  pa, ametlla, llenya 10,43 £ 2,092 1,34 £ 0,46° 2,11 +1,31° 1,95 +0,87° nd

5-methylfurfural 620-02-0 E;Z”;acarame" XaoP 2,13+0,91° nd 052+0,10° 0,26 + 0,06 nd

Benzaldehyde 100-52-7 cirera, ametlla amarga nd nd nd nd 0,38 + 0,03

Total Aldehids 17,11 £ 3,26° 4,25+ 1,11° 4,39 + 1,98° 3,32 + 1,49° 1,37 £0,37°
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Taula 2. Continuacid.

Compost Ndm. CAS  Aroma'’ L-CGR1 L-CR1 L-CRR1 L-CRR2 L-CV1
ALCOHOLS
1,3-butanediol 107-88-0 - 1,16 £ 0,05 nd nd nd nd
2-hexanol 626-93-7 i, afruitat, coliflor nd nd 11,86 + 2,80 2,75 +0,19 nd
2-ethylhexanol 104-76-7  citric, floral, dol¢ 3,11 +£0,262 1,09 £ 0,66° 1,43 £0,86° 0,64 +0,20° nd
1-octanol 111-87-5  bolets, rosa, verd, taronja 1,33 +0,23 nd nd nd 0,18 +0,02
1-nonanol 143-08-8  floral, rosa, taronja, picant 9,68 + 1,29 nd 1,06 + 0,47 nd nd
hisky, alcoholic, afruitat
Isoamyl alcohol 123-51-3 W‘Is y, aiconolic, atruitat, 1,11 +£0,12 nd nd nd 2,03 +0,62
platan
2-phenylethanol  ¢0-12.5 1O floral rosaseca, 405+1,11° 1,29+041°  1,72+0,68° 1,77 £1,00° 1,07 0,34°
aigua de roses
Total Alcohols 20,44 + 3,06 2,37 £ 1,06" 16,07 + 4,812 5,16 + 1,390 3,28 + 0,98°
CETONES
2-undecanone 112-12-9  afruitat, crem®s, floral, lliri nd nd nd nd 0,30 = 0,01
4-methyl-2- 1og.10.1  Verd, herbaci, afruitat, 338+063  0,72+0,04 nd nd nd
pentanone lactic, picant
Total Cetones 3,38+0,632 0,72 +=0,04" nd nd 0,30 +0,01°
ESTERS
Acetic acid, hexyl 142.99.7 afr‘wtat, poma verda, d d d d 123 +039
ester platan, dolg
Acetic acid, 2- 103-09-3  terrds, herbaci 0,64 + 0,09 0,31 +0,02 nd nd nd
ethylhexyl ester
Butanoic acid, 109.21.7 afruitat, platan, pinya, 0,40 = 0,12 d d d d

butyl ester

cirera, fruita tropical

Taula 2. Continuacid.
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Ndm.

Compost CAS Aroma'’ L-CGR1 L-CR1 L-CRR1 L-CRR2 L-CV1
Diethyl succinate 123-25-1 poma cuita 3,01 £0,21° 0,45 +0,01° 3,24 + 1,83 1,95 +0,47% 0,57 £0,12°
Hexanoic acid, ethyl ), o dole. afrultat, pinya, 1y 44 5 2ga 0,26 + 0,029 nd 116+031°  234+087°
ester platan verd
balsamic, afruitat,
Ethyl 2-furoate 614-99-3 floral, orquidea, nd nd nd nd 0,25 + 0,04
cremat
Octanoic acid, ethyl . ., affultat, vi,albercoc, (35, 4 47. 15262604 17,64+1,23> 2014+763° 22,89 +035°
ester platan, brandi, pera
Octanoic acid, 3- 2035-99- afruitat, dolg, pinya, d 2,05 + 0,06 241 %070 344 + 121 274 + 0,29
methylbutyl ester 6 coco, cognac
Nonanoic acid, ethyl 123.29.5 afruitat, rosa, vi, d d d 0,10 = 0,02 d
ester cognac
Decanoic acid, ethyl afruitat, poma, raim,
110-38-3 . 29,15 = 12,53 39,50 = 3,18 41,24 + 11,73 47,18 = 8,06 41,00 £ 5,58

ester brandi
S-methyloutyl 2306:91- platan, afruitat, 1,18+0,02%  1,96+0,60° 1,19+003% 148+063% 1,06 0,05°
decanoate 4 cognac, dolg
Dod ic acid

ocecanoic acid, 106-33-2  dolg, floral 9.82+263% 873+072% 610+2,38% 504+191b 598003
ethyl ester
Tetrad ic acid

eradecanclc 8t 124.06-1  dolg, violeta nd 067+005° 078+007¢ 075+0,14°  029+0,07°
ethyl ester
Pentad ic acid -

entadecanoic acid, a1ia dolg, mel 10,10 £ 0,34 nd nd nd nd
ethyl ester 00-5
Hexadecanoic acid, afruitat, cremos,

628-97-7 . . 1,60 = 0,49 1,21 + 0,37 2,11 +1,66 1,54 + 0,48 0,94 = 0,03
ethyl ester balsamic, greixds
Diethyl malate 7554-12- bt?own su.gar, sweet, 104 + 0,09 d d d d
3 wine, fruity, herbal

Total Esters 64,30 = 18,25 70,37 £11,07 74,71 +19,63 82,78 +20,86 79,29 +7,82

Taula 2. Continuacid.
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Referéncies

Compost ’\élj:s‘ Aroma' L-CGR1 L-CR1 L-CRR1 L-CRR2 L-CV1
TERPENS | NORISOPRENQIDS

6965-94- floral, fruity, earthy,

Vitispirane A 2,30 £ 0,17 abec 1,69 = 0,54 2,52 +0,23¢ 1,94 +0,12b 2,63 +0,20¢
4 woody
Naphthalene, 1,2-
. 30364- .
dihydro-1,1,6- 186 regaléssia 4,33 +1,02° 290+0,91° 3,75+ 1,49 4,54 + 0,532 8,06 +0,08°
trimethyl- (TDN)
a-Farnesene 502-61-4 IIeInyos, citric, herbaci, nd nd nd 0,05 + 0,01 0,26 = 0,06
mirra, bergamot
B-Caryophyllene 87-44-5 j:lfl llenyés, picant, nd nd nd nd 0,12 £ 0,01
Farnesol 4605)_84_ fresc, dolg, floral, til-ler nd nd nd nd 0,46 + 0,02
Isocaryophyllene 118-65-0 llenyds, picant nd nd nd nd 0,40 + 0,02
Nerolidol 72131_44_ floral, citric, llenyds nd nd nd nd 0,27 = 0,08
Total Terpens i Norisoprenoids 6,631,192 459 +1,44> 627 £1,72%®®  653+0,75® 12,20+ 0,47°¢

! Obtingut de [33]. Els valors sén mitjana + desviacié estandard de triplicats. Les diferéncies significatives entre mostres estan indicades amb diferents

lletres en superindex (p < 0,05) per a cada compost. nd: no detectat.
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Annex

Annex 2. Material suplementari de la Publicacié 5.

@ foods

Supplementary Material

Table S1. Main volatile compounds identified in Cava lees.

CAS-

Relative peak area

Compound Num. Odor? abundance
ALCOHOLS
3-methyl-1-butanol 123-51-3 fusel, oil, alcoholic, whiskey, fruity, banana 2.03+0.62
1-Hexanol 111-27-3 sweet, resin, flower 0.40+0.07
1-Octanol 111-87-5 moss, nut, mushroom, chemical 0.18 +0.02
2-Dodecanol 10203-28-8 - 0.16 + 0.01
1-Decanol 112-30-1 fatty, waxy, floral, orange, sweet 0.34+0.03
Phenethyl alcohol 60-12-8 floral, rose 1.07 +£0.34
Total Alcohols 4.18+1.09
ACIDS
Acetic acid 64-19-7 pungent, sour 0.46+0.11
Octanoic acid 124-07-2 oily, rancid 16.25+4.74
Decanoic acid 334-48-5 sour, fatty 15.68 £ 5.84
Dodecanoic acid 143-07-7 mild, fatty, coconut, oily 1.63+0.17
Hexadecanoic acid 57-10-3 - 0.35+0.05
Total Acids 34.37 £10.91
ALDEHYDES
Nonanal 124-19-6 piney, floral, citrusy, fat 0.53+0.27
Decanal 112-31-2 beefy, musty, marine, cucumber 0.46 + 0.07
Benzaldehyde 100-52-7 cherry, candy 0.38 +£0.03
Total Aldehydes 1.37+0.37
KETONES
2-Undecanone 112-12-9 citrus, rose, iris 0.30 +0.01
Total Ketones 0.30 +0.01
ESTERS
Isoamyl acetate 123-92-2 sweet, fruity, banana 1.13+0.72
Hexyl acetate 142-92-7 sweet, fruity, herb 1.23+0.39
Ethyl octanoate 106-32-1 fruity, floral 14.48 £ 0.35
Isoamyl octanoate 2035-99-6 sweet, oily, fruity, green, pineapple, coconut 2.74+0.29
Octyl acetate 112-14-1 fruity, fatty 0.37£0.16
Methyl decanoate 110-42-9 oily, wine, fruity, floral 0.16 £ 0.09
Ethyl decanoate 110-38-3 sweet, oily, nutlike 27.27 £ 5.58
Dodecyl acetate 112-66-3 sweet, fresh 0.90+0.16
Decyl acetate 112-17-4 sweet, fatty, fruity 1.02+0.61
Ethyl 9-decenoate 67233-91-4 fruity, fatty 0.86 +0.04
Phenethyl acetate 103-45-7 floral, rose, sweet, honey, fruity, tropical 1.54 +0.07
Ethyl laurate 106-33-2 sweet, waxy, creamy, floral 5.98 +0.61
Isoamyl decanoate 2306-91-4 waxy, banana, fruity, sweet, cognac, green 1.06 +0.05
Ethyl decanoate 628-97-7 waxy, fruity, creamy, vanilla, balsamic 0.58 £0.03

Foods 2022, 11, 1361. https://doi.org/10.3390/foods11091361
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Ethyl 9-hexadecenoate ~ 54546-22-4 - 0.90 +0.03
Total Esters 60.22 +9.18
TERPENES &
NORISOPRENOIDS
Vitispirane A 65416-59-3 floral, fruity, earthy, woody 2.63£0.20
1,1,6-trimethyl-1,2-
dihydronaphthalene 30364-38-6 licorice 8.06 £0.08
(TDN)
p-Caryophyllene 87-44-5 sweet, woody, spice, clove 0.12+0.01
Farnesol 4602-84-0 fresh, sweet, linden, floral, angelica 0.46 + 0.02
Isocaryophyllene 118-65-0 woody, spicy 0.40£0.02
Nerolidol 7212-44-4 floral, green, waxy, citrus, woody 0.27 £ 0.08
Total Terpenes 11.94 +0.41

! From [27]. The numbers indicate relative peak area abundance calculated against the total peak
area eluted on the chromatogram, results are expressed as mean + standard deviation of triplicates
from total analysed samples.
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Annex 3. Comunicacions escrites derivades de la tesi.

pld . . .
C S imenacis Bacterial growth effect of Sparkling wine lees B Uyensimar

e Martin, A, Riu-Aumatell, M., Berlanga, M.2, Buxaderas, S.", Lépez-Tamames, E."
IDepartment of Nutrition, Food Science & Gastronomy, Campus Torribera, University of Barcelona (UB), Nutrition & Food safety Institute (INSA-UB), XaRTA,
08921 Santa Coloma de Gramenet, Spain.
2pepartment of Biology, Health and Environment, Microbiology section, University of Barcelona (UB), 08028 Barcelona, Spain

W
BACKGROUND ﬂ\w

Lees are defined as the residues formed at the bottom of receptacles containing i] l

wine, after fermentation or during storage. Lees are composed by microorganisms
(mainly yeast cells), tartaric acid, inorganic and other adsorbed compounds. Yeast
lees of sparkling wine (Cava) are considered a by-product (200 tons/year) mainly

B0 , o
destined for distillation. Each bottle of cava contains approximately 1g of lees that
itributes t lepti rties duril ing.
contributes to organoleptic properties during ageing @ < é é - <«

O BJ E CT I V E Dsitribution and storage Dosage Disgorging

Figure 1. Schematic spanish sparkling wine elaboration

Tirage second Riddling

Coupage
P38 fermentation L
=

The objective of this work is the valorization of the yeast lees, after their i from a compositional point of view and their capacity to promote the

bacterial grows

METHODOLOGY

Lees were characterized by microscopy, metagenomics and chemical analysis. Confocal laser scanning microscopy was used in order to obtain images of the yeast lees. Colorimetric
methods as Bradford for proteins, Phenol-sulphuric for carbohydrates, ninhydrin for aminoacidic composition and 4-DTDP (4,4-dithiodipyridine) for thiols determination were used
in order to obtain the composition of yeast lees. To evaluate in vitro the capacity to promote the bacterial growth Lactobacillus plantarum ATCC 14971 and Lactobacillus reuteri
CECT 925 strains were evaluated by comparison of kinetic growth in the presence of different concentrations of lees (0.5%, 1%, and 2% w/v) regarding control without lees. Once
the concentration of use was determined, the test was carried out over time (1, 2, 7, 14 and 20 d).

RESULTS AND DISCUSSION i '

Yeast lees as a oenology by-product maintain the characteristic ovoid structure of the cell and the s /ﬁ
integrity of the cell wall (Figure 2). The diameter was 3-5 pm and cell counting was 1.1-101°-2.7-101° £ =
cells/g d.w. (62% cell wall; 38% cytoplasm). Polysaccharides were the main compounds of lees (70-75%) y =
followed by a high proteins (9-15%). (Table 1). During aging, lees were plasmolyzed because DNA of -
whole yeast is degraded and not determined. The subsequent degradation to nucleotides and .
nucleosides could be interesting in long aged sparkling wines because they can act as a flavor enhancers. ¢

L
N

Figure 2. Images obtained by confocal laser scanning microscopy of cava lees

Table 1. Mean values for composition in dry weight for lees and dry yeast hulls (DYH).
WY=Whole Yeast and YCW=yeast cell wall. -) Value under the quantification limit.

<005 P<005

LEES DYH
FRACTION wy Yew wy Yew ’ vvaes T2 eons o
Thiol groups (mg Glu-ea/g)  0.40, 081, 2885, 583 ®
% Amino acids (w/w) 0.05, ) 878, - ’
% Proteins (w/w) 85, 93, 212, 287, "

7
1NV 2%Y ool 0S%Y 1Y 2%V

% Sugars (w/w) 723, 746, 566, 547, convol 0557

oy —

6h 24h

Figure 3. Promoting growth effect on L. plantarum at different concentration of
Finally, in order to evaluate the capacity to promote the bacterial growth different concentration of yeast yeast lees

lees were assessed (0.5, 1 and 2%) in vitro culture. The promoting growth effect on L. plantarum was
observed at 1% yeast lees concentration, showing significant differences after 24 h of incubation (Figure 3).
The presence of lees, at 1% concentration, maintains the survival of L. plantarum culture at room N

o
temperature up to 20 days after the experiment has been performed (Figure 4). For L. reuteri were similar |9
to those obtained with L. plantarum (data not shown). g 8
7
£ 6
ﬁ 5
L4
3
2
It can be concluded that the sparkling wine lees improve the bacterial growth and survival on probiotic ;
bacteria such as L. plantarum and L. reuteri and they are suitable for reused as technological adjuvant in 0 3h 6h 2h 2d 7d 144 20d
multiple fermentation processes. Incubation time
References: eControl ====Yeast lees 1%

[1] Gallardo-Chacon, 1. Vichi,S.; Urpi P; Lopez- Tamames,(,Buxzdevzs,s,lnl1 Food Microbiol., 2010, 143, 48
[2] Shokri, H.; Asadi, F; Khosravi, AR, Nat. Product Res. 2008, 22, 4

3] Tudela, R.; Riu-Aumatell, M.; Castellari, M.; Buxaderas, S.; L6pez- Tamames,E 1. Agric. Food Chem., 2013, 61, 6028
[4} Mokhtar, S; Jafari, M.; Khomeiri, M.; Maghsoudiou, Y; Ghorbani, M. Morteza K., 2017, Food Res. Int..2017, 96, 19

Figure 4. Survival of L. plantarum with 1% yeast lees carried out over time at room

temperature,
. sk XaRTA Institut de Recerca en Nutricid
e, K Feazeniomra INSA | 1onrein himeniein
Y COMPETITIVIDAD. ’|\ Ol gn regnal:glla‘dtedkhge&m 'UNIVERSITAT pe BARCELONA Acknowledgements: GENCAT 2017-1376 SGR, AGL2016-78324-R MINECO
o s Genaianat e Gataorya
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¥

O [
Las lias del Cava se definen como el residuo formado después de la fermentacién o gﬁ & = ,
S —-
durante el almacenamiento del vino (Figura 1) y se componen de microorganismos b - (
(principalmente células de levadura), &cido tartérico, &cidos inorganicos y otros RN e e femede peaiele
fermentocion

compuestos adsorbidos [1]. Cada botella de Cava contiene aproximadamente 1g de lias,

Equerado,
almacenamiento
ydtribucén

que contribuyen a las mejoras organolépticas durante la crianza del vino. Aun asi, las lias

Dosage

se consideran un subproducto (200 toneladas/afio).

OBJETIVO

Evaluar el efecto de las lias del Cava sobre el crecimiento, la supervivencia y la produccién de
masa madre del pan.

MATERIAL Y METODOS
¥

Figura 1. Esquema del proceso de elaboracion del Cava.

metabolitos secundarios de la microbiota fermentativa de la

Ry

K
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Figura 2. Esquema del disefio experimental. Se incubaron ambos microorganismos en cultivo puro y mixto a diferentes temperaturas (25, 30 y 37°C) durante 72h.

MRS Agar B

RESULTADOS Au Bi
. .. P 2 i
La capacidad de las lias para promover el crecimiento de los 2 I o
I3 1 3
. . ) 750 1 .
microorganismos fue evaluada a una concentracion del 1% (m/v) a 2 + 4 z
5 I g
diferentes temperaturas. La presencia de lias aumenta el crecimiento y la g i T 7T P
g 1 g
3 6s0 ]
supervivencia de ambos microorganismos, tanto en cultivo puro (Figura 3) = ¥ I 2
H S 550
: . : : g Al &
como en cultivo mixto. Lb. plantarum, tuvo mayor supervivencia a = i 1 | } H
Fsso 1L -
temperaturas mas altas (30°C y 37°C), mientras que para S. cerevisiae esta [ I 1 l 1 450
aumento a temperaturas mas bajas (25°C'y 30°C). J
- 350
o W o 10w w0 0w W
Tabla 1. Acidos grasos de cadena corta (AGCC) y media (AGCM) producidos por Lb. plantarum y oo ‘; - “‘“] oo ° Tempo )
S. cerevisiae: (+) presencia; (++) aumento del 10%; (+++) aumento del 20%. 5, plantaram 25°C ' s lantaram 525

— 5. corevsion 25°C ==, coreisiae % 25°C —— 5. cerevisioe 0°C

b, lantarum 30°C b, plantarum % 30°C
Lactobacillus plantarum Saccharomyces cerevisiae e S Corevsios % 30°C —8— S, corevisioe

Lh.lantarum 37°C b, plantaram % 37°C e S corevsioe %37°C

Compuesto Aroma®  25°C %25°C 30°C_%30°C 37°C %37°C 25°C %25°C 30°C_%30°C 37°C %37°C ) . C 30°Cy 37
P — Figura 3. Crecimiento y supervivencia de Lb. plantarum y S. cerevisiae a 25°C, 30°Cy 37°C.
Acido acético :;’fﬁ";:v R T T e .
Acido  Pungente, Tabla 2. Principales metabolitos secundarios producidos por Lb. plantarum y S. cerevisiae en cultivo puro y
propionico _rancio mixto: (+) presencia; (++) aumento del 10%; (+++) aumento del 20%
Acido butirico SUdoroso. e e e P
ancio Cutivomixo
o Mantequl, P . Compuests Aroma®__ 25°C %25 30 %30°C 37°C ¥37C 25C %25 30 K3 S KIC I KIC 0C KT I K3
Acidovalérico  Sudor e e e + . " Diacetio Mantequla  + =+ L S e e e e
o L. .. R metioopnel el T
imonen G, reso . . .o . PN
Acido Aceitoso, e e . imeneno
caprilico  rancio, sudor B T
Acido céprico Agrio, graso _ + v e e pcetoina | Mantequila,crema ¢ v o 4 e e+ . . R
e chienido de Mavarmet by Terry Aeree & Feimich Arm, W 20 P ——)

CONCLUSIONES

Se puede concluir que las lias del Cava promueven el crecimiento y la supervivencia de microorganismos de interés tecnolégico, como son Lb. plantarum y S.
cerevisiae, siendo a 30°C la temperatura mas 6tpima. Esto puede deberse al contenido de B-glucanos y manoproteinas, ademas de fibra insoluble y otros
compuestos que se encuentran en estas células plasmolizadas. Por lo tanto, se pueden revalorizar como coadyuvante tecnoldgico en procesos fermentativos,

como, por ejemplo, la elaboracion de masa madre del pan. Ademas, este aumento del crecimiento y supervivencia en presencia de lias también comporta una

Referencias:

[1] Gallardo-Chacdn, 1.1; Vichi, S.; Urpi P; Lépez-Tamames, €.; Buxaderas, ., Int. J. Food Microbiol., 2010, 143,48

2] Shokri, H.; Asadi, F; Khosravi, AR, Nat. Product Res., 2008, 22, 414

3] Tudela, R ; Riu-Aumatell, M.; Castellari, M ; Buxaderas, 5 ; Lopez-Tamames, E. J. Agric. Food Chem., 2013, 61, 6028
{4} Mokhtar, ; Jafari, M.; Khomeiri, M.; Maghsoudlou, Y; Ghorbani, M. Morteza K, 2017, Food Res. Int. 2017, 96, 19

mayor produccién de metabolitos secundarios por parte de dichos microorganismos.
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BACKGROUND

Lees are defined as the residues formed at the bottom of receptacles

containing wine, after fermentation or during storage. Lees are

composed by microorganisms (mainly yeast cells), tartaric acid,

Second Riddling
fermentation .

[ 8
wine (Cava) are considered a by-product (200 tons/year) mainly 2 ¢
destined for distillation. Each bottle of cava contains approximately @ < é é é é <= =\ U
1g of lees that contributes to organoleptic properties during ageing. Ditribution and storage Dosage Disgorging -

O BJ ECTI V E Figure 1. Schematic spanish sparkling wine elaboration

The objective of this work is the revalorization of yeast lees by studying their capacity to promote Lactobacillus acidophilus growth at different‘
temperatures.

METHODOLOGY

To evaluate in vitro the capacity to promote the bacterial growth, Lactobacillus ¥

inorganic and other adsorbed compounds [1]. Yeast lees of sparkling m Coupage Tirage

Yeast lees

acidophilus ATCC 4356 was evaluated by comparison of kinetic growth in the

N
y
/

presence of 1% w/v regarding control without lees. The test was carried out over E Vel N

time (Oh — 72h). To stablish the growth curves, L. acidophilus was incubated %.77'00 f T %
according to different temperatures (25°C, 30°C and 37°C) in iso-sensitest medium, %5’50

and plating the appropriate dilution. E

RESULTS AND DISCUSSION R

The ability of yeast lees to promote bacterial growth in vitro culture was assessed at - (

a 1% (w/v) concentration, at different temperatures (25°C, 30°C and 37°C). The o o 2 o . 14:) =0 &0 o
ime
presence of yeast lees maintains the survival of L. acidophilus culture at a range —e—30°C e 30°C 1%

Figure 2. Growth of Lactobacillus acidophilus in the presence of 1% (w/v)

temperature of 25-37°C through time. Jeast lees regarding control

Statistically significant differences were found at a temperature of 30°C (Figure 2)

between culture with yeast lees and control. It was observed that the presence of
Table 1. Growth of Lactobacillus acidophilus in the presence of 1% (w/v)

lees increases the growth of L. acidophilus, as well as bacteria survival. Similar yeast lees regarding control.

results were obtained at 25°C and 37°C (Table 1). TIVE (h) Viable cells L. acidophilus (log CFU/mL)

CONCLUS'ONS 25°C 25°C1% 37°C 37°C1%

0 4,90+0,04° 4,93+0,03° 570+0,06° 574+0,13°
It can be concluded that sparkling wine lees improve the bacterial growth and 3 5,69+0,10° 5,57 +0,09° - R

. L . . . . + < + © + be + be

survival on probiotic bacteria such as L. acidophilus and they are suitable for reused 6 702£010°  691£0,07°  7,81£0,04% 7,800,02
9 8,02+0,06% 7,94+0,07% 7,96+0,07 8,01+0,05
as technological adjuvant in multiple fermentation processes, as well as a prebiotic 2 7,76+023¢ 7,040,020 7,9340,03% 803 +0,01¢
A ) . . 4 det b b
regarding intestinal microbiota. 30 7,81:0,01% 7,92+0,01% 7,92+0,03% 7,98+0,025
References: 48 7,89 £0,05% 7,99 +0,049f 7,90+0,08% 7,94 +0,01b¢
(111 Gallardo-Chacén, J.J; Vichi, S.; Urpi P; Lépez-Tamames, E.; Buxaderas, S., Int. J. Food Microbiol., 2010, 143, 48 54 8,12+0,03¢  822+0,11 7,75+0,02° 7,98 +0,04b¢
[2] Shokri, H.; Asadi, F.; Khosravi, AR., Nat. Product Res., 2008, 22, 414 72 7,07+0,08% 8104005 7,77+0,03% 7,84+0,18%

[3] Tudela, R ; Riu-Aumatell, M.; Castellari, M.; Buxaderas, S.; Lopez-Tamames, E. J. Agric. Food Chem., 2013, 61, 6028
[4} Mokntar, s; Jafari, M.; Khomeiri, M.; Maghsoudlou, Y,; Ghorbani, M. Morteza K., 2017, Food Res. Int. 2017, 96, 19
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.PRE, PRO o0 SIM?
...Bioticos

PROBIOTICOS PREBIOTICOS

Microorganismos (MO) vivos que
ofrecen beneficios para la salud del
huésped

N~ el ~ 7.
B g B

Bifidobacteria Lactobacilli Acidophilus

Mantienen la microbiota
intestinal saludable

Ingredientes alimentarios
utilizados por los PROBIOTICOS
y no digeribles por los humanos

Pueden modificar la
composicion y/o la

funcion de la microbiota
En alimentos fermentados, d

como suplemento
dietético o en farmacos

intestinal

En alimentos de forma
natural (fibra) y en
suplementos alimenticios

Beneficios: Beneficios:
Protegen vs patogenos Mejoran la funcion digestiva
Ayudan al SI - Ayudan a regular el balance
Aportan vitaminas y enzimas — : energético y el metabolismo
Mejoran la digestion y la absorcion o de la glucosa

de nutrientes

SIMBIOTICOS

Producto alimentario que contiene el PREBIOTICO que
favorece selectivamente al PROBIOTICO

)| | B8 F @i

4
,\ Institut de Recerca en Nutrici6é
iSeguretat Alimentaria
UNIVERSITAT pe BARCELONA

Infografia elaborada por Alba Martin-Garcia y Salvador Hernandez-

: . 9 S Tﬂ BARCELONA
Macias, doctorandos del programa de Alimentacion y Nutricion de la ‘ CHD o INSA
. . CatedeANONe
Universidad de Barcelona

182



	AMG_COBERTA
	TESI_AMG



