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Lactomes ane fal-derived aroms aompouinds, bul the formmson mechansm of these compounds dunng apenng of Couda chese &
unknown, Both ensymatic and chendeal Tooms ton pathways wene mvestgated in thes study. Lactone Tomm ton From mik triglveerides
or free [ty acids by e acid baclena enrynom e acnivity was nol observed . Instesd, the mechandsm of the lactone Sormo on in cheese
W 3 (e L, M-S nE AL rede b, Whene 3 hsdroay Tty acd, edlerdfied in a tnglwende undergos franseesterifica bon W relesbe The
betone dirsctly. The lactone resciion polenis] was determnsd for all major 1 and d-lactonss by controlled hesung of the fa1 The

chempzal fomsion of Beloness was tem pera lure-dependent and the Arrhendus parameters of the form bon eection were estimted for
aich of the lactones. The kinetes of the rescion wene firsl-order, and could be used 10 explun the Tormstion of Bewones in Apenmng

Chouda chesse up 10 abowl 40 weeks,
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1. Inteodiset inm

Lactomes are potent fat-dzrived Aavour compounds 1 lat
play a role in the overall Qavour of cheese (Curioni &
Bosset, 202 Dufosse, Latrasse, & Spinnler, 1994 Maoio,
Eticvant, Langlok, de Kimpe, & Addeo, 1994 Singh,
Dirake, & Cadwallader, 2003; Urbach, 1997). Lactomes are
found in Cheddar {Chin, Bernhard, & Rosenberg, 1996
Rehman et oal, 2k Wong, Ellis, & LaCroix, 1975,
Grouda {Adewijn, Sliwinski, & Wouters, 2003, 2005 Dinnck
& de Winne, 1999, Gruyére (Bosset & Linrdon, [985),
cwes' miilk cheeses (Larrayoe, Addis, Gawch, & Besset,
20013, Parmesan {Barkieri et al., 19943 and Blue-type
cheeses {Calloks & Langlois, 1990 The sensory propertics
ol lactones in dairy products were moognized long ago
{keeney & Patton, 1956), and the amoma threshalds of the
individual lactones have been established {Sick, Albin,
Sather, & Lindsay, 197173, which can be as low as | ppm in
il systems, and even lower in waler.
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It hans been known for several decades that heating of
milk fat resuls in the Formation of lactones (Boldingh &
Taylor, 1'9%62; Kesney & Patton, 1956). Urhach and Stark
(1978 defined the hetone: potential of milk as the amount
al lactones released when the Fat Fraction & heated at
L8 °C in the presence of water and in the absence ol air.
Hydroxy fatty acids, esterifisd in glycerides are thought 1o
he the precursors of the lactones Formed after heating
(Jurricns & Oels, 1965 Mattick, Patton, & Kesnzy, 1959
Wivatt, Pemira, & Day, 1%7) These procursors are
prodsced in the cow, and their production depends upon
the feeding mgime and stage of lactation {Mattick et al.,
1959, Parliment, Mawar, & Fagerson, 19646; Urhach, 1982,
Urhach & Siark, 1978; Walker, Patton, & Dimick, 1968
When milk fat is heated, esterified hydrosy acids are
hydrolysed from the glyceride to Form a free hydrosy acid,
which may then spontaneosly lactonize, as described by
Mattick et al. {1959, Although this mechanizm is acoe pled
for the Formeation of lactones under quile  extrems
temperatures (18020, the Formation mechanism of lac-
tomes during cheess ripeming has not been studied in detail.
h is generally assumed that during cheese npening,
lctomes are formed by a mechanism starting  from
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calenfied hydroxy acids with [ree hydroxy acids as
intermediates (Caolling, McSweeney, & Wilkinson, 2003,
Manlky & Casey, 2, McSweency & Sousa, 0
Molimard & Spinnler, 1990, although an allermative
mechanism  was proposed, whemr lactic acid  hacieria
tramslorm unsatumied frec ftty acids 1o frec hydroxy
acids and lactones (Wanikawa, Hosod, & Kato, 200
Wanikawa, Shoji, Hoso, & Makagawa, 22 It owas
reoently shown that the mlease of aliphatic free fatty acids
and Formeation of lactones Fallowed a different time patiern
during the ripening of Gouda chosse (Alewijn et al., 2EbS).
This study showed that the Formation rate of lactones was
comsiderably higher than that of free Faty acids durnng
chese npening. I§ lactones would kave 1o be Formed from
froe hydroxy acids, or from unsaturated acids prod voed by
lipalysis, a very specific release of these acids 'rom 1he
triglycerides would then be regquired, which is mot very
likely, Themfor, it is presumed that the Fomation
mechanism of lactones & somewhat different than swg-
gested 1o date.

The major aim of this rescarch was to clarnify the
mec hanism of lctone Formation during the normal 1320
ripening of Gouda chesse, and to determuins whether this
fomeation is an emeymatic procsss or resembles 1he
mec hanism that occurs during heating. Since the method
af determining lactone polentials has nol besn comprehsn-
sively reported {Urbach & Stark, 1978), and the publizhed
lcton: potentials do not inclede all individual major
lctones {Stark, Urhach, Coak, & Ashes, 1978), potentials
af individual lactones in different milk fats were estab-
lished., The proposed mechanism and the validity of iis
kinetic propertics was verified by companng the mechan-
miically predicted values of hctone conosmiration with 1he
real data in a ripening { Gouda) chesss.

2. Materials amdl methods
21 Seawples

Six commercially available milk samples were obiained
from Jocal supermarkets, and an additiomal six milk
samples, mady for Gouda chesse production, were
collecied from seveml chesse factoncs. All milk was fresh
{pastcunzed), full Fat, obtained between February 20601 and
October 202, and stored at —25°C prior 1o analysis. Full-
it Gowoda-type cheosss was prepamed and ripened as
described previowsly (Adewijn et al., 20605). The dry matier
coment was cakulated 'rome the weight difference of a
sample mixed with clean dry sand, before and after 2h of
drying ina 103 °C hot air oven,

22X Microbin! formetion of lactomes

Three strains of Lactococs s factls subsp. cramorly, BOST,
B14%2 and B1157, were obtained from the NESO culiure
collection {MEAO Food Rescanch, Bde, The Metherlands),
and a commeon Gouwda chesse starter mixiome (BK2) was

abtained from CSK Food Enrichment {Ede, The Mether-
lamds). The straing were cultured at 3°C in sterilied
{153min at 121°C) MI17 broth (Difco, Detmoit, MI, USA)
with lactose, Celk in their late exponential growth phase or
in the late statiomary plase wemre incubated with 1=
undeocnoic acid (Clicl), cs-5-dodecenoic acid {(C12:1),
cis-S-tetradecenoie  acid (Cl4:1), o ld-heptanoic  acid
(C17:1), okeic acid (C18: 14%), linokic acid (C1#: 249 12)
ar ricinaleic acid {12-hydroxy-C1E: 1A9), all abtained from
Sigma-Aldrich (51 Lowis, MO, USA), and mimimally 7%
pure, or with water-washed milk fat. To the hacterial
culiure (10mL), a 160% {w'w) solution of fatty material in
Th% ethanol (3Gpl) was added. The same incubations
wiere also carned out with czll-fres extracts of the cultures,
abtaimed after cell disruption wsing §.] mm zircona silca
beads { Biospec, Barlesville, OK, USA) Incubations wers
carried owt at 13 or 30°C for 12-96 b, and were shaken or
kM at rest in the presencs or absenoes of oxyoen (GasPack,
BEL Microbialogy, Kansas City, MO, USA) The agusous
broth was extmeted thmee times with ether/heptans, and an
aliguot was analysed for lhctones aon the GO/MS sysiem as
described helow.

23 Far coflection ol factone detertelfation

Fresh milk {10 mL) was mixed 1:1 {v/v) with %%
cthanol, and extracted with 1GmL of ether/ beptane (1:1, v/
viat 4070, Afler centrifugation at T = g For 5 min, the
top layer was collkecied, and the extraction was repeated
twios 1o abiain a large part of the milk triglycerides. The
cther'heptane from the combined orgamic layes was
cvaparated at bow temperature (< 20 °C), Chesss at was
olted ina similar fashion.

Independent duplicates of milk Fat {(h4g) and water
(20 pl) were kept frozen {—20°C) until analysis. Lactomes
wiore extracted with acetomitrle {1mL) at 30°C, The
acctonitrile-layer was analysed directly by GOC/MS, con-
sisting of a B000™F GC (CE Instruments, Milan, Raly)
cguipped with a FFAP GO column (T&W Scientific, Pala
Alto, CA, USA) and a Finnigan Automass 11 (Finnigan,
Bremen, Gemany), Mydstylbromide (18pgmL=") was
wed as an imermal standard. To correct for extraction
bysses that occumed with the acstonitnle extraction of the
fat, the distribution coefficients of all individual lactones in
this extraction were determined by re-eximeting the resid ue
af the first exiraction with another 1mL of acetonitrile.
Using the distribumion cocficient, the lactone conosnira-
tiom in the Fat was calculated, as described carlier { Alewiin
et al., 23

2. Loctone potertiol omd tesmpeniire de perndens y

To determvine the lactone potentiak { LF), samples of fai
were hept in closed tubes at 1606 °C For 3=220min and
amalysed for lactones, All data points (five 10 nine
independent duplicates per milk fat) were wod and fiied
o Bqg. (3), muinimizing the sum of sguares, A 5%
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confidence  imterval LPysey was calculated assuming
nomally distribunted errors using the Follow ing:

LPysyn = (LP = | 36 - a) in
with a standard deviation af,

a= hl'ﬁzl_“ﬂ’:i e h

whenz w is the numbsr of observations, and lac; and lace;
the respective obhsemved and fitted lactone concentrations.
To determine  the temperature dependency of lactons:
Formeation, three diffzrem milk Gt samples, in duplicate,
were gmilarly kept at 20,40, 60 and 146°C, Heating times
{Fmin—174 h) were chosen to abiain welldistribuied data
points owver the particular Formeation curve at each
temperature, and the mee hetone concenimiions wers
determined for each fat sample. The msulting 42 data
points seemed 1o be describad by the Arrhenis eguation
{4 The Arrhenivs parameters and 93% confidencs
imtervals were estimated after linear transformation of
Eq. (), minimizing the sum ol squares, wing the Microsali
Exczl Analysis ToolPak add-in (Micrmosalt, Redmond,
WAL LISA).

3. Results amd discussion
A4 Micraldad fonveation of laefoes
Lactones can be produced from unsaturated mee fatiy

acids by lactic acid bactena (Wanikawa et al., 20620, In the
case ol a ripening Gouda cheese, the starer lactic acid

Lo, e tis subsp. cramoris, repressntative of the starier for
Grouda cheese, the mixed strain starter culture itsell, and
cell-free extracts Mrom these stmins were tested for beton:
formation with a numbzr of ree unsaturated Fatty acids, as
described above. However, under the in vitro conditions
tested, mo significant amounts of lactonss from the various
fatty acids were prodwoed. It should be noted that the in
vitro circumstances were certainly different from those in
cheese, amd that the number of strains and conditions
tested were nol exhavstive, Mevenhekss, the expeiments
showed that the conversion of unsaturated fatty acids into
lctomes by lactic acid hacteria is a reaction that doss not
oocur readily.

32 Lo towre patesd fely

Lactone polentials were deiermined by heating the fat at
Ll *C, rather than at 180°C as suggested by Stark et al.
{19781, 10 bz abl io follow the formation of lactones
during heatimg more closely, The concenimtions of &4-
lactomes during heating time are shown in Fig. 1. Lactons
formeation was fast in the beginning, but 1hen slowed down
quickly and lead to an almest constant concent ration afier
45min of heating at 166°C. It is presumed that ihe
procursors of the lactones bocame exhawsied. Obyviowsly,
under these cimumstances the reaction responsible for 1he
conversion of precursor molecules o fmee beiones & a
chemical reaction, not catalysed by eneymes.

The Formation of lactones showed kimstics that re-
sembled a frst-order reaction mechamism. Generally, a
first-prder reaction can be described by

hacteria could be candidates 1o perform such a comversion. I ( [":'1 ) = ki, 2
Tao check the likelibood of this conversion, thros sirains of [Cal
o&CH
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where O is the imitial comcentration, O the concentration
at time {f), and & & the rate comstani. In the curmnt
cuperiment, [ ] & the lactone potential (LP), and [O] & the
remAining conceniration of lactone precursor at a given
timez, The products of the reaction, fres lactones {FL), were
measumed over time, and with

LP =[]+ [FL]

the current reaction could be described by
LE—[FL]

| ———=—-k=t 3
( o x 3

The fomuation of all &lactones (C#, Cl, C12, C14, Cl&)
im heated milk fat can clearly be explained by a first order
reaction (Fig. 1), which was ako true For all major -
lctones (C12, C12:1, C14, C16) {data not shown).

To determine the lactone potential, the maximom
lectone: concentration after a particular heating time has
been wsed (Stark et oal, 197#) However, simoz  the
conpcenimiion of mee betons approached the lactons
potential in an asymplotic way, it was difficuli to determine:
when the heating time was sulficient o estimate the lactons
potential. Therefore, a mathematical approach was wsed.
All time and [ree lactone conceniration combinations, five
1o mine independent duplicates for each sample of milk fat,
were wsed 1o fit LP and & in Bg. {(3), minimizing the sum of
squaned differences betwesn observed and predicied data.
The obiained lactone potentials of individual lctones in
different milk fats are given in Tablz 1, showing consider-
able differemoss betwesn different milk fats. The exact
arigin of these milk samples was not always known, and
these differences might have been due 1o seasonal varia-
tioms anddilfzrent leeding regimes of 1l cows {Stark et al.,
197#; Urhach, 1982 Despite the differences in concznira-
tioms, the ratins of individual lactones vared only shghtly
im the samples investigated. The different lactone potentials
can influence the fimal aroma of chesses prepared from
these milk soumres, or the favour {defzet) when this milk is
cxtensively heated.

A3 Rlvowr elveine - L tores

Short chain y-lactones {Ch, v-C8 and -C 100 clearly
showed a dilfercnt formation pattem than the d-lactones
described above. When the milk fat was heated, their
formuation rate was slow in the beginming, and increased
gradually for 2h (Fig. 20 Ako, in contrast to the other -
and &-lactones, the formation of shori-chain - lactones was
stimulated by water amounis up o 0% {v/v) {daia not
shown). The shor-chain -lactonss ako behaved differ-
cntly from the other lactonss in chesse ripening, as
described below, In the curmm experiment, no lactons
potentials could be established for the shon-chain -
lctomes, and a formation mechansm different from that
af the longer-chain y-lactones and the d-lactones muost
therefore be considered. This remains 10 be investigated.

Lacone poleniiak (in mgkg ') of milk fas from dwehve diffenend full fail milk saroples
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A4 Lo tore formailon smechandsm

Lactones am thouwght to originate from hydmoxy fatty
acids {Turriens & Oeke, 195, MoSwomney & Sousa, 200,
Wyatt et al, 1'967T). These are present in milk  [fat,
mcorporated in the milk At triglyeerides, but are not
present in their free fom. Free hydroxy acids might be
prodwced by hydrolysis af the hydroxy acid rome the
triglyoeride, as originally suggested by Mattick et al.
{19591, However, whersas milk at consists of abowt 9%,
al triglycerides esterified with aliphatic Aty acids (Walstra,
Creurts, Moomen, Jellema, & van Bockel, 1999, less than
1% of the available aliphatic fatty acids wem hydrolysad
frome the triglycendes after heating milk fat at 1406°C for
2Ximin. In conirast, the amount of lactones prodsced
eached almost 1he maximal potential of the fat at that
time, B i therefore unlikely that the Formation meeanism
ol lctones includes a hydmolysis of the hydroxy Tty acid
from the triglyoende. Addition of diluted acid (HCI) and
diluted MaOH (both wp to 3Humolg=' fat) had no
substantial effect on the Tormation of the major laciones,
whemeas the hydrolysis of aliphatic Tres fatty acids was
gmatly enhanced {resuliz not shown), This alse ndicated
that the formation of lactones does not include a hydrolysis
step followed by lactomisation, but is a direct lactonisation
insicad. Based on these abssrvations, a neaction mes anism
for &- and long-chain y-lactones is proposed (Fig, 3). When
the starting molkcuk {1 in Fig. 3) is in the cormct
conformation, the reaction staris by a nuclepphilic attack
ol the bydroxy group on the carboxy]l C-atom. A negative
charge is temporary stored on the meighbouring oxygen
atomy. The reaction procceds slowly withow water addition
prior o heating., Addition of 3% {v/v) water enhances 1he

]!—f

Lg=be =L,

m K, an

Fig. X Proposed formodion mechanim of Aletones from esierfied
hydroxy faity acids in milk fod. Longochain lotones fonm Semen bered
ring=s anabogoushy, with the hyvdroxy group an C4 rather than the depicied
8 for ddaciones. By = {CHz|, —~CHy Rz and By = CO—0CH ), —CH,

formation rate substamtially, whemas adding more water
had no additional effect {data not shown), This indicates
that water plays a catalytic rale in the reaction, prohably
by shiclkding the charge of the intermediate strociure (11
from its mon-polar enviremmen., In the next step, the
meaction termimates by splitting off the lhctone, leaving a
glyceralate amion, which will readily bocome a {dijglyeeride
alter addition of the proton from the Former hydrosy
group. The umimalezular natune of the proposed reaction
agrees well with the observation that first-order reaction
kinztics can be wed 1o describe the maction.

A5 Taemperatre depernde ey

Tempermture dependency of chemical reaction rates can
he described by the Arrhemius eguation,
k= . d=HET) )]

The Formation of individual lactones in pure milk Tat was
determined at 20, 40,60 and 146°C, and wed 1o calkulate
the relevant Arrhenivs pammeters. B was reporied earlier
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Tahle *
Kinen parameders™ for the formation of the mapr bholones @nomdk fm
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“&, temergy of aolivaisonj and A (the presexponem@l oo ane ibe denes calodaed for dhe Aorthenins equation (4), wilh £ =23 1K ' ral ™! and
T = absohie temperamre (KL The vahes i porentheses represem the 93% confideno: inervals for £, and A. The reacton rade constanid, & = akulited

as an example far 13 and 1600,

that the Arrhenics parameters E, and A are strongly
comelated when wsing a relatively namow lemperature
range, 50 the following reparametcrization was  wsoed
{Bramds, 2020

: | (LP—[FL] —F-E.)
b=——|[———|=X-¢ . §
r( LP ) )

with X = ky - &l —Fa/ B Tu)
L/

Y=—|=——1|,
R(T 'r,,)

Taw =£.

L

Inthese equations, £, is the activation energy (kI mal™"), R
the gas comstant (£.31 Tmol™" K1), &, a dimensionless pre-
cxponential factor, and the rate constant & was substituted
as shown in Eq. (30

The LP was caleulated {Section 3.2)and cormected For 1 he
mitial lactome concemtration. All the data {42 measure-
ments) for milk fat heated at 20,440, 60 and 140°C at the
different time points were used simulaneously to it X and
Yin Eq. (5), minimizing the sum of squares. This yielded
the activation energics and pre-expanential factors For 1he
meajor lactones in chesse (Tahle 2.

A Fib with experimenial ofvwese aata

Ta check the mode] data For the formeation of lactones, a
typical Gouwda chesse was prepamd and the fTormation of
lactones was followed during ripening. The ripening of this
chesse was previously described in more detail {Akwiin ¢t
al., Muh5). The potentials of the individual lactones are
listed {Table 1, with milk fal "K being a sample Mrome the
milk wed o prepare this chesse. Together with the kinetic
data on the Tormation of lactones (Table 20 and the fat
coment in dry chesse matter {(data not shown), the
formation of individeal lactones durning npening of this
chesse at 13°C was proedicted. The Tormation of ihe
individual dlactomes in the aciuwal chese environmenm

could be accurately predicted For up to 40 weeks of
ripening time {Fig. 4).

The Fomuation of the major -lactones (C12, Cl12:1 and
Cl4) could be predicted ina similar way {data not shown.
Omnly d-octalactome {(&~CH) showed a clear (amd unpre-
dicted) decrease afier 8 weeks of ripening time, which was
abserved in other cheesses as well For this deviant
behaviowr mo clear explanation could be found. Moreover,
the shor-chain - lactones consistenily showed a formation
patiern in ripening chosse resembling the curves oblained
at 146°C {Fig. 20, altbough the formation rate was much
kvwer at the ripening temperature. This reaction canmat be
described by a first-order reaction as for the Formation of
the other - and &~lactones, The mechamism ol the short-
chain y-lactones is not yet understood and the formation in
chesse ripening could therefore not be predicied.

Similar 10 the chesse described above, the Tormation of
bng-chain -lactones and &lactones could also b pre-
dicted for several other chesses that were Followed dunng
ripening {Alewijn et al., 205). This sugeests tlat the
mec hanism pressnted above is the predominant mec lanism
in mast Geouda cheeses, and probably in maost other chesss
types as well, Sinoe 1he formation of hctones is a non-
cnEymatic proozss, only limited control of lactons Forma-
tiom is possible in ripening cheese with a given lactons
potential, as the key influencing Factors, temperature and
water activity have miber sitrict practical limits,

4. Conchusions

The presenied met hod describes a relatively Fast and casy
way 1o determine the lactone potential of milk fat With
this lactone potential, which varies for dilferent batches of
milk, the calculaied kinetic parameters can be wsed 1o
predict the concemiration of the major ndividual lactones
for Growda cheese ripened at 13 °C for up to 4 weeks, This
cnahles an accurate estimation of the formation of
individual laciomes in all cheeses where no additional
microbial activity contributes 1o the lactone formation,
Such a microhial activity was never convincingly observed
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wilh the Gouda-related strains that were uwsed in this stedy.
However, the mechanism of small chain y-lactones proved
to be different from that of the other lactones, and their
formation could not be predicted with the data presenied.

The resulis presenied here indicate that the arigimally
propased two-step formation mechanism { hydrolysis of the
hydroxy fatty acid followed by ring-closure) of the 4
lctones and major -lactones at 140°C is not very likely,
and that the formation of lactones & a one-step int mmo-
kcular frams-esterification reaction. It was ako shown that
the samee {chemical) reaction oocurs under chesse ripening
conditions.
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