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ABSTRACT

Malolactic fermentation (MLF) isacomplex processthat involves many reactionsin addition to the decarboxylation of L-malic
acidinto L-lactic acid. But the complexity of MLF isfar from being completely elucidated. One of the most confusing aspectsis
connected to the relationship among MLF, lactic acid bacteria (LAB), wine color, and phenolic composition. For instance,
evidence suggests that LAB activity is inhibited by some phenolic acids but activated by others. Also, it is not clear if the
phenolic composition and wine color are affected by MLF. This review summarizes current knowledge about these topics

hoping to establish a guide for further research.
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INTRODUCTION

Malolactic fermentation (MLF) isamicrobiologica
processcarried out by lactic acid bacteria(LAB) inmost
red winesand some white and base sparkling wines*2.
The main changes produced by MLF are i) the
deacidification of wine dueto the decarboxylation of L-
maicacidintothesofter L-lacticacid; ii) theimprovement
of wine aroma by the production of secondary
metabolites, andiii) theimprovement of microbiologica
stability dueto the consumption of theremaining carbon
and energy sources.

During thelast few decades, MLF hasbeen widely

studied not only to improve the development of LAB
during winemaking for abetter performance of MLF
but al so becauseit seemsthat LAB metabolismismuch
more complex than previoudy thought. MLF affectsthe
aroma profile# and color parameters as reported by
several authorg9,

Winecolor isthefirg attributethat reachesour senses
whenitisservedinto aglass. Thisattribute caninfluence
both wine expertsand novice winejudges perception.
Wine color and clarity are common indicators of wine
style, origin, grape variety and maturity, and winemaking
technique. With the color in mind, winetasters can
correlate the aroma and taste of wine or at least the
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expected attributes.

Phenolic compoundsarethe moleculesresponsible
for color, bitterness, and astringency aswell asaroma
and flavor®, They are extracted from grapes during
thewinemaking processand the quantity present inwine
depends on the grape variety, the environmental and
cultural conditions, grape maturity, and winemaking
techniques such asmaceration*?.

Phenolic compounds comprehend acomplex group
that can be divided into several groups and subgroups
(TABLE 1). The non-flavonoids include the phenolic
acidsthat can be divided into benzoic acids, cinnamic
acids, and other phenalic derivativessuch asstilbenes™.
The flavonoidsinclude anthocyanins and flavan-3-ols.
Flavonoids are responsible for red wine color and are
located in grape skins. Flavan-3-ols are present as
monomers, oligomersand polymers, called condensed
tannins or proanthocyaninswhich are responsible for
wine astringency (tactile sensation), bitterness (taste),
and long-term color stability!'29,

The relationship between MLF and phenolic
compounds is somewhat confusing. As commented
above, some authors have shown that MLF can affect
somewinecolor parameterd®19. Other studiesshow that
LAB activity isinhibited by some phenolic compoundg**€l
but activated by otherd*. Also, somewinemakersseem
to agree that MLF affects wine color and astringency
but most of these affirmations are based on the
winemakers experience than on scientific evidence!®.
Inorder togroup all theseresultsand aiming to establish
a guide for further research in this field, this review
summarizesthe different resultsthat correlate phenolic
compoundswith LAB metabolisnand MLF

INHIBITION OR STIMULATION OF LAB
AND MLFBY PHENOLICACIDSAND
FLAVONOIDS

It isknown that the low pH inwineaswell asthe
high ethanol content and the presence of SO,, medium-
chainfatty acids, nutrient limitation, and another potential
yet ftill unknown factors, may inhibit LAB devel opment
and MLF%21, |t was also suggested that the rate of
MLF does not always correspond to the rate of LAB
growth or survival of the species conducting MLF020,
Themdicenzymemight beinhibited by somerepressors
and become active once those substances are removed
fromwine?,

EXPLORATORY

Some authorsinvestigated the inhibitory effect of
phenolic acid with theaim to avoid the devel opment of
LAB that sometimescan lead to the alteration of wine
such asthe “lactic disease” and the production of off-
flavord16212429 |nthissense, some phenalic acidssuch
as caffeic, coumaric, and ferulic acids can inhibit the
growth of some strainsof Lactobacillus collinoidesat
concentrations higher than 500 mg/L whereas a
concentration of 100 mg/L hasbeen reportedto stimulate
the growth of Lb. collinoides strainsand Lb. brevige.

Other LAB speciesthat have been investigated in
relation to phenolic inhibition (or activation) are
Pediococcus pentosaceus, Lactobacillus hilgardii,
Lactobacillus plantarum, and Oenococcus oeni. The
last two being the most desired to carry out MLFwhen
needed?*28, But the information about the rel ationship
between phenolic compoundsand Lb. plantarumisstill
confusing and more research isneeded!*#,

In the beginning, the most studied phenolic
compounds were the hydroxycinnamic and
hydroxybenzoic acids(TABLE 1). For instance, among
the hydroxybenzoic acids, gallic acid was found to
activate O. oeni (Leuconostoc oenos 1B8413) cell
growth and to stimulate MLF at 100 mg/L™¥ and no
inhibition was detected at concentrations bellow 1000
mg/L on O. oeni strain CECT 4100™7 or O. oeni |FI-
CA 91 and IFI-CA 96!%1, No inhibition by gallic acid
was detected on Lb. hilgardii strain 5 growth at 500
mg/LE or Lb. hilgardii IFI-CA 49 and P. pentosaceus
IFI-CA 857, But, gdllicacid did exhibit adight inhibition
on O. oeni VF at the concentrations 100, 200, and 500
mg/LE%, Apparently, the effect of gallic acid dependson
the LAB speciesand strains or maybe on the growing
conditions.

Other hydroxybenzoic acidshave been investigated
and 100 mg/L vanillic acid had adight inhibiting effect
on O. oeni cell growth™, Theinhibition by vanillicacid
was also observed in O. oeni VF at 100, 200, and 500
mg/L aswell astheinhibition by syringic acid at thesame
concentrations®!. The commercial strain O. oeni VF
wasalsoinhibited by the hydroxybenzoic protocatechuic
and p-hydroxybenzoic acidsat 100, 200, and 500 mg/
LB, Vanillic, syringic, and p-hydroxybenzoic acidsal so
caused a decrease in the growth rate of Lb. hilgardii
strain5 only at 500 mg/L but not at 100 and 200 mg/L ™,
Wheninvestigating four strainsof Lb. platarum, there
was found that gallic acid and its ester methyl gallate
had the minimum inhibitory concentrationsat 1900 mg/L
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TABLE 1: Classification of non-volatile phenolic composition of grapesand wineg*2158,

Group Subgroup Compounds Notes
p-hydroxybenzoic acid
protocatechuic acid
Hydroxybenzoic vanillic acid Gdlic acidis the precursor of all hydrolysable
acids (7C) o tannins and is part of condensed tannins
Phenol gdlic acid
enolic PO o
acids gyringic agd .
p-coumaric acid
Hydroxycinnamic ~ cafeic acid A ssociated with wine browning and as precursors
acids (90). ferulic acid of volatile phenolic compounds.
dnapicacid
Flavones These compounds are not present in significant
Flavanones amount in grapes.
kaempf erol
uercetol i
Flavonols q _ In grapes they are _of ten glycosylated forming
myricetol guercetin, myricetin, ec.
isorhamneto
Flavononols Taxifolin Also known as dihydroquercetin.
The flavane nucleus formsthe common basic structure for many molecul es, namey
Flavanes
flavanols
(+)-catechin
(-) epicatechin Monomerssuch as (+)-catechinand (- )-
Flavonoids  Fjavanols (+)-gallocatechin epicetechin, dsoknown asflavan-3-ols can
(15C) . . polymerize into oligomers and polymersforming
(-)-epigallocatechin proanthocyanins
(-)-epicatechin-3-O-gdlate
Chalcone derivatives are intermediates and precursors for flavonoid derivatives
Chdconesand found in grapes orwine. They are formed during wine aging by under anaerobic
dihydochal cones conditions moving the anthocyaninequilibria toward the cha cone forms and thus,
changing the colorand agringency degree of thefinal product
cyanidin (orange red)
peonidin (red) A nthocyanic pigments are responsibl e for the color
Anthocyanic del phinidin (bluishred) of grapes andwine, in part determined by their
pigments pelargonidin (orange) chemical structuresuch astheir degree of
petunidin and malvidin hydroxylation, methylation and/or glycosylation.
(bluish red)
Polymers of sugars and phenolic acids. The basic unitsare gallic and
Hvdrolvsable hexahydroxydiphenic acids and their derivatives, such as elagic acid. These acids
Tannins tenyn' nsy are usually esterified with D-glucose. Agingin oak barrels promotes the extraction
! of low molecular weight phenolic compounds into wine. Ellagic acidis a
characteristic compound formed upon barrel wine aging.
These are predominantly in grapes and wines. These polymeric compoundsthat give
Condensedtannins  rise to anthocyanidins T he procyanidins and prode phiniding which hydrolyze to
(proanthocyaniding  cyanidin and del phinidin, are themost abundant condensed tanninsin grapes and
wine.
Resveratrol
Ficeid Bhenol g o _
iceatannol al id enolic compounds comprising two aromatic
Stilbenes ?gter?ngrm;) giticosice rings. Resveratrol isthe stilbene most ref erenced as
- present in grapes and wine.
pterostilbene
pdlidol
Coumarins Lactones obtained by cyclisation of the cis-2-hydroxycinnamic acid and its

derivatives.
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for gallateand 9000 to 18000 mg/L for methyl gallate’®Y.
Inthe case of hydroxybenzoic acids, all studiespoint at
theinhibition of LAB growth or survival.

Wheninvegtigating the hydroxycinnamic acids, 1000
mg/L of caffeic, ferulic, and p-coumaric acids had an
inhibitory effect on the growth and MLF performance of
O. oeni strain CECT 4100, whereas 25 or 100mg/L did
not affect theincreaseinthe population with theexception
of 100 mg/L of p-coumaricacid. Mdic acid consumption
was inhibited in cases where growth was affected*”.
These same acids inhibited the growth of the O. oeni
VFdrain at the concentrations of 100, 200, and 500 mg/
LB but had alittle or no effect on O. oeni IFI-CA 17,
O. oeni IFI-CA 88, O. oeni IFI-CA 91, O. oeni IFI-CA
96, P. pentosaceus IFI-CA 85, and Lb. hilgardii IFI-
CA 49 considering the high inhibitory concentrations
found in the study'®. A different result was obtained
using Lb. hilgardii strain 5where concentrationsup to
200 mg/L of hydroxycinnamic acids increased cell
concentrations despite the decrease in growth ratel®,
Andyzingtheinfluenceof hydroxycinnamic acids, another
study found that the concentrationsabletoinhibit the Lb.
plantarum growth were 2000 to 4000 mg/L for p-
coumaric, 9000 to 18000 mg/L for caffeic acid, and 5000
to 10000 mg/L for ferulic acid. A much higher
concentration compared to other studies®Y. Inthiscase,
it seemsthat all these acids, their chemical structure,
their concentration, and LAB species and strains are
differentially affected.

Regardingflavonol s, quercetin showed astimulating
effect up to 1000 mg/L for both popul ation growth and
MLF performanceof O. oeni CECT 410077, A different
result was obtai ned with quercetin and kaempferol which
presented a dose-dependent inhibitory effect on the
growth of O. oeni VF at the concentrationsof 10, 20, 40
mg/L whereas myricetin had no noticeable effect onthe
growth of this strain. Lb. hilgardii 5 growth was
diminished by 40 mg/L of quercetin and kaempferol 2,
Again, different resultswerefound by different authors
pointing out the differencesin the concentration of the
compounds and on the strainsused in each work.

Littleinformationwasfound on theeffect of flavanols
on LAB. Catechin showed astimulating effect at 25 mg/
L on O. oeni CECT 4100, for population growth and
MLF performance. But catechin (12.5, 25, and 50 mg/
L) and epicatechin (3.12, 6.25, and 12.5mg/L) exhibited
no significant difference in the growth of O. oeni VF
nor in Lb. hilgardii 52%. Theinhibitory activity on Lb.

EXPLORATORY

plantarumwasfound to be 2900 mg/L for catechinand
ranging from 1400 to 2900 mg/L for epicatechini3Y.

Free anthocyaninswere shown to activate O. oeni
cdll growth and stimulated M LF at concentrationsof 200
mg/L1Y.

Phenolic a dehydes, sngpal dehyde, coniferal dehyde,
p-hydroxybenza dehyde, 3,4-dihydroxybenza dehyde, and
3,4,5-trihydroxybenzal dehyde were shown to inhibit the
growth of O. oeni VF at the concentrationsof 250-500
mg/L, which are believed to be much higher than the
ones found in wines (1-2 mg/L)™!. The phenolic
aldehydes sinapaldehyde and coniferaldehyde also
affected the growth of Lb. hilgardii 5 especialy at the
concentration of 500 mg/L.

Bigger phenolic compounds such asgrape and oak
tannins can affect LAB and MLF. Procyanidins mixed
withthe seed extract or used pureasadimer procyanidin
acted asinhibitorsadversaly affecting the viability of O.
oeni. Total wood extract proved to be toxic whereas
pure ellagitanninsimproved the overall viability of the
bacterial population’®!. Condensed tanninswerefurther
investigated and proved amarked decreasein the number
of viable cells of O. oeni VF and Lb. hilgardii 5 but
with a milder effect!?). A recent experiment found
different results using commercial tannins for
winemaking®3. Two commercial strains of O. oeni
increased their biomassand MLF performance after the
addition of 500 mg/L of tanninsin the culturemediaand
inwhitewine. Theseauthorscorrelated the variability in
growth and M LF performance caused by the addition of
different tannin moleculeswith theredox potential of the
medium®2,

Asmentioned above, phenolic compoundsseemto
have adifferent effect on LAB development and MLF
performance depending onthetype of molecule(chemical
structure) and its concentration but also on the LAB
speciesand strain(t7:2430.32,

Regardingthemechanisminvolvedin LAB inhibition
or activation, several hypothesesare being investigated.
Viability inhibition may be dueto the alteration of the
membrane structure producing leakage of cell
congtituentg?=1, the changein thefatty acid composition
of the cell membrane¥, or the hydrogen bonding of
Gram-positive bacteriapolysaccharideswith oligomeric
tanninscausing theinhibition of vital proteing+*.

Itisworth mentioning that most gudiesinvolvingthe
interaction of phenolic compoundsand LAB viahility have
been carried out using buffersand culture mediawith
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different formulations, specific phenolic compounds,
ethanol concentration, and temperature of incubation. In
fact, most studies have used higher concentrations of
phenolic acidsthan those found inwines?+3-%l. To study
theseinteractionsinrea conditionsisachalenge®. Also,
only afew studiesincluded the consumption of malic
acid which may be influenced in different ways
independently of growthinhibition or stimulationasaso
proposed by Figueiredo and co-workers?. |s not the
sametoinoculaelaboratory strainsaccustomedto culture
mediathat the study of wine populationsin their natural
environment. In this sense, arecent study proved that
some strains of O. oeni have different phenotypesin
grape must and inwinesthat couldindicatetheir level of
adaptability to either red or whitewing®. Asmentioned
in previouswork, the simultaneous presence of activating
and toxic moleculesmay establish an equilibrium that
becomesmore propitiousto thegrowth of LAB at agiven
moment',

INFLUENCE OF LAB ON WINE FLAVOR

Another concernisthe devel opment of off-flavors
dueto the metabolism of some phenolic compounds by
LAB. It is now known that during MLF, LAB can
produceor release different compoundsthat have either
a positive or a negative effect on the wine sensory
profile?,

Some of the studieswhere phenolic acidsinhibition
or activation wasreported, also found that some of these
compoundswere being metabolized by someof the LAB
speciesor strainsthey used. For instance, it wasreported
that when glucose was present, O. oeni could degrade
gallate¥. Also, thereissomeevidencethat O. oeni and
Lb. sp. could convert ferulic acid into vanillin (a
hydroxycinnamic acid)®". Recent work hasdemonstrated
the decarboxylation of gallicacid by Lb. plantarumstrain
Lp2565 and O. oeni strain 002219 with the production
of p-hydroxybenzoic acid, p-hydroxybenzyl acohol
leading to a dlightly fruity-sweet coconut odor®3, p-
hydroxybenzal dehydewith vanillic/nutty odort®¥, catechol
and protocatechuic acid®,

Some of the volatile phenolic compounds such
ethylphenolshave been described asresponsiblefor the
‘phenolic’, animal’, and ‘stable’ off-odors found in certain
red wined®. Thisisacontroversial subject sinceMLF
keep occurring around the world and these of f-flavors
seem not to appear as often asit would be expected. In

fact, at low concentrations, some of thevolatile phenolic
compoundsmay bring some complexity tothewineflavor.

Regarding hydroxycinnamic acids and their
derivatives, theseare believed to bethe main compounds
modified by MLF*, though some authorsdid not find
the consumption of these molecules” othersfound that
O. oeni I(EB 8413 reduced vanillin to the corresponding
vanillyl dcohol (withamild, sweet, balsamic, vanilla-like
odor)®"38, The production of vanillin (sweet, creamy,
vanilla odor)!®, was also exhibited by O. oeni strain
00221933, Reguant et al.*" also found out that astrain
of Lb. plantarum was able to metabolize p-coumaric
acid, aswell asit wasprevioudy reported using different
strainsof Lb. brevis, Lb. plantarum, and Pediococcus
sp.[U, These authors argued that when decarboxylation
was observed, volatile phenol s 4-ethylguaiacol (sweet,
spicy, medicina odor) and 4-ethyl phenol (woody phenalic,
medicinal, yet rather sweet odor)¥, where detected.
Apparently, all these enzymatic activities seem to be
subjected to several factors, themost obviousbeing the
LAB species and strains but also to the growing
conditions, the genetic background and the composition
of wine as well as yeast/LAB interactiongd“>*, A
different study comparing theinteraction of O. oeni with
oak wood compounds showed that thisLAB wasableto
interact withwood and form vol atile compounds (woodly,
spicy, smoky, and vanillin) that play animportant rolein
wineflavor®!, Undoubtedly, thissubject requiresfurther
investigation.

Anthocyanins were too metabolized by O. oeni,
especialy at thebeginning of thegrowing phase, thesame
phasethat was stimulated by these compounds®. These
authors suggested that the glucose moiety of the
anthocyaninswas used as an energy source thanksto
the f-glycosidase activity of O. oeni. Different strains
of O. oeni exhibit f-glycosidase activity depending on
the culture condition such as pH, ethanol, sugar
concentration, and the growth phasg 647,

Capello and co-workerg*® discuss this subject in
detail allowing abetter understanding of the metabolic
mechanismsof LAB involved intheformation of potent
flavor-active compoundsinwine.

INFLUENCE OF LAB ON WINE COLOR

As mentioned above, MLF is usually desired,
particularly in red wines but it is suspected that this
process reduces wine color. As the concentration of
EXPLORATORY
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phenolic compoundsisconditioned by severd factorssuch
asgrapevariety, insolation, temperature, vinetreatment,
time of harvest, and enological practices*?!, the
winemakers could somehow compensatefor thelossof
color, with specific techniques.

When it comesto wine color, especially red wine,
much work hasbeen donebut not asmuch whenit comes
tothereationshipwith MLF. It isof general acceptance
that M LF reduceswine color®*, but why?

Themain responsi bles of young red wine color are
the anthocyanins, flavanols, and their association, also
affected by the wine pH!518.

Asthe wine agesits color also changes dueto the
degradation of anthocyanins, their combination forming
polymers, or their transformation into new pigmentssuch
as vitisins (anthocyanin-pyruvic acid products and
anthocyanin-acetal dehyde derivatives)*2.

It hasbeen reported that MLF dlightly reduceswine
color in Shiraz wine”. Differencesin anthocyanin and
pigmented polymer composition werefound depending
ontheinocul ation regime (co-inocul ation of yeast and O.
oeni). Aspointed out in astudy using Chancellor wines,
most differences in wine constitution result from the
interactions between MLF culture, yeast strain, and
fermentation temperature!. Surprisingly, theseauthors
found that one culture of O. oeni enhanced color intengity
and redness.

When studying MLF occurring in Cabernet
Sauvignonwine, each bacteria strainwasassociated with
different polymeric pigment content and concentration
of total anthocyanins suggesting that the metabolic
activities of each strain may affect red wine color
composition depending onthewinematrix®. Using Ainor
noir wine, it was suggested that by delaying MLFfor up
to three months the loss of polymeric pigment due to
MLFwasminimized®. Also, theseauthorsdemonstrated
that adsorption of anthocyaninsby MLF bacteriacel walls
wasminimal and had noimpact onwinecolor asit was
suggested by previouswork> and that the decreasein
color and polymeric pigmentswere not related to the pH
changes caused by MLF®, ascommented above.

Some studies performed the MLF in different
containerssuch as stainless steel and barrelsin order to
determineif MLFin different conditionscould modify
the final sensory profile of red wines. Apparently, the
chemical and sensory attributes of red wines may be
modified using oak wood during the MLF and by the
toasting applied to thewood®. M L F-contai ner seemed

EXPLORATORY

to modify (among others), anthocyanin polymerization
reactions.

These studies considering the color of wine after
MLF show some differences in anthocyanin
concentration. But there is one study where the
anthocyanin profile of the Sangiovese wines was
mai ntai ned after mal ol actic fermentation>®, Perhapsthis
phenomenon has a relationship with the recent report
showing that some strains are better adapted to white
wineswhile other strains seem to prefer red wines™”

Recent work has proposed that Lb. plantarum
facilitates the formation of acetaldehyde during MLF
which favorsthe accumulation of pyranoanthocyanins
in wine in comparison to the MLF carried out by O.
0eni¥, |t has been proposed that Lb. plantarumstrains
display a more diverse enzyme profile than O. oeni
straing®®. But others believe that the competitive
advantage of morphological aswell ascellular fatty acid
changes in O. oeni over Lb. plantarum provided
additional support for the dominance of O. oeni during
ML, Thisaspectistill being studied and thereisyet
no absol ute answer!®,

Pinot noir and Merlot wineswereanalyzed interms
of color and LAB responsiblefor MLF. These authors
showed that different strains of O. oeni and Lb.
plantarumbehave differently depending onwinevariety,
and that successful MLF modifieswine color but no other
clear correlation could befound!*?.

Whenlooking closer at thedifferent resultsinal the
mentioned research, some differences can be found
among them regarding the metabolism of each LAB.
Some experiments lead to an increase of free
anthocyanins, polymerization and copigmentation, a
variableamount of flavanols, hydroxycinnamic acids, and
so on. The increase in the concentration of free
anthocyaninsfound after MLF could explainthereduction
inthe concentration of polymeric pigments. Thiscould
be related to the degradation of acetaldehyde by LAB
which issuspected to alow theformation of polymeric
pigments. But it must be considered aswel | that when
MLF occursin barrel sthe micro-oxigenation favorsthe
polymerization reactions among anthocyanins. Inthese
conditions, it isthought that acetaldehydeis generated,
and it isavailableto act asalink for the formation of
polymeric compounds, achieving the stabilization of color
and the diminution of astringency!™.

Finally, weare awarethat therewere recent changes
in the taxonomy of the genus Lactobacillus®, but we

BIOTECHNOLOGY RESEARCH



EBR, 1(2) 2021

Nair Temis Olguin Alderete et al.

155

Review

decided to use the previous names asthey appear inthe
literature for abetter understanding.

CONCLUSIONS

Now morethan ever isclear that MLF isacomplex
process that involves uncountable transformationsin
wine. Weare discovering new mol ecul esastheresult of
LAB metabolism that changeswineflavor, mainlyina
positive way. However, dueto the challengethat brings
to study itsmetabolismin real conditions, most results
should be taken accordingly. We have summarized most
of theresultsthat link M LF and wine color change. But
there is still much to consider. Not only about LAB
species and strains but also, i) interaction with yeast
metabolicresdues, ii) vinevariety anditsunique phenolic
composition, iii) enological practices including the
fermentation temperature, the time of the year when
MLF is carried out, the container used for the MLF
process, and thefollowing up after the MLF. Continued
research about these subjects can help at developing
strategiesto minimize the possible problemsthat may
arisewhen carrying out the MLF and evenimprovethe
techniques currently used by winemakers.
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