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Abstract

ABSTRACT

This thesis project was designed to explore the technological, chemical and microbiological
factors involved in the late blowing defect (LBD) of Grana Padano (GP) with the aim of
setting up every possible precaution to overcome this economically impitatant.BD is a
cheese defect caused by so@lestridium species, mosthlostridium tyrobutyricumand
characterized by holes, cracks as well as an unpleasant flavour. Natural creaming of milk is
the first and most critical step in GP making, during wiGchyrobutyricumspores are risen

to the top of milk together with fat globules, thus being eliminated from partially skimmed
milk. This step has been thoroughly investigated with particular reference to the interaction
type between spores and fat globul®snsmission Electron Microscopy (TEM) revealed an
electrondense material sticking bacteria to fat globules. This material has been identified as
immunoglobulins, mainly IgA and to a lesser extend IgM, by immunogold labelling. Many
IgA molecules, but nolgM and IgG, were localized dd. tyrobutyricuncell wall suggesting

the presence of anlgA receptors on it. Following this finding, immunoglobulins were
purified from colostrum and their ability to enhance bacteria rising during natural creaming
of milk investigated. Indeed, thaddition of immunoglobulinged toa significantincrease in

spore rising with respect tontreated control. Specific natural creaming trials were also
carried out to study the effect of creaming temperature on fat micros&udtat
supramolecular organization, the unwanted fat globule straicttearrangement, was
observed when creamingaw carried out at 22 and 40 &3, well as in sample tempered at 37

°C prior to the normalcreaming at 8 °CThis suggest that the ofteradopted thermal
treatment before creaming is deleteriousfé&microstructure.

The behaviour ofC. tyrobutyricumthroughout the further steps of GP making and
ripening was also investigated by an innovative approach. Vegetative bactsiarmd
spores, independently sealed within dialysis tubes, were kept in the vat for the entire cheese
making and then into the cheese oven@nth ripening. They were sampled and counted at
milk renneting, curd cooking, curd extractionsmould acidifiation, brine salting, -3and 6
month ripeningFurthermore, their morphological changes were monitored by TEM and the
free amino acid utilization evaluated. Vegetative bacteria cells died during curd cooking up to
54 °C and then were no longer cultivabiéowever, 2 x 1& CFU/mL of these cells were
sporulated in the curd at extraction and a higher number of spores was found at the-end of 6
month ripening. Few spores germinated during curd acidification, when lactate was available.

C. tyrobutyricumproved toconvert arginine to citrulline and then to ornithine throughout the
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cheese ripening. This capability was confirmed in both milk and cheese model systems,
indicating the vitality and metabolic activity of bacterial cells and, possibly, their ability of
modfying GP sensorial properties.

Lysozyme (LZ) is used in GP as well as in other cheese varieties to prevent the LBD.
Thus, it has been considered important to verify its effects on lactic acid bacteria population
and cheese free amino acid pattern. Thislystvas carried out in 16 ramilk hard cheeses
produced in eight parallel cheese makings conducted at four different dairies using the same
milk with (LZ+) or without (LZ) addition. LZ cheeses were characterized by higher
numbers of cultivable microbiglopulation and lower amount of DNA arising from lysed
bacterial cells with respect to LZ+ cheeses. At both 9 and 16 months of ripening,
Lactobacillus delbrueckiandL. fermentunproved to be the species mostly affected by LZ.
The total content of free ano acidsindicated that the proteolysis extent is characteristic of
each dairy, regardless to the presence of LZ. Instead, in LZ+ cheeses, microbial degradation
of arginine into citrulline and ornithine was always promoted. As, the amount of ornithine
was quantitatively lower than citrulline it is likely that the arginideiminase pathway was
only partially adopted.

Working with C. tyrobutyricumspores gave rise to the need of a practical and
effective staining method that could both facilitate sporectiete and easily discriminate
spore from vegetative bacterial cells.f#@st and robust protocol for fluorescent staining of
spores and vegetative cells Gf tyrobutyricumwas set up, by using Hoechst 34580 and
Propidium lodide (HO/PI) stains that allowéal distinguish viable, dead and sporulated cells
of C. tyrobutyricum The HO/PI stainingprotocol proved to be suitable for other three
Clostridia that can caudeBD: C. butyricum C. sporogeneandC. beijerinkii Furthermore,
Hoechst 34580 dye wasiccessfullyused, together with Nile Red and Fast Green, to observe
spores into the cheese matiim.this case, gores werexperimentallyadded to milk during
cheese making and the triple staining was performedliors of cheesafter a month
ripening
Finally, duringthe investigations related to this thesis project, it was possible to shed light on
other inclusions present in GP matrix during and after ripening, such as specks, spots and
microcrystals. Light microsipy revealed that the small, hard specks had the structure of
crystalline tyrosine, as confirmed by amino acid analysis. Spots showed a complex structure,
including several curd granules, cavities, and microcrystals, and were surrounded by a dense
proteinlayer. Spots contained significantly less moisture and ash than the adjacent cheese

area, and were significantly richer in protein, including significantly higher levels of valine,

\
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methionine, isoleucine, leucine, tyrosine and phenylalanine. Microcrystas observed by

light and electron microscopy and analysed by confocal micro Raman. Among others,
calcium phosphate crystals appeared to consist of a centrahsfagd structure immersed in

a matrix of free fatty acids besides leucine and phenylalamné&gee form or in small
peptides. A hypothetical mechanism for the formation of these structures was also

formulated

Vi



Riassunto

RIASSUNTO

In questo progetto di dottorato sono stati studiati i fattori tecnologici, biochimici e
microbiologici coinvolti nel difetto el gonfiore tardivo del formaggio Grana Padano (GP)
all o scopo di i ndividuare operazioni ut i i
perdite economiche che ne conseguono. Il gonfiore tardivo € causato da alcune specie di
microrganismi appartenanal genereClostridium principalmenteC. tyrobutyricum ed é
caratterizzato da una fermentazione del lattato altamente gasogena, che causa la comparsa di
occhiature e fessurazioni nella pasta del formaggio accompagnati da odore sgradevole. La
prima operaione tecnologica nella lavorazione a GP la scrematura del latte per
affioramento naturale, durante daale in realta globuli di grasso affiorano insieme cellule
batteriche, spore e cellule somatiche. Pertanto la loro concentrazione nello stramali cr
superficiale ne permette la rimozione, determinando un sostanziale effetto di risanamento del
|l atte scremato destinato alla caseificazion
latte e stato studiato approfonditamente. La microscopia elietirartrasmissione ha rivelato
la presenza di materialeelecktdre ns o al | 6i nterfaccia dei gl obt
batteriche nella crema. Attraverso la marcatura con oro colloidale questo materiale ha
mostrato contenere due immunoglobuliig,(principalmente IgA e marginalmente IgM. Siti
antigenici per le IgA sono stati localizzati anche sulla parete cellula@e girobutyricum
IN15b. In considerazione di questi risultati, la frazione delle Ig é stata isolata da colostro e
addizionata adtte microfiltrato o a tampone fosfato per testarne la capacita di aumentare la
risalita di cellule e spore batteriche dur

mostrato un significativo aumento di spore affiorate nel campione addizionatoisihéto

al controllo.

Prove sperimentald] sono state realizzate
affioramento sulla microstruttura del gr as s
40 AC), rispetto al | 0 afcénidiversagnadimitriorgamizzagiond C, s
sopra molecolare dei globuli di grasso. Lo stesso effetto e stato determinato da un trattamento
del | atte a 37 AC prima dell daffioramento a
Ari atti vaerafteddatd. d el |l att

Il comportamento di cellule e spore@i tyrobutyricume stato studiato durante le fasi
di caseificazione a GP e successiva stagionatura mediante un approccio sperimentale
innovativo. Cellule e spore sono state separatamente inseriteiimaudhialisi e tenute

immerse nel latte durante la lavorazione in caldaia e quindi nel formaggio fino a sei mesi di

vii
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stagionatura. Coppie dei rispettivi tubi sono state prelevate alle fasi di: latte in caldaia, cottura
della cagliata, estrazione della catgi, acidificazione della cagliata, salatura, formaggio
stagionato 3 e 6 mesi. Ad ogni campionamento sono state effettuate le conte in piastra e
monitorati sia i cambiamenti morfologici, mediante microscopia elettronica a trasmissione,

sia i consumi in tenini di amminoacidi liberi (AAL) mediante analizzatore a scambio ionico.

Le cellule vegetative non sono sopravvissute alla cottura della cagliata (54 °C), tuttavia
alcune (2*186uf ¢/ mL) sono sporificate nella cagliat
spore fu ritrovato nel formaggio a sei mesi di stagionatura. Alcune spore sono germinate
durante | 6acidificazione della cagliata, g u
AAL ha messo in evidenza la capacita @l tyrobutyricumd i convertire | 6a
citrullina ed ornitina. Questa capacita & stata confermata in latte e formaggio mediante prove

in vitro indicando un metabolismo specifico finora non riportato per questo microrganismo.

Il lisozima (LZ) € usato in GP, cosi come in altri formaggi, per prevenire il difetto del
gonfiore tardivo, pertanto si ~ ritenuto in
della microflora lattica e sulla conseguente composizione in AAL delaiggm. Utilizzando
la tecnologia del GP e presso 4 caseifici consortili diversi, sono state prodotte 8 coppie di
formaggi, ognuna a partire dallo stesso latte con (LZ+) o senzal{g@zima. | batteri lattici
del latte e dello starter non sono risuliegsere quantitativamente influenzati dalla presenza
di l i sozi ma, di versamente | a degradazione d
Lz+. La quantit”™ totale di AAL e quindi | 6en
produzione del fonaggio indipendentemente dalla presenza di LZ.

La necessita di valutare cellule e spore i tyrobutyricumin matrici diverse
mediante microscopia in fluorescenza ha reso necessario mettere a punto un protocollo rapido
e robusto per la loro coloraziorkki f f er enzi al e. LHoeachst B468D 20 d e i
Propidiumlodide ha permesso la necessaria distinzione tra cellule vive, morte e sporificate.

Inoltre Propidium lodide, in opportuno abbinamento ai coloranti Nile Red e Fast Green,

consentediosservee | e spore i mmerse nella matrice de
Nell 6ambito degl:i studi ul trastrutturaldi
inclusioni cristalline nella matri ce tat el for

caratterizzati a livello micro ed ultrastrutturale cosi come a livello chimico. | cristalli
derivano dall 6accumul o di tirosina l i ber a,
elevate degli amminoacidi idrofobici (valina, metionina, isoleucinaicite, tirosina,
fenil al ani na) sono state rilevate negl.i A

conseguenza di fenomeni di disidratazione localizzati. Mediante la microscopia confocale

viii
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Raman i microcristalli sono stati classificati come cristallifaifato di calcio e la loro

organizzazione in tre strutture concentriche é stata messa in evidenza.



Introduction

INTRODUCTION

Traditionally, ltalian cowds mil k i s most
Protected Designiain of Origin (PDO) (European Union Regulation, 2012) such as the long
ripened Grana Padano and Parmigi®emgiano cheeses. Grana Padano is the most
important PDO cheese, being 2.6 million tons milk (23% of the 2015 Italian production)
destined to its maracturing. This gives rise to 4.8 million cheese loaves, about one third of
them exported (CLAL, 2016).
Grana Padano cheese is characterized byn@or@h minimum ripening period that is
necessary for the development of the typical structure and tastevieigwa variety of defects
may al so develop during this period. Among
by Clostridiumtyrobutyricumi s certainly the most serious (
al., 2015; Morandi et al., 2015). Considerifmtt approximately 2% of cheese loaves are
affected by LBD, the economic loss due to this defect is about 22 million Euro per year.
In light of the above, the possibility to avoid LBD is of primary importance and, at the same
time, very difficult to achievebecause the potential technological strategies that may be
adopted at this purpose must necessarily respect the restrictions imposed by the product
specification in the European Regulation (European Union Regulation, 20ddwedays
theaddi t i o® eg® Whitehlysoryime (EC 3.2.1.17) (LZ) to milk is the only tool
authorized to prevent the LBD in Grana Padano (Brasca et al, 2013; JiBdineet al.,
2013). However, new basic knowledge on LBD mechanisms could reduce the economic loss
due to this defecand, possibly, pave the way for new technological strategies leading to

highly desirable lysozym&ee Grana Padano cheese.



Aim

RATIONALE AND AIMS

This project was plannetd investigatethe development of the late blowing defect
(LBD) throughout the whole Grana Padano cheese making, from the milk preparation step to
a cheeseripening period lasting up to 20 months. Consequently, due to the number of the
involved phenomena, includinggcmological, microbiological,chemical and biochemical
aspects and the complexity of their interactions, the thesis structure is organized in five
chapters with their own goals. An additionédixth) chapter is dedicated tthe study
conducted orside strutural defects sometimes observeddngripened extrehard cheeses.

The list of aims for each chapter follows.

o Chapter 1aimed to clarify the interactions occurring among fat globules, bacteria and
spores ofC. tyrobutyricumin cream raised during naturateaming of milk and to

evaluatethe effect ofcreaming temperature on cream microstructure.

o Chapter 2 aimed toidentify therole of milk immunoglobulins both ifat globule
clustering andin agglutination ofC. tyrobutyricumto fat globules during natura

creaming of milk.

o Chapter 3 aimed to studymorphological, physiological and metabolic changes of
both cells and spores @. tyrobutyricumalong an industrial sizedsrana Padano
cheese makingBoth chemical compoundsnd technological factors playiray key
role in theC. tyrobutyricumiife cycle were the targets

o Chapter 4 aimed to investigate the side effects of lysozyme (LZ) in Grana Padano
cheese with respect to both the microbial populations and proteolysis pathways

responsible for cheese ripening

o Chapter 5 was aimed at developing a fluorescence staining protosaitable for
advanced microscopy techniques anle to show morphological details of four

species olostridium

o Chapter 6 was aimed atshedding light onfeatures, composition and origin of
crystalline nicro and macrestructures observed itong ripened Grana Padano

cheese.



Chapter 1

1. Chapter 1: Mechanisms ofClostridium tyrobutyricumremoval from milk through

natural creaming

1.1 INTRODUCTION

The consolidated maradturing process dérana Padano and Parmigiano Reggiameeses
invol ves technol ogical treatments that gi ve
speciyc featur es. pYoadasuar gravity Gepdradidpgrformed mmrthe a mi n g
preparaibn of cheese milkis one the most effective among theseatments. Besides
allowing todecrease fat content to 224%, and thus the standardization of thetdatasein

ratio, which is relevant for the development of the unique grainy cheese tekising;ocess
determines a substantgdnitizationof milk. In fact, during the 80 hours creaming, most of
bacteria, somatic cells and spores rise to the top of the milk together with the fat globules and
are removed with cream (Bottazzi, 1971; Abo et al., 1981). This cleaning effect is mostly
relevant vith respect to spores. Spores of sdbestridiumspecies could determine the late
blowing defect (LBD) in the derived hard and sdrard cheeses, characterized by openings
and holes, sometimes accompanied by cracks, and also an undesirable flavouy.the fac
outgrowth of clostridial spores leads to the butyric acid fermentation producing mainly
butyric acid, carbon dioxide and hydrogen (Bergére and Lenoir, 20D@stridium
tyrobutyricum is the main spoilage agent responsible for LBD in Grana Padado an
ParmigianeReggiano (Bottazzi and Dellaglio, 1970; Bosi et al., 1984; Bassi et al., 2009),
while other species, includinG. sporogenesC. beijerinckii and C. butyricum have been
shown to contribute to development of the defect in other hard anehaeincheeses as well

(Le Bourhis et al., 2007; Cremonesi et al., 2012). Although LBD is a dated issue, very well
known by cheese manufacturers, its eradication is a difficult taskSlos#&idiumspores are
ubiquitous. Several tools have been proposegréwent LBD, including i) use of additives

like nitrate and lysozyme, ii) milk bactofugation or microfiltration, iii) addition of inhibiting
strains of lactic acid bacteria (Lodi, 1990; Stadhouders, 1998dh&uders, 1990b; van den
Berget al., 2004). Havever, according to product specification, most of those tools are not
allowed or explicitly renounced in PDO cheese manufacturing. This situation suggests the
technological relevance of maximizing the efficiency of the natural creaming step in spore
remo\wal. Accuratestudies were conducted in the past on natural creaming of milk and the
involved phenomena. Some of these studies suggested that native bovine immunoglobulins

might mediate the interactions between fat globules and bacteria occurrimgk upon



Chapter 1

gravity separatiorandleading to bacteria entrapment into the cream (Stadhouders and Hup,
1970; Bottazzi and Zacconi, 1980; Euber and Brunner, 1984; Frenyo et al., 1986; Pharman,
2009). Recently, Caplan et al. (2013) and Geer and Barbano (2014a)meahfthat
immunoglobulins are at least one of the factors necessary for the removal of somatic cells and
bacterial spores from milk during gravity separation of fat. However, direct evidence of a role
for immunoglobulins in this process is still lacking.eTtomplex structure of milk fat globule
membrane (MFGM) has been investigated in numerous studies and both light and confocal
microscopy observations allowed to evidence its great heterogeneity (Evers, 2008; Evers et
al., 2008; Lopez et al., 2010; Lopezadt, 2011). Transmission electron microscopy (TEM)
was also used as a tool to study the MFGM in different dairy products (Resmini et al., 1984;
Schmidt and Buchheim, 1992; Zamora et al., 2012). Neverthelesstrastructuralstudies

have been carried bso farto investigate interactions between fat globules and bacterial cells
or spores in milk or cream, possibly because the high water content of these matrices
represents a difficult task for electron microscopy (Silva et al., 2015).

In this work we eperimented different microscopy techniques, including TEM, to study the
interactions occurring among fat globules, bacteria and spores upon natural creaming. The
ideabehindthis studywas to understand whether bacteria and spores in the cream establish
specific interactions with fat globuteor mostly remain in the creadue to thephysical
entrapment ito fat glolule clusters. To reach this goal, a suitable procedure was firstly set up
to prepare experimental samples. Raw milk was intentionally contadimath spores of.
tyrobutyricumand submitted to gravity separation of fat.

The effect of temperature on the microstructure of the cream dagkonthe clustering and
coalescencphenomenanvolving thefat globuleswere studiedThe clusteringoccurswhen

at least two fat globulesre in close contd for a substantial time thank ta attractive force

(van der Waalsbhat isstronger tharhe repulsive one (electrostatidhstead coalescenceni
addition to the contactimplies the break ofthe membrane, so that two globulégse
(coalescgto form one larger globul&his is due to the Laplace pressure that moves the free
fat from a globule to another where the pressure is |@hredricket al., 201

Part ofthe work described ithis chapter is already publishedeagesearcla r t i cl e ( D& 1 n
etal., 2015
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1.2. MATERIAL AND METHODS
1.2.1 Chemicals

Fluorescent probe Dilg(3)-D S (-dioctddécy3 , 3 ,-tBtamesdhglindocarbocyanine

5, -@ishlfonic acid) was purchased from Moular Probes (Eugene, OR, USA).
Glutaraldehyde, paraformaldehyde, cacodylate buffer, and osmium tetroxide were purchased
from Agar Scientific (UK). Green malachite and calcofluor were purchased from Sigma
Aldrich (USA). Microbiological analyses were pemfned using the following chemicals:
Ringer and Reinforced Clostridial Medium (RCM) from Scharlau Microbiology (Spain),
skimmed milk powder, Anaerocult A and sodium lactate and sodium acetate from VWR
(Belgium), yeast extract from Formedium (UK), cystefrem Sigma Aldrich (USA), and
paraffin/vaseline mixture from Sacco (Italy). Water purified using Mjllsystem (Millipore
Corporation, Bedford, MA, USA) was used.

1.2.2 Samples of raw nilk

All samples were prepared from raw bulk milk collected at a liacal of 120 Holstein dairy
cows immediately after the morning milking. Aliquots of 500 mL of milk were taken before

refrigeration and brought to the laboratory within one hour from milking.

1.2.3Bacterial strains and spore suspensionproduction

Clostridium tyrobutyricum DSMZ 2637 provided by the Deutsche Sammlungvon
Mikroorganismen und Zellkulturen, Braunschweig (Germany), was used for all experiments.
The strain was routinely cultured in RCM broth and incubated at 37°C in anaerobic jars
equippedwith Anaerocult A. Spores suspensions were obtained by adapting the protocol
described by Bassi et al. (2009). Spores were prepared inoculating 1% -gfohC.
tyrobutyricumculture in a bottle holding 400 mL of RCM broth. The culture was maintained
araerobically for four days at 37°C and for further 15 days at room temperature. Then spores
were harvested, centrifuged (8,000 g at 4°C for 10 min), washed (three times with sterile
water) and finally stored in water at 4°C until use. The presence of spasesispected by
phase contrast mi croscopy and quant-B2xed by
10° cfu/mlL.
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1.2.4Preparation of intentionally contaminated geam samples

Aliquots of 25 mL of raw milk were transferréato 30-mL screwcap tubeseach added with

1 mL of spore suspension, prepared as above described, and carefully mixed by gentle
inversions. In some cases, spores were previously stained (as below indicated) with green
malachite or calcofluor to be easily recognizable by light asrlacence microscopy. The
tubes were kept at 8°C overnight and the cream layer raised on top of milk was gently
removed by a pipette. By this procedure, two different samples were obtained: the cream
taken at the top of the test tube and the skim milkvbéhe cream.

1.2.5Evaluation of anaerobic spore count in cream and skim milk

Spores of anaerobic clostridia were determined by the most probable number (MPN)
technique in cream and skim milk samples. Aliquots (1 mL) from serial dilutions of samples
prepaed using sterile Ringer solution were inoculated into five tubes containing 5 mL of
reconstituted (10% wt/vol) skimmed milk that was sterilized and supplemented with yeast
extract (1.0% wt/vol), sodium lactate (3.36% wt/vol), sodium acetate (1% wt/vdl) an
cysteine (0.2% wt/vol) and sterilized. Each tube was overlaid with 1.5 mL of sterile melted
paraffin/vaseline mixture (1:1, wt/wt) and heated at 80°C for 10 min to kill vegetative cells.
Incubation was carried out at 37°C for 7 days and daily inspecteghf production. MPN
counts were expressed as spore/mL. Two trials were performed using three and five dilutions

respectively. Five tubes were used for all of the dilution series.

1.2.6Light and fluorescence microscopy

For light microscopy, spores wesgained with malachite green (adapted from Shaeffer and
Fulton, 1933). An aliquot of 1 mL of sporeos
green solution (5% in water, wt/vol) and mixed. The mixture was heated by immersion in
boiling water bath fo2 min and washed five times with distilled water by centrifugation.

Cream samples contaminated with previously stained spores were layered on microscope
slides and examined with an Olympus BX optical microscope equipped with Nomarski
interference contrasand Qlmaging RetigaTM camera. For fluorescence microscopy of fat
globules, an aqueous solution of the lipophilic probe R{E-DS (1 mg/mL) was added to

raw milk at the final probe concentration of 10 pg/mL. Milk was kept at either 40° C for 4.5

or 8AC overnight and the obtained cream samg

6
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570 nm-a emi ssi on= 590 microsgopenwdescribed tldowe. Theaemission
wavelength of the probe was 570 nm. When calcofluor stained spores were added to the raw
mil k, the derived cream samples were examine
emission= 420 nm to detect both spanel fat globule fluorescence.

To stain the spores, 100 pL of calcofluor (1 g/L in water) were added to 1 mL of spore
suspension and, after 5 min of incubation, the spores were washed three times with distilled

water by centrifugation.

1.2.7 TransmissionElectron Microscopy (TEM)

To investigate sportat globule interactions at ultrastructural level, both frefeaetured
replicas and ultrathin sections of cream contaminated with spores were observed by TEM.
For freezefracturing samples, cream was firsya@protected by mixing 1 mL of sample with

1 mL of glycerol (60%, wt/wt), then cryofixed by immersion of small droplets into melting
Freon 22 { 160°C). Specimens were freefzactured at120°C with a BALTEC BAF 400

unit (Balzers, Liechtenstein). Freefractured specimens were replicated by layering Pt/C
and C by electrogun evaporation. The replicas were cleaned in concentrated sodium
hypochlorite and in acetone with repeated intermediate rinses in distilled water. Specimen
replicas were examined wiffEl Tecnai 10 (Eindhoven, Netherlands) TEM operating at 80
kV.

For the preparation of ultrathin sections, 1.5 mL of fixative solution (glutaraldehyde 1%,
paraformaldehyde 4% in cacodylate buffer, wt/vol) was added tonD.&aliquot of cream

and the mixturéept for 2 h at room temperature, then mixed with 2 mL of warm melted (35
40°C) 2% in water lowemperature gelling agarose. Before gelling the suspension was
layered onto a microscope slide, allowed to set, and then cut into®>ulbes. Cubes were
further fixed in the same fixative solution as above for 30 min at 4°C, then washed with
cacodylate buffer for 1 h and pested in osmium tetroxide (1% in water) for 2 h.
Dehydration was carried out in an ethanol series, then samples were embedded irsi@purr re
and cured at 60°C for 24 h. Ultrathin sections;680nm thick, were stained with uranyl

acetate and lead citrate and examined with a Philips E208 transmission electron microscope.

1.2.8 Confocal Laser Scanning Microscopy (CLSM) of cream samples
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The cream samplewere prepared for CLSM by staining with either Nile Red (Sigma
Aldrich, St Louis, USA) or fast green FCF (SigiAklrich) to observe the triacylglycerol
core of fat globules or the protein respectively. The Nile red and Fast green solutmgs (1
mL?1) were prepared in dimethyl sulfoxid@MSO, Chem Supply, Gillman, Australia) and in
milliQ water respectively. The cream samples were diluted 1:5 in water, then 1 mL of sample
was mixed with 10 pL of Nile redolution and 10 pL of Fast greesoluion and then
incubated for15 minutes at room temperaturdn inverted confocal laser scanning
microscopy from Leica Microsystem (Heidelberg, Germany) was used adopting the
conditions described bfOng et al, 2010. Nile red was excited at 488 nm using an argon
laser and the emission filter wast at 526690 nm. Fast green was exciteds88 nm and the

emission filter was set at 6600 nm.

1.29 Image analysis

Three dimensional (3D) CLSM images of creaamples were reconstructed using Imaris
image analysis software (Bitplane, South Wind€bF, USA). The 3D image consist$ 40
layers of 512 x 512 pixelthat are stacked together withe distancebetween layers set at
0.25 um. The volume of the fat globulés of the cream was calculated using ImageJ
software (Research Services Branch, Nalolnstitute of Health and Medicine, USA).

Microsoft Excel was used for calculating the volume distribution of fat globules.
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1.3RESULTS
1.3.1 Natural creamingof intentionally contaminatedmilk samples

The conditions adopted at the laboratory scale to obtain cream samples for our study were
chosen in order to keep the native properties of fat globules unchanged. In fact, raw milk was
processed within a few hours from milking, thus avoiding milk cooling addition of
preservatives. Furthermorepnditionssimilar to those adopted in real cheese manufacturing
process of Grana Padano and Parmigideggiano were considered. Wesed 25-mL
cylinders in order to have 180 cm height of milk (Dellaglio et al1,969).

The MPN method was used to confirm the concentration of the spores in the cream layer
obtained by gravity separation in our experimental system. Samples of cream and skimmed
milk were taken from the test tubes of two independent experiments aybexh for
clostridial spores. In both triaSlostridiumspp. spores count was higher in the cream sample
(tablel.1). The cream of trial 1 contained 99.4% of the total spores detected and 99.5% were
present in the cream of trial Zhe fat content of rawnilk destined to manufacturing of
Grana Padano and ParmigiaReggiano PDO cheeses must be lowered by natural creaming
according to the product specification of these cheeses (European Union Regulation, 2011a;
European Union Regulation, 2011b). This psscewhich lasts for -82 hours at a
temperature between 8 and 20 °C, also allows the removal of the majority of microorganisms,
spores and somatic cells with the cream. Bottazzi and Zacconi (1980) reported that the
debacterization obtained by natural cr@agnis quantitatively equivalent but qualitatively
better than that obtained with the pasteurization, especially due to the remGl@dtoflium

spp. spores. It is commonly assumed that even very few spores remaining in the cheese curd
may cause the latelowing defect (LBD). Thus, when the initial count ©fostridium spp.

spores in milk is high, their removal by natural creaming can be insufficient to avoid the
development ofLBD in cheese loafThe experimental procedure we adopted correctly
reproducedthe natural creaming phenomenon with high efficiency in spores and bacteria
removal (>90%) after an overnight fat separation at. 8Retter understanding of the
mechanisms causing spores and bacteria to rise with milk fat globules was the major aim of
the present work since it may provide the basic knowledge to maximize the efficiency of

spore removal.
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Table 11 - Most probablenumber (MPN) counts oflostridium spp. spores in milk after

natural creaming

Trial 1 Trial 2
Sample MPN/mL MPN logzo MPN/mL MPN logzo
Cream 1,700 3.23 1,300 311
Skim milk 11 1 6 0.8

1.3.2Milk fat globule membrane(MFGM) and fat globules interactions

The MFGM was evidenced by staining with the lipophilic probe B{&)-DS. As suggested

by Evers (2008), we usede aqueous solution of the probe because ethanol might perturb the
membrane structure by denaturing constitutive proteins. However, differently from what
reported by this author, we found Dil3)-DS to fully dissolve in wadr at the concentration

of 1 mg mL%. Two staining conditions were tested: 4D for 4.5 h and 8C overnight, both

in the darkness. Overnight staining gave the best results, showing thag(EHQS was
located exclusively in the MFGM as expected (Evers, 2008; Lopez et al., @de 1.).

MFGM fluorescence was often heterogeneous, characterized by areas that were almost non
fluorescent and others densely stained (Fidutearrows).

To test the stability of the interactions among fat globules, the cream was progressively
diluted with skimmed milk andobservedover timeby Nomarski interference microscopy.
Two types of interactions were recorded: (i) a transientianghich fat globules seemed to
interact weakly for a limited time then separatedand (ii) a persistent interactn where
globules remaied steady attached eaather. In the latter case, MFGM was not visible in the
contact area of the involved fat globules, suggesting their partial coalescence (Eifjures

and d, arrows). Fat globule clusters were still presetitarcream after 12 times dilution with
skimmed milk and in some cases they derived from the aggregaticf gfdbules at least
(Figurel.1c). The accuracy of adopted conditions in keeping the surface of fat globule intact
was assessed by Dilé3)-DS fluorescent staining. MFGMs were brightly, but
heterogeneously stained and the absence of fluorescence in some portions could be regarded
aseithera lack of a lipid bilayer (Evers et al., 2008) or the presence-ekisting fluid and

gel phases which impamembrane staing. More recently, Lopez et §2011) suggested the

local differences in the thickness of the MFGM to be due to the louddred domains of

sphingomyelin with longchain saturated fatty acids. Such a heterogeneous composition and

10
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compkx structure of the MFGM are likely to have an impact on both the persistent
interactions among fat globules and the coalescence phenomena we have sometimes observed

by light fluorescence microscopy (Figurked c, d).

Figure 1.1 Fluorescenmicroscopy of DilGg(3)-DS stained milk fat globules. The lipophilic
probe is localized exclusively in the milk fat globule membrane (MFGM) which appears in
bright red. a) Cream obtained after overnight gravity separation of fat at 8°C. b) MFGM s
heterogaeously stained, possibijue to different lipid composition and/or thicknessd)
Persistent interaction among fat globules after crégumion with skim milk (1:12) MFGMs

are often not visible in the contact area (arrows).

1.3.3Interactions of bacteria and poreswith fat globules

As concentration of fat globules in whole cream was too high to be observed directly by light
microscope, cream samples were diluted five times with skim milk. The dilution of the cream
also allowed to see bactdriells and spores . tyrobutyricum(Figurel1.2 a), stained with

malachite green before addition to milk. Most of bacteria adhered to the surface of fat

11
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globules (arrows) but it was very difficult to discriminate spores from bacterial cells, even at
the highest magnification. Interestingly, bacterial adhesion occurred preferably to single fat
globules and not to globule clusters, though no information \gamed on the nature of

these interactions. Calcofluor staining of bacteria gave similar results, allowing to show
adhesion of both bacterial cells and spores to fat globules. Calcofluor stained spores appeared
bright also when inside the cell (Figute2 b). Some attempts were also made to stain fat
globules with DilGg(3)-DS in cream samples contaminated with calcofstarned spores, to

verify if spore adhesion occurred in the fluorescent area of MFGM or in thBuaoescent

one. However, due to ¢h difficult separation of emission wavelengths of the two

fluorochromes it was impossible to address this question.

Figure 1.2 Cream obtained from natural creaming of milk contaminated with stained
tyrobutyricumspore suspension. a) Light interfiece microscopy showing that most of the
bacteria stained with malachite green are tightly stuck to fat globules (arrows). b) Fluorescent
microscopy of a spore stained with calcofluor (in bright blue) adhering to a fat globule
stained with the lipophilic mbe DilCg(3)-DS: the halo (arrow) around the spore is due to the

bacterium containing it.

TEM examination of replicas from freeze fractured cream samples again allowed to observe
adhesion of spores to fat globules (Fig3). Since this technique of sakaptreatment is
highly conservative, the strength of the interaction established between these two particles

was confirmed, however without adding further details concerning its nature.

12
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Figure 1.3 TEM micrograph of freezéractured cream from naturakreaming of milk
contaminated witlC. tyrobutyricumspore suspension. Spore (S) adhering to a fat globule (F)
membrane, possibly through a sticking material (arrow); casein micelles (C) seem not to be
involved in the interaction

To gain information, ultrathin sections were cut from resimbedded contaminated cream
samples and examined by TEM. The observation of numerous serial sections obtained from
resin embedded cream samples from three independent creaming experiments Ishionwed t
most of the cases bacteria adhesion to fat globules was mediated by an amorphous, slightly
electronopaque material, sometimes granular in appearance (Figgrarrows). Adhesion

was observed to the thicker part of MFGM layers (Figdrds corresponding to the bright
fluorescent areas after staining with Dig@3)-DS. However, in some instance bacteria were
stuck to the thinner MFGM layers, or where layersensot visible at all (Figuré.4b). The
irregular thickness of MFGM is a well know feag of fat globules, already reported by other
authors with different microscopy techniques (Buccheim, 1986; Evers, 2004; Robenek et al.,
2006; Evers et al. 2008; Lopez et al. 2011).

Interestingly, bacteria cells at different stages of development, assvetidospores and free
spores can be put in evidence by this technique. This situation is confirmed by literature data

13



Chapter 1

(Bergere, 1970) showing that sporulationGn tyrobutyricumis a very slow multstage
process. In some cases bacteria adhered tcesiagblobules linking them together (Figure

1.4 a) and suggesting that adhesion was strong enough to maintain a stable contact between
them. From ultrathin sections of cream samples, it was also possible to see that, in some
cases, adhesion of fat globsle each ot her s i mpl i es ladb)f usi on
that may correspond to a kind of persistent interaction like those observed by light
fluorescence microscopy (Figutel c and d). Numerous casein micelles were typically stuck

to MFGM (Zamora etl., 2012), though they did not appear involwedacteria adhesion
(Figuresl.4 ac).

As regards the supposed stable interaction between bacteria and fat globules in cream, light
microscopy clearly showed that this interaction does exist. In fact, ofidse time both

spores and bacterial cells appeared firmly adherent to fat globules, even in presence of
sample streaming on the microscope slide (Fidudea). However, the staining procedures

for both light and fluorescence microscopy did not give iafgrmation on the nature of this
binding. The close adhesion of either bacteria or spores to fat globules was confirmed by
TEM examination of replicas of cryofixed cream. By this technique bacteria seem to stick to
MFGM (Figurel.3) but, despite the higresolution, no molecules possibly involved in this
mechanism could be visualized. Much more details on adhesion mechanism came from the
examination of ultrathin sections by TEM. An electmpaque amorphous material
apparently sticking bacteria to MFGMutbonot fat globules among themselves, seems to be
responsible for adhesion and hence for bacteria rising during creaming (Edufehus, the

rising would not be merely due to physical entrapment of bacteria in the fat clusters, as
suggested by Rossiq®4), but to a more complex mechanism. Indeed, the involvement of
milk immunoglobulins in the interactions among fat globules was proposed since a long time,
as suggested by the pioneering experiments of Bottazzi et al. (1972). At this regard, Bottazzi
andZacconi (1980) isolated from cream a prote
able to agglutinate each other either fat globules or bacteria. This fraction proved to contain
part of milk IgM however the contribution of other molecules wasedtgZacconi and
Bottazzi, 1982). Betéactoglobulin and proteins from MFGM, like Mucl and peripheral
proteins PAS 6/7 were reported to contribute to this phenomenon (Evers, 2008; Sando, 2009)
but their role was only indirectly demonstrated because thgidaule aggregation was not
observed in heat treated milk. Honkasiguzalskiand Sandholm (1981) showed that IgA and

IgM were present on the surface of the MFGM, while Euber and Brunner (1984)

demonstrated that in absence of IgM, removed by a specifieantis gravity separation of
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fat did not occur. More recently, other indirect evidences of the involvement of
immunoglobulins in bacteria adhesion to fat globules have come out from the research work
by Barbano and collaborators (Ma and Barbano, 2000; @agiaal., 2013; Geer and
Barbano, 2014a; Geer and Barbano, 2014b). They found that different levels of bacteria in
milk influence the degree of gravity separation of fat but not of somatic cells (Caplan et al.,
2013), suggesting that bacteria may compete ifiteraction with the immunoglobulins
involved in gravity separation of the fat. As a consequence, high bacteria counts in milk may
reduce the extent of creaming. However, the story of immunoglobulin involvement in
creaming has turned out more complicatban expected. Very recently, Geer and Barbano
(2014b) found that the immunoglobulins themselves were not able to cause the rising of fat
globules bacteria andgsporesin milk but the presence of somatic cells was also necessary.
However, in our microsqay studies, we have never seen somatic cells in contact with the fat
globules, nor with bacteria, thus it is possible that the contribution of these cells to creaming

is not necessarily a consequence of direct interactiongshert factors could be invodd.
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Figure 1.4 TEM micrographsof ultrathin sections of cream from natural creaming of milk
contaminated with &. tyrobutyricumspore suspension-d Bacteria (B) are stuck to fat
globules (F) by an amorphous, slightly electapaque material (arrows). In some instances
(a) bacteria (B) link fat globules (F) together. @) tyrobutyricummay adhere to fat

globules, either asspore (S) or cell with or without the endospore (ES).
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1.3.4 Effect of creaming temperature on the chemical and physical properties, anithe

microstructure of the cream layer.

Natural creaming trials were carried @itlaboratory scale. Raw milk (50 mL) was kept in
graduated cylinderat 4, 8, 22 and 40 °C for 24 hours and the volume, the fat content and the
microstructure of creams were studied. Preheatingilk at 37 °C for 5 minutes prior to
creaming at 8 °C was also considered since it is a cantreatment for milk intended for
Grana Padano cheese making.

The creaming rate was faster at higher tempegdteig. 1.5). A cream layer wabserved in
samples aB °C preheated at 37 °C, 22 and 40 °C afterimér of creaming whereds

samples creamed at 4 and 8if@ppeareanly after three hours.
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Figure 1.5.Cream volume (mL) raised at various temperatures during the first three hours of

natural creamingf 50 mL raw milk Data are the average of two separate creaming trials.

Cream layerdooked different after 24 hours of creamiagthe selected temperaturdhe
volume (mL) of the crea layer decreased and the fat cont@nst w/w) increaseds the

temperature of creamingcreasedFig.1.6).A larger cream volume arallower fat content
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(% w/w) were observed in theample preheated at 37 °C prior to creaming at 8 °C with

respect to the sample where no preheating was applied.
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Figure 1.6.Volume and facontent ofthe creamlayers obtainedby natural creamingf 250
mL of raw milk keptat different temperaturder 24 hours Eachdata point is thenean value

of two separate trials. The error bars are the standard deviation of the mean.

Microstructure of cream samplesvas investigated by CLSM and imagmalysis was
performed onthe relatedz-stacks. The information obtained bYCLSM analysiswas
consistent withthat of cream characterizatiorrat globules are more concentrated in cream
obtaired at higler temperature (Fig. 1.7). In addition, CLSM images showed fat coalescence
phenomena irsamples obtained & °C preheatedat 22 and 40 °C.In particular, fat
coalescenceincreased with increasing temperature, with the exception of the sample
preheated at 37 °@atshoweda coalescencmoreextensivethan the sample creamed2a

°C. This means that the preheating treatment at 37 °C for 5 minutes is more destructive for fat
matrix then the creaming at 22 °C for 24 hours.

18



Chapter 1

Raw milk Cream at 4°C Cream at 8°C

Cream at 8°C preheated

Figure 1.7.Microstructure of cream raised from raw milk at various temperatures. The Nile
red stained triglyceride core appears red. Fast green stained protein appears green. The scale
bars are 10 um in length.
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Image analysis was performed on fat comporgnmeansof 3D imagereconstructiorand
fat volume rendering (Fig. 1.8). Thepest processepictures clearly showed fat coalescence
to be more extensiviea creams raised at 8 With preheatingandat 40 °C with respect to all
of the othes. The coalesced faflobuleslook like large freefat droplets with irregular shape

andwhere entrapped globulean beobserved.

3D CLSM image Volume rendering

Raw milk (I o ol &| A i

=

Cream at 4°C

Cream at 8°C  |ogf = B 2 i
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3D CLSM image Volume rendering
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Figure 1.8 Fat microstructure in creams at various temperatures. 3D CLSM images of Nile
Red stained fat globules are red and the renderedhecof the fat is grey. The scale bars are

10puminlengthThe mi cr osé¢prueseamteat isve of two separ a

Image analysis was performed on rendering image (Fig.1.8) and % volume distribution of fat
in creams raised at different temperatures is reported in Figure 1.9. Data were obtained by
analysing ~1000 fat globules per sample. Fat globule size progressmnegased with
increasing temperatures due to coalescence phenomena, as shown by CLSM, while the large
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population of native fat globules of raw milk disappeared. A new populatifet dfoplets

with ~30 pum average size was observed in creams raised && bGtafter preheating and 40

°C. This population represented 20 and 39% of the total fat volume in the former and the
latter samples, respectively. In cream at 40 °C, 10% fat volume was represented by fat

droplets ~17 um in size.
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Figure 1.9.Volume distributionof fat obtained from rendering imagef cream at different

temperaturegFig. 1.8)by using an image analysis software.

1.3.5Effect of temperature on behaviour and size of fat globule clusters

Optical microscopy using differential interfac®ntrast (DIC, also called Nomarski) and
bright field was used to study the behaviour of fat globule clusters in raw milk when the
temperature was risen from 8 °C up to 40 °C (1 °C/5min) and then was lowered down to 8
°C. A series of redime observatins was acquired during the whole thermal cycle and
maximum linear diameter and perimeter of three different clusters were considered. Through
these observations, clusters proved to disrupt between 36 and 38 °C and the involved fat
globules to turn into sgrical and smooth free globules (Fi10). However, when the
sample heated up to 40 °C was cooled down to 8 °C for 2 hours, the original cluster of fat

globules did not restablish.
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Figure 1.10.Real time imagesf afat globules cluster at different temperatures. Sample was
heated 1°C/5 min and images were taken at the end of each heating step. Cooling was
performed quickly from 40 to 8 °C and images at 8 °C were taken after 1 and 2Bamsrs.

are 10 um in length.

A further tial was performed to test fat globule ability teagtablish a clusters after heating

up to 40 °C ancacooling backto 8 °C for 6 hours (Fig. 1.11). Consistently with previous
observationsKig. 1.10), the clusters we considered at 8 °C (Fig. 1.11, ayrorege around

36-38 °C and no other large clusters formed at 40 °C. A slight increase in clustering activity
was observed when the sample was cooled down to 8 °C and kept at this temperature for 3

hours. However, clusters did not increased in size affarther 3hour step at 8 °CThe
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clustering process at low temperature was slower and less intense than the cluster breaking

that happens at 383°C (Fig. 1.10).
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Figure 1.11.Real time imagesfdat globules behaviour duringeating from 8 to 40 °Cral

subsequent cooling down to 8 °C. A total time lapse of 7 hours was considered.

Maximum linear diameter and perimeter of fat globules clusters were measured in real time

during heating from 8 to 40 °C (Fig. 1.1P)onsistently with light images, both the measured

parameters decreased with increasing temperature. The most important changes were

observed in the range @8 °C, where disruption of clusters takes platewever, loth the

parameters tresdwere no affeetd by clusters size but instead the maximum linear diameter

trend wasaffected bythe size of clustered fat globules. In fact, the diante¢ed of ficluster

10 (Fig 1.12 a)wasdifferent with respect to the others because it was composed of a large

globule and some small globule$herefore,the diameter slowly decreased when small

globulescame off the cluster. Differently, when only small fat globules came off a large drop

in size was measured, (clusters 2 and 3).
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Maximum linear diameter is an importgoarameter since it affects the creaming rate of fat
globules. However, our results showed that no diameter changes were taking place in the
temperature range of natural creaming2(B°C). Consequently, no variations in creaming
rate may depend on chasge clusters diameter in that temperature range.

a) Maximun Linear Diameter (um)

16,00
14,00

12,00 |

10,00

8,00 | ——Cluster 1

6,00 R C— i ____'d..._,_.«.'f'f'.-_ \ == Cluster 2
I"||l ~fe—Cluster 3

4,00 | |

2,00

0,00
0 5 10 15 20 25 30 35 40 45

Temperature °C

b) Perimeter (um)

70
60 |
50 |

40 |
—4—Cluster 1

—fl—Cluster 2
20 | - —— e ~e—Cluster 3

30 |

10 | Medchcdcd

0 5 10 15 20 25 30 35 40 45
Temperature °C

Figure 1.12 Maximum linear diameter (panel a) and perimeter (panel b) of three different fat
globules clusters. Measurements were collected in real time by Olympus software associated

to the microsope.
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1.4DISCUSSION

The fat content of raw milk destined to manufacturing of Grana Padano and Parmigiano
Reggiano PDO cheeses must be lowered by natural creaming according to the product
specification of these cheeses (European Union Regulation, 201fapen Union
Regulation, 2011b). This process, which lasts fa2&ours at a temperature between 8 and

20 °C, also allows the removal of the majority of microorganisms, spores and somatic cells
with the creamHowever,even very few sporesf C. tyrobutyricumremaining in the cheese

curd may cause the late blowing defect (LBD).

The experimental procedure we adopted correctly reproduced the natural creaming
phenomenon with high efficiency in spores and bacteria removal (>90%) after an overnight
fat separation at 8°C. The accuracy of adopted conditions in keeping the surface of fat
globule intact was assessed by RIB)-DS fluorescent staining. MFGMs were brighthyt
heterogeneously stained and the absence of fluorescence in some portiore ceglarded

either as a lack of a lipid bilayer (Evers et al., 2008) or the presenceeaistimg fluid and

gel phases which impair membrane staining. More recently, Lopez et al., (2011) suggested
the local differences in the thickness of the MFGM talbe to the liquiebrdered domains of
sphingomyelin with longhain saturated fatty acids. Such a heterogeneous composition and
complex structure of the MFGM are likely to have an impact on both the persistent
interactions among fat globules and the co&ese phenomena we have sometimes observed
by light fluorescence microscopy (Figureg &, d).

As regards the supposed stable interaction between bacteria and fat globules in cream, light
microscopy clearly showed that this interaction does exist. In fiaast of the time both
spores and bacterial cells appeared firmly adherent to fat globules, even in presence of
sample streamingnothe microscope slide (Figure 1a2 However, the staining procedures

for both light and fluorescence microscopy did noegany information on the nature of this
binding. The close adhesion of either bacteria or spores to fat globules was confirmed by
TEM examination of replicas of cryofixed cream. By this technique bacteem to stick to
MFGM (Fig. 1.3 but, despite theigh resolution, no molecules possibly involved in this
mechanism could be visualized. Much more details on adhesion mechanism came from the
examination of ultrathin sections by TEM. An electampaque amorphous material
apparently sticking bacteria to MFGMut not fat globules among themselves, seems to be
responsible for adhesion and hence for baxtesing during creaming (Fid.4). Thus, the

rising would not be merely due to physical entrapment of bacteria in the fat clusters, as
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suggested by Rossl964), but to a more complex mechanism. Indeed, the involvement of
milk immunoglobulins in the interactions among fat globules was proposed since a long time,
as suggested by the pioneering experiments of Bottazzi et al. (1972). At this regard, Bottazzi
arnd Zacconi (1980) isolated from cream a proteinaceous mateaeth ey cal | ed fia:
f r a c,abledoragglutinate each other either fat globules or bacteria. This fraction proved to
contain milk IgM, however the contribution of other molecules wasestgZacconi and
Bottazzi, 1982). Betéactoglobulin and proteins from MFGM, like Mucl and peripheral
proteins PAS 6/,Avere reported to contribute to this phenomenon (Evers, 2008; Sando, 2009)
but their role was only indirectly demonstrated because thgidatle aggrgation was not
observed in hedteated milk. HonkaneBuzalskiand Sandholm (1981) showed that IgA and
IgM were present on the surface of the MFGM, while Euber and Brunner (1984)
demonstrated that in absence of IgM, removed by a specifeeamntn, gravity separation of

fat did not occur. More recently, other indirect evidences of the involvement of
immunoglobulins in bacteria adhesion to fat globules have come out from the research work
of Barbano and collaborators (Ma and Barbano, 2000;a0agtl al., 2013; Geer and Barbano,
2014a; Geer and Barbano, 2014b). They found that different levels of bacteria in milk
influence the degree of gravity separation of fat but not of somatic cells (Caplan et al., 2013),
suggesting that bacteria may compfeteinteraction with the immunoglobulins involved in
gravity separation of the fat. As a consequence, high bacteria counts in milk may reduce the
extent of creaming. However, the story of immunoglobulin involvement in creaming has
turned out more complicadl than expected. Very recently, Geer and Barbano (2014b) found
that the immunoglobulins themselves were not able to cause the rising of fat, bacteria and
spores to the top of the milk but the presence of somatic cells was also necessary. However,
in our mcroscopy studies, we have never seen somatic cells in contact with the fat globules,
nor with bacteria, thus it is possible that the contribution of these cells to creaming is not
necessarily a consequence of direct interactions but other factors candlved.

Natural creaming temperature affected both fat globules creamabtg and cream
microstructure. Natural creaming at 40, 22 and 8 °C with preheating was faster than creaming
at 4 and 8 °C. However, higher creaming temperatures affected creapstmiciure causing

fat globules coalescence. In particular, higher numbers of damaged globules were observed in
thecreams raised at 40 °C and at 8 °C with preheating at 37 °C thiamcreamraised at 22

°C. At higher temperatures, the difference in sndsnsity between fat globules and skimmed
milk is higher and the milk gcosity is lower. Consequentlgatural creaming is faster at

high temperatures. Furthermore, our experiments showed that the size of fat globule clusters
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was rather constant in the temperature rang0l2C and, consequently, it does not
influence the natural creaming rate at the usual conditibise, cluster diameter is not a

bulk milk property since it is relative to a small number of fat globulesilix therefore it is
not capable to modify thcreaming rate of fat globules.
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1.5CONCLUSIONS

Though we cannot exclude that a number of bacterial cells and spores rises to the top of the
milk during natural creaming because physically trapped amongldaules, our study
shows for the first time that the majority of these bacteria are actually stuck to fat globules by
an electroropaque material whose nature has to be determined. Immunoglobulins are
certainly the best candidates responsible for thesioiindut other compouis, i.e. bacterial
exopolysaccharides, may be involved. Biochemical and immunolocalization studies are
progressively elucidatinghe composition of the adhesion materiahose knowledge is
determinant to set up protocols for maximgispore removal during milk creaming in both

Grana Padano and ParmigiaReggiano cheese making.
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2. Chapter 2: Role of immunoglobulins in milk desporification
2.1INTRODUCTION

Immunoglobulins arenatural antibodies thatre synthesized by mammals in response to
antigenic or immunogenic stimuli such as bacteria and viruses, and thus provide protection
against microbial infections. Immunoglobulins have various proeedtigactivities, most of
which involve binding activiy as a first step. Bovine colostrum is produced by cows in the
immediate post parturition period andepresentsa naturally enribed source of
immunoglobulins. Consumption ofoline colostrum confers passive immunityrteonatal
calves(Lilius & Marnila, 2001).Calves are born agammaglobulinemic amdhunoglobulin
absorption capacity decreases rapidly within 24h after partu(Miaver et al., 2000; Beam

et al., 2009; Nagalakshmi, 2009Thus asufficient intake of colosum with a high
immunoglobulinconcentration is importaniThe initial concentratiorof immunoglobulin in
colostrumvaries broadlyfrom 30 to 200 mg/mLylepending omreed, age, and health status
of thecow (Butler, 1986: Larson 1992; McFadden et al. 1997)decreaseby a factorfive

to six in the first threadays. Typically, milk andcolostrum contain three main types of
immunoglobulin, 1gG, IgM and Ig. The most abundant immunoglobulin class in bovine
colostrum is IgGwith 43.8 g/Lon averageln contrast, IgA andgM are present at much
lower concentrations, with 4.05 and 4.8 g/L respectively (Raducan et al., 2013).
Immunoglobulingn colostrum or milkcome fromblood through passive transféCummins

et al., 2016)All immunoglobulins have the same basic mondmstructure. Each monomer

is composed of two identical hea{ys0 kDa)and two identical ligh{~25 kDa) polypeptide
chains,linked by disulphidebonds (Hurley and Theil, 2011)esulting in a totaMW of
approximately 150 kDa

The aim of this study wa identify the immunoglobulin clags responsible foboth the
interactions among fat globulemd thepossibleagglutination ofC. tyrobutyricumto fat
globulesduring the natural creaming of raw milk prior to cheese making.
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2.2MATERIALS AND METHOD S
2.2.1 SDSPAGE

Immunoglobulins were precipitated from bovine colostrum under the conditions pointed out
in this work (see 2.3.1.) and summarized in Fig. ZHe protein profile of salt precipitate
was analysed by SDBAGE in bothdenaturing and nalenaturing conditionsA known
amount of sample (containing 0.015 mg protein in buffer) was mixed with an equal volume
of SDS PAGE denaturing buffer (0.125 M T+#CI, pH 6.8, 50% Glycerol, 1.7% SDS;
0.01% Bromophenol Blue) containingol2-mercaptoethanol when indicated, and heated at
100 °C for 10 min. As described in previous studies (Barbiroli et al., 2013) FASE was
carried out on a fixed porosity gel (12% monomer), by using a MiniProtean apparatus (Bio
Rad, Richmond, VA, USA). Gg were stained with Coomassie Blue.

2.2.2 Immunogold labelling (IGL)

A post embeddingvas performed on samples prepared and fixed as in paragraph 1.2.4 and
1.2.7 respectively. Thin sectiores these samples were first incubated for 5 @irroom
temperatre in phosphate saline buffer (PBS) 0,05 M containing 1% bovine serum albumin
(BSA) and 0,01 % Tween 20, and then forZlhours at 4 °C in the appropriate asgrum

to IgG, IgM and IgAdiluted 1:100 and 1:1000 with the same solution. After an acowesh

with PBS, section were then incubated for 2 hoatrsoom temperature with argerum to

IgG, IgM, IgA and labelled with 15 nm colloidal gold.
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2.3RESULTS
2.3.1 Immunoglobulin purification by Ammonium Sulfate precipitation

Various types oprocessing can be used for harvesting immunoglobulins from colostrum or
milk. However, in the last 20 years the proposed techniques have been focused only on IgG,
especially those based on column chromatography.dly, 2007;Ayyar et al., 201p Also,

same of these methods involve exposing timenunoglobulinsto either heat, acid or high
pressure which may negatively affect the conformation and binding activitheseparated
protein moleculesConsequently, attéion should be paid to seleitte mostsuitable method

to harvest immunoglobulin keeping the native characteristics required for our purposes.

In this studyimmunogbbulins were concentrated from bovine colostrum collected on
the second dapostpartumi.e. when thecolostrum achieve the physil stabilityto allow
manipulation (Tsioulpast al., 200Y. Colostrumwas laboratoryprocessed through several
steps (Fig. 2.1) to obtain nativeimmunoglobulins. Fat rad casein were separated by
centrifugation and predi@ation at pH 4.6 respectivelymmunoglobulins were purified by
salt precipitation with both 45 and B0 (NH4).SQi. Subsequentlythe precipitate was
analysed by12% SDSPAGE to determine the salt concentration most suitdble
maximising the precipitation of immunoglobulins whileunwrgpping the other soluble
proteins The addition of 80% w/w (NH).SQ: did not result in an increase of
immunogbbulin precipitation(fig 2.1a) andcontrarly, increasd the precipitated amount of
otherwhey pr ot ei nlactlbumeirs andddattogloblliy. Cansequently, the pellet
obtainedafter the addition of 45% w/w (NHSOQw was used. The assessment of the actual
presence of immunoglobulins in thgrecipitate has den achieved by gellectrophoresis
underboth reducing and not reducingraitions (Fig 2.1). Heavy and light immunoglobulin
chainsin the reducing gegjave origin totwo different bandsThese bands wergsent in
nonreducing gelinsteada singlebandappearedhaving alarger MW (Fig 2.1c, red arrows).
Heavy chain migratedlose tothe 67 kDa marker, according tbe MW from 53 to 65 kDa
reported by Sites et al. (1976For this immunoglobulin componentight chain was
approximately 25 kDa. Based onthe electrophoretic patterngurification steps and
precipitation at45% (NH4)>SOQ:v were optimizedto obtaina final product augmented in
immunoglobuln s and depl e-ladabdumin an daatBgebulin, Thisttesultis

clearly visible comparinghe lane of native colostrum with thaif 45% precipitate colostrum
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in reducing gel (Fig. 2.1 b). Concentrated immunoglobulins wlaalyzedagainst PBS and

used for natural creany trials
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a b c - @
— Whole Ig
- "z "
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Fig. 2.1 SDSPAGE separation of proteins precipitated lbgth 45 and 80% saturated
(NH4)2SQy in both reducing and needucing contdions.

2.3.2 Role of immunoglobulins n natural creaming of milk

Natural creaming was reproducatilaboratory scalander conditions selectetith the aim

of causing adittle damage as possible tbe involved components (Fig. 2.2Microfiltered
skimmed (0.3% fat)milk was used as medium depleted of fat globules, cells and spores
Washedmilk fat globuleswashedClostridium spores and immunoglobulins were added

five different levelsaccording the experimentplan A parallel set ofamples was prepared
using the samemilk heated at 80°C for 10 min toaativate immunoglobulins present in
milk. In this way we could also study the effect of eithetheated or unheated
immunoglobulins onpromoting rising of both fat globuleand spore The mostprobable
number (MPN) of spomeinto the topcreamlayer was evaluateés well asthe amount of
raised cream after natural creamfoga fixed timeof 8 hours

Milk added with fat globules showedthicker cream layer than theorrespondingsample
made ugg heated milk (tab. 2.1). It seems thaheatsensitivefactor that affects the fat
globules is present in microfiltered skim milk. Spore rising was shown to be strongly
dependent v heat treatment, because lower spore humiiers counted in the crealayer

of the sample with heated microfiltered milk than in the unheated one. Moreover, the addition

of immunoglobulins caused an important increase in spore rising with respect to the sample

33



Chapter 2

where no immunoglobulins were added. Camamal (2013) showedhat heat treatment at
076.9°C for 25 s stopped spores and fat globules from rising, possicgudee of

denaturation of nativenmunoglobulins

Colostrum (1.21) Spore suspension Raw milk
l ™ \
@ centrifugation l @ centrifugation l g centrifugation
Skimmed milk
+ PBS and stirring Two Cream
l l @ times l > Three
centrifugation times
pH 4.6 + PBS and stirring
l @ centrifugation WaShEd Spores - l
@ centrifugation
4

Acid whey (0.78 L)
Washed fat globules

pH 6.7

l

(NH,),S0O, precipitation

l @ centrifugation

Ig enriched pellet

l dialisys against PBS 1

N

. Microfiltered milk Natural creaming
Immunoglobulins — E—

or PBS trials

Fig 2.2 Experimental design applied for reproducing natural creaming using
immunoglobulingrecipitated from colostrupsporesvashed out from broth arfdt globules

washedut from raw milk.

Sample C(rn?Sm (Sgﬁ/rrﬁf)
MMilk + fat globules 1.5 na
Heated MMilk + fat globules 1.2 na
MMilk + fat globules + spores 1.5 330
Heated MMilk + fat globules + spores 1.2 80
MMilk + fat globules + spores + Igs 1.5 490
Heated MMilk + fat globules + spores + heated Igs na 80
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Tab. 2.1 Numbers (MPN)f sporegaised in cream during natural creamofgat globules

in microfilterd milk (MMilk) addedwith spores and immunoglobulins.

A secondset ofexperimerg was carried out tovaluate the effect of increasedncentration

of nativeimmunoglobulins onising of both spores and fat globules. A simpimodel system

has been set up using PBS as a medium suitébleobserve the effect of added
immunoglobulinsin the absence dahosenaturally present in milk. The use of PBS also
guaranteedb exclude effects due tither soluble molecules present inknil

Both the amount of cream and the number of spores in the top lagammcreased after the
addition of immunoglobulins when compared to the sample without immunoglobulins (tab.
2.2). Spore rising has shown to be strongly affected by the additiamnofinoglobulins.
Considering that fat globules rising ableper seto concentraté&60-99% of bacteriain the
cream layeAbo-Elnaga et al.,, 198ID6 | ncecco et al ., @obelvéd) , t he
from 220 to 490 MPN/mlshould be considered as a releviamprovement. This could also
explainwhy we did not observe a furthrcreasen raised sporeswhenthe amount of added
immunoglobulins was increasdlreetimes Another reason could be the absence of free
antigen sites availabler additionalimmunoglobulinsbinding It is worth noting that 220
sporesMPN/mL were found in the cream sample where immunoglobulins were not added.
This datacould be explained by the physical entrapnadrgpores withirclusters of rising fat
globules.Instead, a sniier spore number, 80 MPN/mL, was detectedtop ofthe sampls

where no fat globules were added

Sample Sampling C(rn?Sm (I\?F?S/rrﬁf)
PBS + fat globules top 0.4 na
PBS + fat globules + spores " 0.4 220
PBS + fat globules + spores + Igs " 0.5 490
PBS + fat globules + spores + 3Igs " 0.5 490
PBS + spores " na 80
PBS + spores + Igs " na 80
PBS + spores + Igs bottom na 330

Tab. 2.2 Sporescounted athe top andthe bottom of a model system where fat globules,
spores and immunoglobulins were addedifferent combinationto PBS.
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The results obtained from natural creaming trialgolved three phenomena: (i) the fat
globules clustering, (ii) the agglutination of bexta to fat globules and (iii) the rising of fat
globules. Moreover, fat globules are essential for spores to reach the top of the milk because
spores deposited at the bottom of the milkenno fat globuleswerepresentinto thesystem.

When added,nnmuroglobulins seemed to be able to attach bacteria to fat globules, as higher
numbersof spores were detected in the wpamlayer of the sample. Fat globule risipgr

seis not am immunoglobulindependent phenomendxevertheless,reaming can be fasted
through the addition of immunoglobulins that increase dilze of fat clustes. The faster
rising can be explained lilie Stoke$Law. However, evidence thatustering of fat globules

was promoted by headctivated componentsuch as immunoglobulingane fromthe real

time observation of raw milk by optical microscopile the temperaturevas risen(Fig.

2.3). In fact, tusters appearetb be persistentat low temperature (8C) but progressively
broke up during heating. Clusters completely dissolwneuisingle fat ¢pbules around 387

°C (Fig. 2.4 andthis status was observegh to 70°C (Fig. 2.4).Because of their ability in
trapping bacteriaclusters of fat globulebave an important role in natural creaming of milk

( D61 n eteat 2043. Previous studiesndirectly showed that immunoglobulins are
responsible for cross linking fat globules together, iedause of their propensity to undergo
cold-induced aggregation, some immunoglobulins are considered cryoglobulin. Tihis is
agreementvith our observation of clustered fat globules only at low temperature. The ability
of fat globules to stick together after the addition of a serum component has been previously
observed (Babcock 1889).
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Fig. 2.3Light microscopy images dat globule clustergarrows)in raw milk kept at 8 °C.
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Fig 2.4 Real timelight microscopy imagesf raw milk heated up to 70 °C. Clusters split up

at 3637 °C and single fat globulemly were observed until the end of theating step.

Previousresearch has shown that immunoglobulins are a necessary component for the gravity

separation of faglobules(Euber and Bunner, 1984). That said, no literature has been found

studying the effect of adding immaglobulins onimproving sporerising during natural

creaming of milk. Our experimental design was planned not only to test the immunoglobulins

role but also tcevaluateheimprovement of cheese miliealingby the addition of increasing

amounts of nativéemmunoglobulirs separated from colostrum whey. More details about the

role of immunoglobulins in either crodisking fat globules or agglutination of bactenare

obtairedby performing immunogold labelling.

2.3.3 Immunogold labelling
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Further researclwork was undertaken taentify the type of immunoglobulins involveid
increasing rising fat globules or interaction of these latter Witllyrobutyricumspores in
milk upon natural creaming. Amexperiment was aimed tdetermine whether all the
immunoglobuln types i.e.IgG, IgM and IgA,were equally involved in promoting either fat
globule clustering or the bacteria agglutinationfab globules. For this purpose, creaming
trials were conducted in triplicate for each immunoglobulin typenilinogold labellig was
performed on sections oésin embeddedamples, i.e. creansream previouy added ofC.
tyrobutyricum andpure culture ofC. tyrobutyricum From TEM observation|gM was rarely
observed to bénvolved in the interactions among fat globules and between globules and
bacteriawhile no contribution could be evidenced fg6.

In contrast,the goldlabelling showed IgAto be always present in the materigking
together either fat globules (Fig. 2.5) or @teaum to a fat globule (Fig. 2.6).
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Figure 2.5. TEM micrographs of double immunogold labelliog fat globule cluster. IgA is
labelledwith gold-labelled secondary antibody b in length. Higher magnification of the

white frame is on the right side.
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Figure 2.6. TEM micrographs of double immunogold labelling on bacterium (B)xhed to
fat globule (FG) vieelectrornopaque material. IgA is labelled with gdlbelled secondary
antibody 15 m in length. Higher magnification of the white frame is lo& tight side.

This was an amorphes material, formless and apparently having low denBitie to the
number of gold spots labelled on it (Fig 2.7), this material looked like a complexAof Ig

molecules, although @cannot exclude that other molecukis part toit.

Figure 2.7. Electronopaque material labelled with IgA. Gold particles arenibin length.
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Surely, IgA was at least one molecule responsible in dmigsg fat globules and
agglutinating bacteria to fat globulégheseresults are consistent with thoseCaplan et al.
(2013). They hypothesizétata competitionmaytake placébetween bacteria and fat during
natural creaming because milk with a high bacteria cgant a cream having aigher
percentage of total bactarbut a lower percentage of fabmpared with amilk initially
havingalower bacteria count.

IgA was labelled on two differeroneswith respect to fat globules: on the electapaque
material amonglusteredfat globules and on the MFGM (Fig. 2.8 this last caselgA
lookedto bea constituent of the MFGMself, especially when the labelling was exactly on
the MFGM (Fig. 2.8b, arrowpr to be strongly associatéalit.
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Figure 2.8 TEM micrographs of gokdabelled IgA associated to MFGM. Gold patrticles are
15nm in length.

Our consideration is consistent with the findings of Honkagumalski and Sandholm
(1981). These authors showed that the major part of IgA should be regardgtfirsic
membrane protein becausenas releaseffom the MFGM whersolubilisedwith Triton X

100, andor treaed with guanidine HCI. A theory (Larson, 1979) explaining why bovine IgA
remains largely absorbed the MFGM is that dimeric IgA binds to secretory compounds in
the membranes of epithelial cells and this complex of sIgA is then transported across the

epithelial cell to be released at the apical surface. Consequently, sIgA is bound to the MFGM
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when a lipd droplet, composed of triglycerides, buds off the apical plasma membrane being
enveloped by it (Fig. 2.9) The reason why IgA remains largely associated to the MFGM
instead of being released into the lumen could have to do with the higher hydrophdbicity o
slgA when compared to that of other animal species (Goudswtald 1979

Milk tat globule

Secretory -
component

- Secretory IgA

Apical
- plasmc
© membrane :

Lipid giobules

Secretory Y
vesicle

(contains
7N

casein efc.)
3]
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Figure 2.9 A schematic representation of the possible mechanism of MBa&dciated

immunity in bovine milk proposed by Larson (1979).

Many IgA moleculeswere labelled onhie cell wall ofC. tyrobutyricum Differently, no IgM
and IgGwere observedC. tyrobutyricumwas shown to possess alggA receptors on its cell
wall (Fig. 2.1Q. IgA wasalso observed on cell wall fragmeritgs from thecell (Fig. 2.10
b,c).
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Fig. 2.10 TEM micrographs of double immunogold labelling @ tyrobutyricumcells

Fifteennm in length gold particles are associated to IgACotyrobutyricuncell wall.
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2.4DISCUSSION

In the opinion of this authgiit is important to distinguish between the agglutination of
bacteria to each other, and the agglutination of bacteria to fat glabkieg place during
cream rising. The former is a biological event that should not be unexpected because it is part
of the natural response of immune systagainst an antigea n d  d cequgenamy fat
globule role In fact, Hurley and Theil, (2011) reported IgA as the major immunoglobulin
class found in mucosal secretions that prevents infection by agglutinating microbes.
Antimicrobial properties such as agglutination of microbes were also reported for sigM
(Brandzaeg and Johansen, 2007). This natural agglutinating activity was demonstrated either
in bovine colostrum preparations against a variety of pathogenic bactephénet al,

1990; Loimaranteet al, 1998) or in normal milk @hoemonet al, 1976)and colostrum
(Todd et al, 1989 againstLactic streptococciMoreover the agglutination of bacteri@n
starter cultures in particulai§ considered an unfavouraldeent in cheese making because it
reducesheesayuality and yield (Todd et al 1989In fact, agglutinated starter cells sediment

to the bottom of the vat, causing uneven acid produetithin the coagulating milk

The rising of bacteriamarkedlyof sporeforming speciesduring ratural creaming of milk
before vatprocessing should be regarded as a positigeent. In fact, it determines a
spontaneousealing of the milk and consequently decreases the occurreta dflowing
defect in the cheeseh@&rising of bacteriais a not deeply studigghenomenoithat provides

for two steps: the agglutination of bacteria toditbules andhe subsequento-rising of the

two particles According to our results, thepability of C. tyrobutyricumto be aggluhated

to fat globules is subject to the presence of-Ey#tiand antiigM proteins on the bactetia
wall. The enity of theagglutinationdeperls on two factors: the frequenay specific antigen

is expressed ol. tyrobutyricumwall surface and the IgA and Ighontent inthe milk,
which may indicate an antibody's specificity @rtyrobutyricumsurface antigens

Very few studiesfocused, directly or indirectly, on the agglutination of bacteria to fat
globules during natural creamimg milk. Franciosiet al, (2011) showed that psychotropic
bacteria in milk intended fofrentingana cheesenaking were mainlyconcentrated in the
cream layerGeer and Barbano (20L4howed that the addition of logtrum to skim milk

was able to partiallrestorethe natural risingo€ | o0 s t r spares..Howeger, to the aoth

best knowledge, only Honkand&ulzaski and Sandholm (1981) differentiated among
immunoglobulin classes working against milk bacteria and, consistently with our results,

showed thaStaphylococcuaureusappearsassociated to fat globuleaisedin presence of
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IgA and IgM. No clustering and no bacteria agglutination were observagsenxce of 1gG.

On the contraryStadhouders and Hup (1970) showed that the additievhat they called
fwhey euglobuliv to a suspension of fat globules clearly increased the bindin§. of
cremoris,butno creaming step waserformedin that study.

Our findingsindicated that milk immunoglobulin classes a involvedin the same wain
crosslinking fat globules and agglutinating bacteria to fat glohuhath IgG resulting tplay

no role.In depth examination of immunoglobulins characterssreporéd in the literature
identified some possible explanations. IgA and IgM differ from IgGbfath physiological
andstructural reasons. IgA and IgM are found in milk and colostrum in the form of secretory
IgA and IgM, namelysigA and slgM (Hurley and TheiR011) and much of these are
produced by plasma celis the mammary tissue. During the tragygthelial transport to the
apical end of the mammacell, IgA and IgMare boundo a secretory component (Mostov
and Kaetzel, 1999; Hunziker and Kraehenbuhl, 1998) that remains attached to these
immunoglobulins after their secretion into milk. The secretory component is a highly
glycosylated polypeptide that is known to hatgelf a piotective role (Phalipoet al, 2002).

Also, IgA and IgM are theonly polymeric immunoglobulingdimeric and pentameric
respectively)in milk and colostrum. In th@olymeric structures, monomers aoevalently
boundthrough a joining (J) chai(Mix et al, 2006 and Woof 2007). The J chain also results
in additional featuressuch ashigh valency of antigebinding sites, allowing them to
agglutinate bacteria and creating a high affinity for the polymeric immunoglobulin receptor
(plgR) that is responsibleoff the transepithelial transport of IgA rad IgM into mucosal

secretions.
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2.5CONCLUSIONS

This study demonstrated that IgA and a lesser extentgM were among thecomponerd
responsible in either clustering fat globules or agglutinafintyrobutyricumto fat globules
during the ntural creaming of milk. IgG washown to have any implication in these
interactionsC. tyrobutyricumshowed to have antiovine IgA wall proteins.
Immunoglobulins can be concentrated from colostrum or milk poidheir addition to GP

cheese milk with the aim of improving thegporificationof milk by natural creaming
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3. Chapter 3: Behaviour of Clostridium tyrobutyricumduring Grana Padano cheese

making

3.1INTRODUCTION

Hard cheeses are susceptible to defects that may develop during the prolonged ripening,
as a consequence of the growth of-gesducing Clostridia, grarpositive, endospore
forming, anaerobic bacteria, which are responsible for the late blowing defec) (hBD
variety of hard and extrhardcheeses (Le Bourhis et al., 20@7arde et al, 2038Bermudez
et al., 2016) When favourable environmental conditions occur in che€kestridium spp
spores can germinate into vegetative cells that in turn prodwetee acid, butyric acid,
carbon dioxide, and hydrogen by the fermentation of lactate, resdgats and citric acid
(Garde et al., 2012Y.he abundant gas causes splits and holes to form within the cheese body,
generally in combination with an unpleasflavour and consequent loss of product. Among
clostridia,C. tyrobutyricums considered the principal responsible for LBD in Grana Padano
(GP) cheeseGoccolin et al, 2004; Bassi et al., 20Morandiet al.,2015, Cosentino et al.,
2015). Many approache were proposed to prevent LBD in cheese: bactofugation or
microfiltration of milk (Elwell & Barbang 2009, addition of nitrate or lysozymérasca et
al., 2013, addition of latic acid bacteria (LAB) strains biologically active against gram
positive bateria (MartinezCuesta et al., 2016GomezTorres et al., 2014) oaddition of
jenny milk considering its higlsontent of lysozyme (Cosentino et al., 2013; Galassi.gt al
2012). However, all these methods have technical or legal limitations (Avila 2018)
Currently, addition of lysozyme from henods
prevent LBD in GP, since this cheese is registered as a Protected Designation of Origin
(PDO) cheese. The consolidated GP cheesemaking is describedpimodiet specification
(http://www.granapadano.it/) and consists of five main steps: natural creaming of raw milk,
in-vat cheesemaking, imould acidification, brine salting and ripenirihe natural creaming
of raw milk is carried out to lower the fat cent to 2.12.2% and thus to standardize the fat
to-casein ratio, which is important for the unique grainy cheese texture. In addition, during
the 810 h of natural creamingt 8-20°C, most of the bacteria, somatic cells, and spores rise
together with thedt globules, and thus are removed with the cr@attazzi, 1971; Abe
Elnaga et al., 1981)This cleaning effect is partly achieved thanks to stable interactions
occurring between fat globules and spores or vegetative Defisi(n c e c c 0 [Rutinga | . ,
vat cheesenaking, milk is coaguaited at 3885°C and the curd igradually heated up to 53
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54°C while it is cut into small granules under gentle stirring. Then stirring is stopped and the
curd granules deposit at the bottom of the vat to compact undbotivehey for about 1 h.

The curd is then removed from the vat and cut into two portions that are kept in molds for
about 48 h. During this period, the temperature remains high for several hours in the cheese
core, thus promoting the fast growth of the trtbermophilic LAB species at the expenses of
lactose and the consequent drop of pH te%3 Subsequent steps are the brine salting-at 22
24 °C for 20 to 30 days and the ripening at-18C and 85% relative humidity for a
minimum of 9 monthsDuring theripening period, the cheese pH value slowly increases up
to 6 and the following phenomena take place: (i) loss of moisture, (ii) breakdown of casein
and consequent accumulation of peptides and free amino acids, (iii) lipolysis and (iv)
depletion of gluciet sources available for microbial growth (Pellegrino et al., 2015).

Although it was demonstrated that the spore€ ofyrobutyricumremaining in cheese milk
after creaming are able to siwe the cheese making proces®wadays no information is
availabke on the behaviour of vegetative celsso, the official method for enumerating
Clostridium spp. endospores by the most probable number (MPN) involves a preliminary
heat treatment of the sample to destroy vegetative cells. irhefdhis research work ag to
investigate the morphological, physiological and metabolic changes induce@. to
tyrobutyricumby the cheese making conditions of GP. Using a new experimental approach,
both vegetative cells and sporesftyrobutyricumwere separately submitted tioe whole
cheese making and sampled at the most crucial steps including the cheese ripening. Their
behaviour was thus investigated and tentatively interpreted by combining the information
obtained using microscopy techniques (SEM and TEM) withrabiologcal and chemical

data.
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3.2. MATERIAL AND METHODS
3.2.1 Production of bacterial cell and spore suspension

C. tyrobutyricumstrain UC7086, previously isolated from a cheese with LDB and part of the
Universita Cattolica del Sacro Cuore culture collection, was used for the experimental cheese
manufacture. The strain was cultured in Reinforced Clostridial Medium (RCM) (Oxoid, UK)
with 50% (w/w) sodium lactate syrup (Merck, Germany) added to reach a final concentration
of 2.8% (w/v) and incubated at 37°C in anaerobic chamber (Don Whitley Scientific, Shipley,
UK). Spore suspensions of C. tyrobutyricum UC7086 were prepared modifrgphasic
method of Cerf et al. (1967) and according to Bassi et al. (2009). Purified spore crops were

then plate counted and finally stored at 4°C until use.

3.2.2 Experimental cheesemanufacturing and sampling steps

A dedicated cheese manufactureswaarried out at a GP dairy using the usual process
conditions described in a previous paper (D
lysozyme. Two vats (1000 L milk each) were worked in parallel to obtain a total of four
cheeses. Aliquots (10 mlogf pure cell culture ofC. tyrobutyricumUC7086 in whey and of

spore suspension in water, both at the final concentratiorf @R0/mL, were separately put

into dialysis tubes (100,000 Da) that were carefully sealed and differently labelled by colour
band to allow further identification. Eight ceationtaining tubes (@ubes) and eight spore
containing tubes (@ubes) were kept suspended into each vat during the whole cheese
making. After curd cutting and cooking, the stirring was interrupted and the twdres
pushed at the bottom of the vat where the curd grains were compacting. Overaltutnee C

and one Sube were taken at different steps of the cheese manufacturing p{Bicess 1)

rennet addition (RE), end of curd cooking (54°C) (EC), curd exbradrom the vat (CX),

end of curd acidification in mold (24 h after extraction) (EA), end of brine salting (ES), after
3-month (3C) and #nonth (6C) ripening. All tubes, including the control (untreated), were
processed in the same way after their samgpiiom either milk or cheese. Briefly, the tube
content was carefully recovered and divided into four portions. One portion was subjected to
plate counts forC. tyrobutyricum enumeration, one was used for scanning electron
microscopy (SEM), one was included in resin for transmission electron microscopy (TEM),
and one was analysed by ion exchange chromatography to evaluate the free amino acid
pattern (FAA).
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Figure 3.1 Trends of emperature and pMalue during Grana Padano cheese making and

subsequent ripening.

3.2.3Plate counts

Each sampling of dialysis tubes content during the cheese making process was processed for
C. tyrobutyricumcells and spores quantification by plate count analysis. RCM agar medium
(Oxoid Ltd., Wade Road, Basingstake, Harnpshire, Engl.) with the addition of 0.005% of
neutral red solution and 200 ppm ofdycloserine (Jonsson et al., 1989) was used for
selectivdy enumerating yellow (UMight fluorescent) colonies ofC. tyrobutyricum
vegetative cellsC. tyrobutyricunspores were estimated either on plates of RCM with neutral

red and Dcycloserine after a pasteurization treatment of 10 minutes at 80°C. All plates
preparedand incubatedt 37°C in anaerobic conditions.

3.2.4 Scanning electron microscopy

Samples for SEM were prepared as follows: 1 ml of each tube cellular pellet was centrifuged,
concentrated in a smaller volume of physiological solution and 5 pl fixed on a positively

charged nylon membrane (Roche Diagnostics GmbH Germany). These memimendsen

49



Chapter 3

dehydrated stepwise in ethanol 75%, 85%, 95% and 100% for 1 h each at room temperature.
Critical point drying was performed in a Baltec CPDO030 dryer. Specimens were coated with
gold for electrical conductivity by sputtering (Balzer Union Med 0409 analysed with a
Quanta SEM microscope ESEMTM technology (FEI, Oregon, USA) under both low and high

vacuum SEM conditions: high vacuum 7x8@®a, and low vacuum 130 Pa.

3.2.5Transmission Electron Microscopy

The portion of tube pellet was immediatefixed with 1 mL of fixative solution
(glutaraldehyde 1%, paraformaldehyde 3% in cacodylate buffer, w/v). The mixture was kept
for 2 h at 8°C and then mixed with 1 mL of melted i@3°C) lowtemperature gelling
agarose (2% in water). The suspension wasé¢alyento a microscope slide before it gelled,
allowed to set, and then cut interdim3 cubes. Cubes were further fixed in the same fixative
solution as above for 30 min at 4°C, and then washed with cacodylate buffer for 1 h and post
fixed in osmium tetroxid (1% in cacodylate buffer) for 2 h. Dehydration was carried out in
an ethanol series, and then samples were embedded in Spurr resin and curéll far @8

h. Ultrathin sections, 50 to 60 nm thick, were stained with uranyl acetate and lead citrate and

examined with a Philips E208 transmission electron microscope (Aachen, Germany).

3.2.6 Free Amino Acid analysisby ion exchange chromatography

The pattern of free amino acids (FAA) was determined using the method described by
Masotti et al. (2010). Brieflythe solid samples (curd, cheese) were grinded, solubilized with
sodium citrate, homogenized and deproteinized with sulphosalicilic acid. The obtained
extracts as well as the liquid samples (milk, supernatant of tube material, culture media) were
diluted (1:1) with lithium citrate buffer at pH 2.2, filtered and analysed by ion exchange
chromatography. A Biochrom 30plus (Biochrom Ltd, Cambridge, UK) amino acid analyser
was used and operated under the conditions provided by the manufacturer for the
chromatogaphic separation. These imply an eigtép elution program with lithium citrate
buffers of increasing pH and ionic strength, posumn derivatisation with ninhydrin, and
detection at 440 and 570 nm. The quantification was carried out usinte¥elicalibration

lines of the 21 amino acids (all from Sigma Aldrich) solutions in the range22.56mg/L

and using norleucine (Sigma Aldrich) as an internal standard. Repeatability values of ISO
Standard 13903:2005 weididfilled.
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3.2.7 C. tyrobutyricumcell growth in model cheese and milk

A cell culture ofC. tyrobutyricumUC7086 at logarithmic phase and with a concentration of

1.2 x 102 CFU/mL was anaerobically inoculated (10%) in two tubes containing 20 mL of (a)
sterilized milk, and (b) sterilized milk ddd with both arginine and lactate at the final
concentrations of 0.5 g/L and 28 g/L, respectively. After 10 days of incubation at 37 °C in
anaerobic chamber, samples were processed for both the total bacterial count and FAA
analysis as above describedm$arly, cheese environment was modelled usingraoBth

ripened cheese not containing lysozyme. A set of sknRfubes, each containing 5 g of
grated cheese, were kept for 24h at 4°C in anaerobic bags equipped with Anaerocult A packs
(Merck, Germany) tsemove oxygen. Three of the tubes were anaerobically inoculated with
0.2 mL of a cell culture of C. tyrobutyricum UC7086 at logarithmic phase and with a
concentration of 3.8 x 106 CFU/mL, while the other three tubes were used as negative control
samplesAll tubes were incubated at 3T in anaerobic chamber and a tesd a control tube

were taken a0, 2, 7 and 14 days. Cheese samples from the tubes were processed for plate
counts of clostridia cells and spores and for FAA analysis as above described.
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3.3 RESULTS AND DISCUSSION

With the aim of stuging C. tyrobutyricumbehaviour during the whole cheese manufacturing
process, we have set up an innovative experimental approach. Vegetative cells and spores of
C. tyrobutyricumwere separately confined into dialysis tubes that were kept immersed into
the milk during the whole vat processing and then included into the cheese curd to undergo
the subsequent steps of acidification, brining and ripening. By this way, at each of the
selected sampling steps, it was possible to take both cells and spores having been
continuously and directly in contact with the changing environment (milk, curd, cheese)
outside the tubes and having undergone the whole sequence of the technologicahsanditi

a real cheese making. The selected sampling steps were: renneting (RE), end of cooking
(EC), curd extraction (CX), end of acidification (EA), end of brining (EShdhth aged
cheese (3rfand 6month aged cheese (6C).

3.3.1C. tyrobutyricumcountsin tubes sampled during cheese manufacture

To distinguish between cell and spore amounts, pellete preliminarily pasteurizedhe

initial concentration ofC. tyrobutyricumvegetative cell (Qubes) and spore {Bbes)
solutions in the tubes were®€fu/mL. At milk renneting, vegetative cells within thetdbe
showed a-log decimal decrease (from 8@ 10 cfu/mL) that can be associated to a
physiological dropoff of cell vitality in the passage from laboratory to ptanale. During

curd cooking (EC)when the process reaches the highest temperature of 54°C, vegetative
cells further decreased to 8 x°1fu/mL and disappeared in the curd at the extraction, i.e.
after 40 min of compacting in the hot whey. No cultivable cells were foundtih€s at the

next sampling steps, suggesting the high temperature attained during vat processing to be
lethal for C. tyrobutyricumvegetative cells. Nevertheless, some vegetative cells seemed to
sporulate since few spores (around 200 cfu/mL) were detectable stastimghie end of that

step (Fig.3.2). The activation ofsporulaton might be mediated by the lack of specific
nutrients or by oxygen intake during the cutting of the curd under continuous S#ramge

log increase in spore numbers was then observed intheng old cheese; due to the lack

of sampling in the time interval between the end of brining and the 3rd month of ripening, we
supposed that, during this periad, tyrobutyricumspores could grminate, reproduce and
sporulate in a new cetlycle. Anyway, these processes are very difficult to separate from
each other with lalbechniques, since they are part of the asynchronous life cycle of
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sporulating bacteria. The same spore number was fouthe iCtube taken from the-Ghonth

old cheese.

Spore numbers in the-tBbes remained almost unchanged until end of salting. At the end of
curd cooking (EC) and at the end of curd acidification (EA), however, spore numbers were
slightly lower due to possi® germination onset, likely stimulated by heating, in the first
case, and by the drop of pH value (5.3) in the second one3B)g.Low pH represents a
favourable condition for sporeé two-log decrease in spore counts was observedtub&s
taken fran cheese at 3 months of ripening, when values reacHedRAO/mI, suggesting a
deeper germination rate in this phase. Despite these changes, very few vegetative-@8lls (90
CFU/mI) were cultivable in th&-tube, with a slight increasebserved in the curdt the
extraction (CX) and a smallecrease at the end of briniffgg. 3.3). We supposed that only a
small portion of vegetative cells was ableawtgrow during the curd coolinfjom 54 °C

(curd extraction) to 20°C (end of acidification) even if growtllemperature has been
demonstrated to be straitependent fo€. tyrobutyricum(Ruusunen et al., 2012). In this step
the cheese alsandergoes acidification (pH drops from 6.3 to 5.2) which is faster in the core
with respect to the outer zones (Pellegrétal., 1997); cell growth could be influenced by

this aspect depending on the tube location within the cheese.

1,00E+07 l:l\_
1,00E+06 -
_ 1,00E+05
e
é 1,00E+04
° 1,00E+03
100E+02 | YOO <~ —@C.tyrobutyricum Cells
1,00E+01 C. tyrobutyricum Spores
& & @ E
(\% QQO 0(\ ~0(\ Q% c)Qz ,’)Q
S S 4
F & & & &
S Y & R o o o
S AFOFCU e P
<& (}5& & < >
o>
<</(\

Figure 3.2 Evolution of cell and spore concentrations within théulle throughout the

cheese manufacturing and ripening process.
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Figure 3.3 Evolution of cell and spore concentrations within theeilse throughout the

cheese manufacturing and ripening process.

3.3.2 Scanning and Tansmission Electron Microscopyof tubes sampled during cheese

manufacture

Both SEM and TEM were used to mamitmorphological changes @f. tyrobutyricumcells

and spores throughoutea whole cheese making process.

SEM analysis of the @ube pellet gave overlapping results with data obtained with
microbiological methods. At renneting (RE), oi@jostridiumvegetaive cells were detected

(Fig. 3.4 a whereas some spores began to be visible at the end of cooking.&iD.
reflecting the Aog spore counts found at this step. At the curd extraction step, cells were
almost lysed and few spores werisible and detgable (Fig. 3.4 The sample preparation

for microscopy analysis was more difficult for the tubes taken from the cheese since these
were completely dry and the collected pellets had to be hydrated before observation. At the
end of acidification and aftebrining, we supposed to observe only dead cells and some

dormant spores (not shown).
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Figure. 3.4.SEM analysis of @ube contentat the different steps of GP cheesaking a)

renneting; b) end of curd cooking (54°C); c) curd extractiprend of curd acidification

The Stube taken at RE contained only spores (Fig.d, these spores appeared to change
their basal morphologglightly and this behaviour is similarly observed also at the dnd o
cooking (Fig. 3 b . | tabthe curdhdxtgaction and at the end of acidification that some
vegetative cells appear (Fi§.5 c, 9. The brining phase showed no evident modification

with a mxed situation that showed faint cells in autolysis together with spores.
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Fig. 3.5 SEM analysis Sube contentat the different steps of GP cheesmking: a)

renneting; bend of curd cooking (54°C); c) curd extractioih end of curd acidification

TEM analysis of tube pellets was performed in parallel with SENuI@ images showed the
presence of intact vegetative cells until renneting, whereas some damaged vegellative c
were observed at the end of curd cooking, consistently with SEM and plate count evidences
(not shown). Interesting morphological changes of the cells appeared at the curd extraction,
that is after 2 hours at 8b°C from the previous sampling and whte pH has dropped

down to 5.6. In particular, a black spot (F86 a-c, arrows) was observed inside most of the
cells and some spores were also detected. In the curd that had slowly cooled down and
acidified (pH 5.3), cells showed to be further changette the black spot was often
surrounded by aonrganized oval structure (Fig. 3def). Starting from the outside inwards,

the structure consists of a 10 nm thick wall that encloses around a hundred of circular
organelles, a thin wall and th#ack spotin the middle (Fig. 3.6). The black spot looks
denser with respect to the surrounding organelle matrix, probably due to a lower water
content. At the end of salting, that is 18 days later, cells appeared evidently damaged and
spores were still presentvén after 6 months of ripening, when the sampling was rather

tricky, spores were observed in cheese together with damaged vegetative cells (not shown).
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Fig. 3.6 TEM micrographs of @ube contentat the different steps of GP cheesaking

process; &) curd extraction; €) acidified curd.

Spores within Subes looked the same until curd extraction. The typical dormant spore
structure was observed, Warganized in exosporium, coatortex, inner membrane and

core, as reported by others studies (Batsal., 2009; Brunt et al., 2015). Some spores
changed their internal structure in the acidifieurd (Fig. 3.7c), probably due to the
germination phase, as confirmed by the plate count and SEM analysis. These spores appeared
to have a core increasedsize and a smaller exosporium with respect to the dormant spores

that however were still presentigF-3.7a-c).
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Fig. 3.7 TEM micrographs of Sube contentt acidified curd step of GP cheesaking
Black frames irpanelfi a ar@ showrwith higher magification inpanelsi b 6  a,nwhlerefi ¢ 0

ultra-structural details are taggg@x) exosporium; (Ct) coat; (Cx) cortex and (Cr) core.

After core hydration, the stage Il of the spore germination was reported to involve the core
expansion (Setlow, 2003; Brunt et al., 2015). At the end of brine salting, cells appeared to be
deeply damaged (not shown), like those observed in the cheesé afteiths of ripening

(Fig. 3.8, when spores always lacked of exosporium and the dense core was easily observed.
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Fig. 3.8 TEM micrograph of Sube contentt six months of ripening when both (C) cells
and (S) spores were observed.

Two main events we observed through our samplings: (i) the vegetative cells sporulation
during the vat processing and (ii) the spore germination at the end of curd acidification. The
vegetative cell sporulation was likely trigged by the absence of nutrients and thepreken
oxygen. Instead, beside of requiring favourable environmental conditions, the germination
process is known to be trigged by numerous molecules, thelleal germinants (Moir et al
2002; Setlow, 2003). In our case, lactic acid could be among thengerts responsible for

the spore activation, since it is available after the curd extraction (Pellegrino and Resmini,
2001). Bassi et al. (2009) and Brunt et al., (2015) reported that a solution of lactate/alanine
had a germinant effect toward spores othbC. tyrobutyricumand C. sporogenesAs
reported by Pellegrino et al. (2007), within the moulded GP cheese, there is a combined
presence of high temperature {5&2°C for 10 h at least) and low pH (8@) which is able

to inactivate several enzymes. iJrcombination could be recognized by the spores as a
suitable condition for growth. Heath treatments are known to enhance the spore germination
(Keynan and Evenchick, 1969; Brunt et al., 201 activation is the term used indicate
germination enhamgnent (Foster and Johnstone, 1990). However, the biochemical

mechanisms behind these phenomena have not be#ied/get.
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3.3.3 Free amino acid patterns

The pattern of the FAA was determined within thea@d Stubes as well as in the matrices
(milk, whey, cheese) outside them to have information on FAA utilization Cby
tyrobutyricumin the selected steps of cheese making. In a preliminary test, weealstess

the FAA could move freely through the dialysis membrane both directions (not shown),
confirming that the chosen membrane represented a suitable tool to keep the bacterium
confined without affecting exchange of solutes, namely FAA. Neverthelesgaewn of
comparing the FAA levels detected within the tubes with those in the different matrices
outside them, the relative values were necessarily considered.

In a recent studyRellegrinoet al (2015) showedthat the initial FAA content of the milk, i.e.
80-100 mg/L, increased by-50% throughout the vat processing of GP cheese. In agreement
with this observation, no changes occurred until milk renneting and coagulation (not shown).
At the curd extraction from the vate contents of individual FAAvithin G- and Stubes

were not significantly different from each other and from that of the whey just drained off
(Table3.1) . I't i s worth noti ng ;amhodbugivaeid (GABAhe hi g
we found within both €and Stubes with respect to thvehey. Formation of this neprotein

amino acid was undoubtedly due to vegetative cel@. afrobutyricumand was so fast at the
sampling moment that the equilibrium with the outside environment (whey) was not reached.

It is known that production of GAB, catalysed by the glutamate decarboxylase, represents a
common way to contrast acidic conditions for several bactgpeties (Jeno, 2000Brasca

et al., 2018 Therefore, we can argue its production to be related to the stressing conditions,
including initial acidification (Fig. 3.}, that have also brought t€l. tyrobutyricum
sporulation observed dhe end of curd cooking (Fig. 3.2The amount of GABA was
significantly lower in the subsequent steps in spite of the large availability of glutamate. Fo
other few FAA (Val, Leu, Tyr, Arg) the content was slightly lower within the tubes, as it will

be further discussed.

The four subsequent sampling steps implied the removal of tubes from the cheese. Therefore,
one out the four produced cheeses was cwt @ine and, besides the tubes, two cheese
portions (tcm thick) were also taken around them: z1, in contact with the tube, and z2,
surrounding z1. The FAA level in these two portions allowed us to highlight the possible
presence of a concentration gradiémicating a movement of the individual FAA either
inwards or outwards the tube. The whole cheese was sampled as well and considered as a

reference. Data were not different between the cheese portions z1 and z2 taken around either
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C- or Stubes respectely, therefore mean values of the two are presented @&p.No
relevant differences were observed in the FAA levels betweean@ Stubes at any
sampling step, in accordance with the lack of an extensive cell growth. Furthermore, none of
the FAA was épleted, indicating that availability of FAA was not a limiting factor for cell
growth itself. This observation is supported by findingsStdrari et al., (2016 who have
recently reconstructed the presence of genes putatively involved in the biosyathéSi

amino acids in the genomes of fa@irtyrobutyricunstrains isolated from hard and semaird
cheeses, including UC7086 used in this study. For a few FAA however, a systematic
difference was observed between the content in tfen@ Stubes. Amonghese, alanine had

an interesting behaviour because its content was always lower inttles As already
mentioned, this amino acid in combination with lactate has been reported to be a germinant of
C. tyrobutyricumsporeqBassi et al., 2009). Howevearobably more FAA can have this role
depending on strain and environmergahditions Storari et al., 2016 supporting the need

of further investigation.

The most relevant impact of the presenceCottyrobutyricumin cheese involved arginine
(Table3.1). Arginine content progressively decreased within the both the tubes during cheese
ripening and was depleted innonth ripened cheese. The utilization of arginine within the
tubes was confirmed by the decreasing concentration observed from z2 to s pbretiens
indicating the slow permeation of the amino acid into the tube itself-&stablish the
equilibrium. The opposite behaviour was observed for citrulline and ornithine (Faplén

fact, these two noeprotein amino acids form by the degradatof arginine through the
arginine deimidase (ADI) pathwayufiga et al., 2002 Partial deamidation of arginine to
citrulline and, to a lower extent, to ornithine also occurred in the samples representing the
whole cheese at the various sampling s{@p@ble3.1). This is in fact the usual pattern we
observed in GP cheese as a result of the me:
et al., 2016). The ADI pathway is adopted by a variety of microorganisms to contrast acid
stress and, in the stegalding to ornithine, also to produ&&P (Zufiiga et al., 2002

Cheeses contaminated wi@ tyrobutyricumand developing the late blowing defect were
reported to have higher pH than the control cheeses as a consequence of lactate consumption
(Le Bourhis ¢ al. 2007). However, to our knowledge no literature data concerning the
adoption of direct mechanisms to obtain the deacidification of the environment is available
for C. tyrobutyricum
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Sampling hame Asp Thr Ser Asn Glu Gln Gly Ala Cit Val Met lle Leu Tyr Phe Gaba Orn Lys His Arg Pro
Curd at the Cell tube 301 348 253 0,78 4330 267 807 604 042 143 030 151 190 112 084 678 051 530 084 346 574
extraction Spore tube | 3,00 338 253 0,63 42,75 320 828 570 048 1,41 0,15 1,68 1,74 103 053 725 041 5,15 0,98 3,23 6,03

Whey 322 330 238 055 4016 318 757 591 093 428 025 1,74 243 167 080 221 059 565 065 448 664
Cheese after Cell tube 2,15 1,83 4,32 1,47 9,96 7,77 343 11,10 0,00 2,03 1,11 337 7,20 228 204 228 005 1371 414 7,39 11,90
24 h moulding Sporetube | 2,19 1,84 404 154 1033 795 345 1064 000 206 110 348 752 241 219 202 003 1318 434 7,76 11,50
z1 226 2,70 3,73 299 10,00 6,55 1,83 10,77 0,00 5,03 165 351 830 39 323 058 000 1306 341 7,70 8,76
z2 222 269 333 282 987 691 224 1089 000 553 203 305 823 346 312 000 0,00 1434 341 7,17 8,98
Whole cheesd 2,62 258 350 230 1083 6,38 228 973 000 574 198 312 786 321 323 0,00 0,00 1390 3,04 7,22 8,47
Cheese Cell tube 280 254 434 355 13,03 11,16 236 589 005 661 221 414 843 238 257 062 022 988 276 458 1041
after brining Sporetube | 243 236 473 353 1378 11,39 213 430 007 678 187 373 964 206 256 082 029 1028 208 427 10,39
z1 2,18 332 348 410 1355 794 186 475 000 620 203 416 916 259 300 000 036 1254 364 541 8,72
z2 225 339 337 392 1342 724 18 48 000 603 228 427 935 29 346 000 020 12,76 353 568 8,70
Whole cheesq 2,35 2,88 329 431 1244 578 244 443 000 6,32 190 445 992 310 402 000 000 11,78 325 7,75 7,550
Cheese Cell tube 367 222 112 401 1756 7,08 238 533 106 513 208 524 894 108 458 044 156 1167 213 1,23 10,37
after 3 months Sporetube | 354 2,18 156 4,27 1851 657 263 406 102 492 199 517 905 099 436 068 153 1162 224 128 10,63
ripening z1 209 213 184 472 1688 500 265 394 09 754 235 458 1028 130 495 000 247 1225 420 1,74 9,73
z2 160 220 242 495 1560 578 232 324 000 705 216 408 1088 260 476 000 022 1145 398 6,32 8,64
Whole cheesq 1,88 3,07 3,09 440 1594 580 221 292 000 708 222 485 920 2,71 467 000 014 1163 381 545 8,95
Cheese Cell tube 588 191 1,78 287 2259 279 308 448 225 299 189 677 980 040 428 029 160 1261 138 0,00 10,556
after 6 months Spore tube | 5,08 214 200 316 2282 284 282 360 236 288 191 667 930 068 441 058 161 1236 1,25 0,00 10,87
ripening z1 283 218 127 311 1979 326 241 355 128 873 215 520 1053 261 589 006 223 13,00 214 0,27 821
z2 239 205 142 413 1829 206 260 322 059 813 224 469 1083 2,78 559 000 050 1143 354 414 937
Whole cheesq 2,45 3,06 3,81 421 17,87 248 224 261 127 762 225 512 934 296 476 000 019 1142 3,10 341 9,72

Table 3.1 Concentration of FAAs (g/100 BAA) throughoutGP cheese making and ripenif@epending on the sampling stegmalysed samples are:

cell andspore tube contesfthe wheytakenat curd extractionthe deeseoortion(z1)in contact with the tuhehecheesgortion (z2)surrounding z1

a portionrepresenting theshole cheese
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3.3.4 Modelmilk and cheese trials

In order toshedmore light on the adoption of the deacidification mechanisms by vegetative cells of
C. tyrobutyricumtwo simple model systems were set up reproducing milk and cheese environment
respectively and vegetative cellsld€7086 were inoculated at the exponential growth phase. In the
inoculated sterilized milk (control), where no acidification took place and counts only increased by
one log after 10 h of incubation, the arginine content and trace levels of citrulline ratianer
remained unchanged (Fig. 3.%hen lactate was added and the content of arginine was 10 fold

increased, counts reached 6.5 log and approximately 30% of arginine was deamicdtabine

and ornithine (Fig 3.9

MILK + C. tyrobutyricum +
ARG + LACTATE
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Fig 3.9 Degradation of fre arginine (a) byC. tyrobutyricuminoculated in sterilized milland
counted(b) at different incubation times

In the model cheese, a slow degradation of arginine took place in the control sample as an expected
result of actity of minor LAB species (i§. 3.10 a). However, wherC. tyrobutyricumwas
inoculated, arginine degradation was much faster and afteay! @hly citrulline and ornithine

were detectedCells dead in cheese after 14 days but 4 log UFC/mL spore were cobiged.{0

b). Interestingly, in both milk and cheese model systems inoculated Qvittyrobutyricumno
production of GABA was observed throughout the incubation periods, although glutamate was
largely available (not shown). Taken together, these observations contlaté€zi tyrobutyricum

is able to deaminate free arginine in cheese through the ADI pathway. In contrast, the ability to
decarboxylate glutamate to GABA was observed only at the highly stressing temperature attained
during vat processing and sporulation waserved in parallel. To our knowledge, no literature data
concerning the presence of glutamate decarboxylase ger@stynobutyricumare available and

therefore this aspect needs to be further investigated.

CHEESE CONTROL CHEESE + C. tyrobutyricum CHEESE + C. tyrobutyricum
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Fig. 3.10. Degradation of free arginine)(dy C. tyrobutyricuminoculated in model cheese and

counted(b) at different incubation times.

64



Chapter 3

3.5 CONCLUSIONS

In conclusion, our data showed that vegetative cellS.dlrobutyricumsporulated during the vat
processing, probably due to the preserfaexggen and rise of temperature. Spores germinated after

the curd extraction, when the lactic acid fermentation makes lactate available. From this step on,
vegetative cells were no longer cultivable, possibly because damaged during the subsequent salting.
The capability of the vegetative cells to sporulate during the vat processing focusses the importance
of their preventive removal by natural creaming, avoiding a potential risk of LBD. Specific
metabolic pathways involving fremmino acids ofC. tyrobutyricumhave been pointed out for the

first time.
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4. Chapter 4: Side effects of Lysozyme in Grana Padano cheese

4.1INTRODUCTION

Nowadays hendés egg white Ilysozyme (EC 3.2.1.1
hard cheeses to prevent the Al at-Saizbtlalg2013hmo de
fact, LZ is efficient in lysing the vegetative cells oflo€tridia, specifically ofClostridium
tyrobutyricum by s pl ii4)tlinkages betweef 1ddcetylmuramic acid and -N
acetylglucosamine of the peptidoglycan of the bacterial cell #alghey and Johnson, 1987)

These bacteria are capable of producingepthat survive the thermal treatment applied in making

hard cheeses and can later germinate and produce gas causing the defect. The origin of the
contamination by this bacterium has been identified in the wide use of silage in livestock feeding
(Jonsson1991; Vissers et al., 2006).

The different sensitivity to LZ of various bacteria, both Gram positive and negative, is due to the
different cell wall composition and structure and, thus, to the binding of the enzyme to its specific
substrate (Bester and idard, 1990; Carini et al., 198Blughey and Johnson, 198 Due to its

wide spectrum, LZ activity can also occur against lactic acid bacteria (LAB) involved in curd
acidification and cheese ripening. The interference of the enzyme with the acidificait®sp
occurring during hard cheese production has been indirectly studied by considering the sensitivity
of LAB responsible of curd acidification. For example, LZ inhibitory activity has been extensively
evaluated for the main species present in the alatrey starter used to produce Grana Padano, i.e.
Lactobacillus helveticuslt was found that sensitivity df. helveticuswas strairdependent, and
acquisition of resistance can be due to strain adaptation rather than selection of spontaneous mutants
(Fortina et al., 1998; Neviani et al., 1991). Resistance to LZ was also reportedctobacillus
delbrueckii(Vinderola et al., 2007). Moreover, a correlation was observed between LZ resistance
and bacteriophage sensitivity in helveticugNeviani et al., 1992) and the authors suggested the
possibility of using LZ as a selective agent to isolate phegistant starter strains.

To authords knowl edge, few | iteratwtareer LABRt a a
(NSLAB). These are part of the rawilkn cheese microbiota and are not involved in curd
acidification but play a relevant role in cheese ripening (Gatti et al 2014). Carini et al. (1985)
reported LZ resistance &f caseispecies. Ugarte et al. (2006) studied NSLAB isolated from soft

and semi hard Argentinean cheeses and found most of the species to tolerate 2.5 ag 1A0g

More recently, LZ sensitivity of NSLAB was studied as one of the criteria suitable to evhleiate

probiotic aptitude (Solieri et al., 2014). A stralapendent resistance to LZ at the concentration of
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10 mg 100gL, close to that adopted in Grana Padano, was fourd fbmmnosusL. paracaseilL.

casej L. harbinensisandL. fermentum

The aimof this work was to investigate the effects of LZ in cheese with respect to both the
microbial populations and proteolysis pathways responsible of cheese ripening. In particular, the
focus was on Grana Padano PDO cheese, usually made with LZ and ektestsidied for its
microbial and chemical features (Pellegrino et al., 1997; Masotti et al., 2010; Santarelli et al., 2013;
Pogacic et al., 2013). Eight cheese makings were therefore conducted at four different dairies, using
in parallel, the same milk &i€r added or not with LZ. The 16 derived cheeses were analysed after 9
months of ripening, i.e. the minimum ripening period for Grana Padano PDO cheese, and after 16
months. The microbial populations were characterized by Length Heteroge@#tyLHPCR)
considering both the intact and lysed cells. Furthermore, thaifn@® acids (FAApatterns of the
cheesegvere evaluated. Since FAA mostly result from the action of intracellular proteinases and
peptidases released after the bacterial cell lysis, diffepatterns could be expected between
cheeses produced with and without addition of LZ.

The work described in this chapter is already published as a research(affldlel ncecco e
2016).
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42 MATERIAL AND METHODS
4.2.1 Cheesananufacture

Grana Pada cheeses were manufactured at four dairies belonging to the Consorzio Tutela Grana
Padano, following the traditional manufacturing process (European Parliament and Council, 2012).
At each dairy, the cheese makings were carried out on two differentataggdtal of eight trials.

For each cheese making trial, raw bulk milk was partially skimmed (fat conter?2.324&) by
natural creaming, divided into two vats (1000 L each), one of which was added with 20 g LZ
(Sacco, Cadorago, lItaly) carefully dispersed200 mL water, and the two vats were worked in
parallel. The natural whey starter (titratable acidity:320SH/50 mL), obtained from the residual
whey of t he pr-eaking and thelcaliyrenriet were addesl & coagulate the vat milk
at 32°Cin 8-10 min. The curd was gently cut into small granules while progressively heated up to
52-54°C, then it was allowed to compact at the bottom of the vat for 60 min before extraction. The
cheeses (two wheels per vat) were molded for 48 h to allow laciit fermentation (pH was
measured in the core of the wheels) and then salted in brine-&f d8ys. During ripening, all the
cheeses were regularly inspected byray tomography (Philips CT Brilliance 16P, Zrich,
Switzerland) to evidence possible deyhent of defects. The twin cheeses obtained from each vat
were cut after 9 and 16 months of ripening respectively. A portion representative of the whole
wheel was taken from each, grated and deagen until analysis. Samples for microbiological
analysesvere kept at 4°C until arrival at the laboratory and immediately analyzed. Cheese samples
either containing or not LZ were coded as LZ+ and tedpectively, whereas numbering from 1 to

8 identifies the cheese making trial they come from.

4 2.2 Bacterial counts

Bacterial counts were determined on de Man, Rogosa and Sharpe (MRS) agar (Oxoid, Basingstoke,
United Kingdom). Representative samples (10 g) of the grated cheese were suspended in 90 mL of
20 g L' Ytri-sodium citrate (pH 7.5) (SigrhAldrich, St. Louis, USA) and homogenised for 2 min in

a blender (Seward, London, United Kingdom). For enumerating mesophilic lactobacilli, as main
microbiota of cheese during ripening, decimal dilutions of cheese howritegewere made in
guarterstrength Ringer solution (Oxoid, Basingstoke, United Kingdom) and spread plated in
triplicate on MRS. The plates were incubated at 30 °C for 72 h under anaerobic conditions.

4.2.3DNA extraction
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Bacterial genomic DNA was extrid directly from samples by using General Rapid Easy
Extraction System (GREES) DNA kit (InCura S.r.l., Cremona, Itahgcording to the
manuf act ur er Gheesea samsptes wecetjireatad s$n. order to discriminate the DNA
from whole and lysed tis as described bgatti et al. (2008). Briefly, cheese samples resulted in
two fractions, he freecell fraction was obtained by filtration and the who#dl fraction was
obtained by treating samples with DNase to digest free DNA arising from lysed RBIA was
extracted from 1 mL of the filtered untreated fraction (lysed cells) and from 1 mL of the treated

fraction (whole cells).

4.2.4Length heterogeneity (LH}PCR

LH-PCR was used in order to determine the microbial community composition. V1 and V2 16S
rDNA gene regions were amplified with primers 63F and 355R (Lazzi et al., 2004). The forward
pri mer -enddabelled Wjth a 8arboxyfluorescein @AM) dye. Amplioons were then
separated by capillary electrophoresis in an automated sequencer (Applied Biosystems, Foster City,
USA). PCR and capillary electrophoresis conditions were as described by Bottari et al. (2010). The
fragment sizes (base pairs) were determingith GeneMapper software version 4.0 (Applied
Biosystems)Jocal Southern method to generate a sizing curve from the fragment migration of the
internal size standard (GS500 LIZ®; Applied Biosysterasyl a threshold of 150 fluorescence

units. The fragment malysis software converted fluorescence data into electropherograms. The
peaks represent fragments of different sizes and the areas under the peaks are the amount of the
fragments. Total area were considered to directly correlate to the total amounDdAharising

from whole or lysed cells depending on the two fractions previously desciitzdh peak,
corresponding to amplicon of specific length on the electropherogram profile, was attributed to
bacterial species according to published databases (bbzti, 2004; Gatti et al., 2008) and the

areas under the recognized peaks were used to estimate the amount of the assigned species in th
samples. Total area under all the peaks (sum of attributed and unattributed peaks) oPBR LH
electropherograms as used for measuring total amount of DNA arising from both intact and lysed

cells.

4.2.5 Determination of free amino acids by iorexchange chromatography

42.5.1 Free amino acid extraction

The grated cheese was weighted (1.5 g) in a 100 mL beaker, witetD mL 0.2 N trisodium
citrate buffer at pH 2.2 (SCB), kept under magnetic stirring for 15 min then carefully homogenized
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with Ultra-Turrax (5 min at low speed). The extract was filtered (Whatman 42 paper filter, GE
Healthcare, Milan, Italy) and 10 maf the filtrate were transferred into a 25 mL volumetric flask,
dropwise added with 10 mL 7.5% (w/v)sbilphosalicylic acid (pH 1:1.8) under stirring, diluted

to the mark with SCB and filtered. Finally, 10 mL of this filtrate were transferred into anl100
volumetric flask, added with 2 mL norleucine solution (60 mg norleucine in 100 mL SCB) as an
internal standard, made up to the mark with 0.2N Lithium citrate pH 2.2 (dilution buffer), and
filtered on 0.2 um disposable filter (Minisart® RC 25, Sartqri@®ettingen, Germany) prior to

injection. All cheese samples were analysed in duplicate.

4.2.5.2 Amino acid standard solutions

A stock solution was prepared containing: 15 mg of arginine, asparagine, citrulline, glycine,
g | ut a mammabytyricoacid, methionine, ornithine, threonine, tyrosine; 30 mg of alanine,
aspartic acid, phenylalanine, isoleucine, histidine, serine; 40f leg@ne, proline, valine, glutamic

acid and lysine (Sigmaldrich) per 100 mL of SCB. Aliquots of 0.5, 1.0, 2.0 and 5.0 mL of this
solution were transferred into 100 mL volumetric flasks, added with 2 mL of the norleucine
solution, and made up to the rkawith dilution buffer to prepare working solutions with four

different concentrations.

4.2.5.3 Chromatographic conditions

A Biochrom 30+ chromatograph (Biochrom Ltd., Cambridge, UK) equipped with an Accelerated
Lithium Column (Biochrom Ltd.) was usedh@ the elution conditions recommended by the
manufacturer were followed. Reagents of analytical grade and MilliQ water (Millipore, Vimodrone,

Italy) were used. Reaelp-use Ninhydrin reagent was purchased from Erreci s.r.l. (Pieve Emanuele,

Italy).

4.2.6 Statistical analysis

Statistical treatment of data was performed by means of SPSS Win 12.0 program (SPSS Inc.,
Chicago, IL, USA). Data were analysed by Principal Component Analysis (PCA) by means of
Statistica (StatSoft Inc., Tulsa, OK, USA) and comparigbmeans was carried out [Btudent's-t

test. A P<0.05 was assumed as significance limit.
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4.3RESULTS AND DISCUSSION

4.3.1 Microbial characterization of 9-month ripened cheeses

Microbial counts in MRS at 30°C (i.e. mesophilic lactobacilli) and comitguicomposition were
different in all couples of samples and not clearly correlated with presence or absence of LZ.
However, some peculiarity emerged. Overall, cultivable bacterial population varied of almost two
log units among samples (Tablel). The plate count in LZ+ cheeses showed a great variability
(ranging from 4.44 log cfu/g in sample 6 to 6.64 log in sample 7). Differently, the counts in LZ
cheeses were higher and less variable. In particular, the cultivable populationahdeges ere

higher than in the corresponding LZ+ for 6 out of the 8 couples (Bable

The LH-PCR was performed with DNA extracted from intact cells to estimate which bacterial
species were still present in the cheeses after 9 months of ripening. Only pebitedtto the
database set (Lazzi et al., 2004; Gatti et al., 2008) were considered. The same species evidenced in
Grana Padano by Santarelli et al. (2013) and by Pogacic et al. (2013), i.e. Lactobacillus delbrueckii,
L. helveticus, L. rhamnosus, L. ferntam and Pediococcus acidilactici, were found in cheeses but
never simultaneously in the same sample. L. helveticus, L. delbruecki and L. rhamnosus were the
most frequently detected species in LZ+ cheeses, while irch&eses L. helveticus, L. rhamnosus

and L. fermentum prevailed, with L. delbruecki only found in two-Léheeses (Tabld.1).
Pediococcus acidilactici was seldom found, preferentially indhéeses.

The evaluation of the free DNA fraction allowed estimating which LAB underwent lysis during 9
months of ripening leaving their DNA still amplifiable. This method, developed by Gatti et al.
(2008) to highlight LAB lysis in ParmigianBeggiano, was also adopted by Santarelli et al. (2013)

for Grana Padano. Lysed species found in the presently dtabeeses were L. delbrueckii, L.
helveticus, L. rhamnosus and, in one sample, L. fermentum. Interestingly, lysed L. delbrueckii was
detected in the same samples where the intact cells were still present, seven out of eight of these
samples being LZ+ (T&bd4.1). Differently, lysed L. helveticus in LZ+ cheeses was always below
the detection limit. Recently, Sgarbi and colleagues demonstrated the ability of NSLAB to grow
using cell lysates of SLAB as the exclusive source of nutrients (Sgarbi et al., Z0ial)area

under all of the peaks (attributed and unattributed) in thePIOR electropherograms either from
intact or lysed cells was used for measuring the respective total amounts of DNA4Iablehe

amount of DNA of intact cells was higher than #rmaount of DNA of lysed cells for 14 out of 16
samples, irrespective of LZ presence. Importantly, higher amount of DNA arising from lysed cells

was observed in 6 out of 8 LZ+ cheeses (Tdllg.
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Considering individual species, in the 1@heeses L. delbrekii was below the detection limit in

six out of eight samples, whereas presence of L. fermentum was often higher than in the
corresponding LZ+ cheese. Taking together microbial counts arRBQRI results, lower numbers

of cultivable population and highemaunt of DNA arising from lysed cells found in LZ+ cheeses
are reasonably due to the hydrolytic activity of the additive (Hughey et al., 1987). On the other
hand, its efficacy on different LAB species depends on their different sensitivity which was found
to be strain specific in L. helveticus (Neviani et al.,, 1991; Fortina et al., 1998), L. casei group
(Solieri et al., 2014), and potentially variable in L. delbrueckii (Vinderola et al., 2007).

Despite this variability, PCA showed that LZ+ samples spread along the first component, mostly
due to the high amounts of L. delbrueckii (both intact and lysed), intact L. helveticus, DNA from
lysed cells on one side, and to high MRS plate counts andanmgiunt of L. rhamnosus on the
other side (Figure l1a and 1b). Moreover,- Llcheeses appeared to distribute along the second
component, where the amount of L. fermentum and P. acidilactici showed greater weight. The
positioning of the samples (cheeses) wiksly determined by LZ, whose presence affected both
SLAB (L. helveticus and L. delbrueckii) and NSLAB (L. rhamnosus, L. fermentum and P.
acidilactici) species with a direct effect on4snsitive species and a consequent effect of selection

on the others.
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Sample I;o/g peaks area of recogmd species (wholeells DNA) peaks area of recognized species (lysed cells DNA) Total DNA area
cfu/g
MRS
Lactobacillus Lactobacillus Lactobacillus Lactobacillus Pediococcus Lactobacillus Lactobacillus Lactobacillus Lactobacillus Whole  Lysed
plate delbrueckii helveticus rhamnosus fermentum  acidilactici delbrueckii helveticus rhamnosus fermentum cells cells
count
MRS* Ldw* Lhw* Lrw* Lfw* Paw* LdI* LhI* Lrl* Lf* DNAw* DNAI*
1LZ+ 6,07 840 16156 11394 1928 <LOD 2587 <LOD <LOD <LOD 31153 2587
1LZ- 6,26 <LOD** 3910 1260 15929 <LOD <LOD <LOD <LOD <LOD 21099 576
2L.Z+ 6,28 1365 215 13141 <LOD <LOD 995 <LOD 784 <LOD 15223 1779
2L.Z- 6,25 <LOD 8992 <LOD 37974 <LOD <LOD <LOD <LOD 1443 48232 3739
3LZ+ 6,12 <LOD 3434 64202 7011 <LOD <LOD <LOD 2402 <LOD 79422 3339
3LZ- 6,25 <LOD 223 12306 4896 <LOD <LOD <LOD 1374 <LOD 18224 1374
4L.Z+ 4,58 4188 1586 <LOD 14287 <LOD 1465 <LOD <LOD <LOD 20061 24360
4LZ- 5,99 <LOD 8799 2360 <LOD 6162 <LOD 1024 518 <LOD 17321 16294
5LZ+ 5,74 3282 6928 5422 <LOD 3446 1747 <LOD <LOD <LOD 19078 30697
5LZ- 5,83 <LOD 5853 16483 56959 <LOD <LOD 778 <LOD <LOD 80651 7632
6LZ+ 4,44 10652 28041 <LOD 2393 <LOD 2089 <LOD <LOD <LOD 41086 6834
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6LZ-

7LZ+

7LZ-

8LZ+

8LZ-

5,50
6,64
6,64
5,87

6,23

<LOD

4464

1957

2535

503

6658

5578

13958

2669

1507

5082

7826

23302

4717

20791

16437

<LOD

<LOD

<LOD

<LOD

1916

4403

8643

<LOD

4738

<LOD

1295

482

610

<LOD

<LOD

<LOD

1948

<LOD

1519

<LOD

877

1094

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

Chapter 4

30093

22271

47860

10538

27539

815

16750

8432

1988

5133

Table 4.1 Microbial characterization d-month ripened cheespsoduced with(LZ+) or without (LZ-) lysozyme.

* code used in PCA analysis

**pelow limit of detection
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4.3.2 Free amino acid patern in 9-month ripened cheeses

During cheese ripening, casein is progressively degraded into peptides and free amino acids (FAA)
by a pool of proteolytic enzymes coming from both starter anestanter microflora and acting in
combination. Since the pattern of peptides is changing over time (Ferranti et al., 1997), we have
disregarded this intermediate fraction and focused the attention on the pattern of free amino acids
(FAA) that proved to represent an accurate descriptor oeqlytis behaviourin Grana Padano
cheese (Cattaneo et al., 2008).

The total content of FAA on cheese protein basis was in the rang2%7data not shown), in
agreement with previously published data for Grana Padano cheese of the same age (Masotti et al
2010). The values were not significantly different (P=0.48) between cheeses produced with and
without LZ, indicating that proteolysis has proceeded at the same rate. The whole data set was thus
analyzed by PCA to highlight possible differences amongstesamples. The plot showed a
significant dispersion of the observations, and the cheese samples did not cluster together depending
on the preence or absence of LZ (Fig. 4l Nevertheless, within each couple of twin cheeses, the
LZ+ cheeses always febn the upper side with respect to the corresponding tlZeese.
Interestingly, this positioning appeared to be due to four FAA, namely arginine, citrulline, ornithine

a n d-ammobutyric acid (§ABA) (Figure 4.1b), although their content only accounts 6% of

the total FAA. In particular,-@\BA is a nonprotein amino acid generated through decarboxylation

of glutamic acid as defencemechanism for resistance to an acidic environment (van de Gukte et
al., 2002). The ability to produceABA was reporéd for several SLAB species typically present in
Grana Padano natural whey starter, including L. helveticus, L. delbruecki, as well as for L.
plantarum, L. brevis, all producing a glutamate decarboxylase (Li and Cao, 2010). Although the
values were very l@, the average content ofABA was approximately double in LZ+ cheeses
(Table4.2) and confirmed the presence eABA-producing strains. The other three FAA are all
involved in a common metabolic pathway, being citrulline and ornithinepnatein aminoacids

deriving from arginine catabolism. Thus we have focused our attention on this pathway.
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4.3.3 Arginine metabolism

The total amount of arginine liberated from casein in cheese was calculated as the sum of free
arginine plus citrulline plus ornithine as molar concentration. Values were in the range from 48 to
63 mmoles/kg (Figurd.3a), roughly corresponding to 28% d the arginine in casein (Farrel et

al., 2004). By comparing the twin cheeses obtained from different cheese makings4RBa)réne

total amount of arginine liberated from casein was found to be characteristic of the dairy. In

contrast, the amount of@nine converted into both citrulline and ornithine was always lower in the
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LZ- cheeses, regardless of the dairy of origin, being the amount of ornithine marginal. Not much
literature is available to clarify the progress of microbial degradation of aeginireal cheeses
(Brandsma et al., 2012; Diana et al., 2014; Laht et al., 2002), since studies are mostly based on
singlestrain fermentation trials. Our data show that in cheeses it is significantly affected by the
presence of LZ, as it is further dissed.

The ability to catabolize arginine through the arginine deiminase (ADI) pathway is rather common
in LAB species, typically in heterofermentative LAB (FrohHéfyder et al., 2015; Nicoloff et al.,

2001; Price et al., 2012). The accepted model farpathway (Figurd.3 b) implies the uptake of

free arginine into the bacterial cell by an antiporter system and its degradation into citrulline by
ADI. Intracellular citrulline can either be excreted or converted into ornithine by the cytoplasmic
enzymesornithine transcarbamoylase and carbamate kinase. Ornithine is then excreted in the
medium. Overall, the ADI pathway brings to the production of one mol of ATP and two mol of
ammonia per mol of degraded arginine. Therefore, arginine catabolism is cohdmleepresent

both a way to counteract the acid stress and an alternative source of energy.

|
!
|

21Z+212- 3LZ+312- SLZ+5LZ- BLZ+BL2-

ORNITHINE = CITRULLINE = ARGININE

55 |
50 !
45
g w0
g 35
g %
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b

Fig. 4.3. Content of free arginine, citrulline and ornithine in four couples -ofidhth ripened
cheeses produced with (LZ+) or without dl4dysozyme (Paneh), and scheme of the arginine

deiminase pathway (Panel b).

Our data indicated that availability of free arginine did not represent a limiting factor in Grana
Padano cheese since it was continuously liberated from peptides. This fact, along with the low
levels of citrulline released and extremely low levels of citrulline converted into ornithine,
suggested a limited adoption of the ADI pathway during cheese ripening, possibly because of
environmental conditions only slightly stressing LAB. Actually, inchelneeses like Grana Padano,

cell stressing conditions, such as high temperature or highly acidic pH, principally occur during the

78



Chapter 4

cheese molding, when growth of SLAB largely prevails (Gatti et al., 2014). As already mentioned,
SLAB species typical to GranPadano are mostly represented by homofermentative species, i.e. L.
helveticus and L. delbrueckii subsp. lactis (Gatti et al., 2014). L. helveticus has been reported to
harbor an incomplete ADI operon (Christiansen et al., 2008), whereas the completayplads

been observed in strains of L. delbrueckii subsp lactis (El Kafsi et al., 2014; Nicoloff et al., 2001).
The limited adoption of the ADI pathway by SLAB of Grana Padano is supported by our recent
data (Pellegrino et al., 2015) showing that, durexgit acid fermentation occurring in the natural
whey starter, SLAB mostly coped the strong acidic conditions by converting glutamic acid into g
ABA. Indeed, free arginine was used during cell growth, since most of SLAB species are
auxotrophic for this amio acid (Christiansen et al., 2008), but only trace levels of both citrulline
and ornithine were detected in whey starter. Considering this, metabolites deriving from ADI
pathway could be produced by NSLAB throughout the ripening period more actively-itha# in

LZ- cheeses.

To better clarify these aspects, we have analyzed the remaining cheeses after a total ripening period

of 16 months. To compare cheeses at different ages, the average relative contents of arginine,

LZ+ LZ-
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citrulline and ornithine in LZ+ antlZ- cheeses were considered (Figu .4

79



Chapter 4
Fig. 44. Relative content of arginine (Arg), citrulline (Cit) and ornithine (Orn) in Grana Padano

cheeses produced with (LZ+) and without {).E/sozyme and ripened for different periods.

Remarkably, the ADI pathway was in use even in late ripening, being the contents of both arginine
and citrulline significantly different between @nd 16month ripened cheeses (P= 0.001 and P=
0.000, respectively). Moreover, the presence of LZ still skowepromoting effect on this
mechanism, as the residual content of arginine was different (P= 0.000) between LZ+-and LZ
cheeses at 16 months of ripening. Overall, arginine proved to be freely available throughout the
whole ripening period and to be progsesely converted into citrulline with a minimum further
degradation into ornithine. Thus our data indicated that only the first step of the ADI pathway is
commonly adopted in Grana Padano and, according to the accepted scheme4(@)gthis step

would be likely adopted by living cells in response to acid stress, since it only brings to production
of ammonia. This fact is difficult to explain because the pH values in the ripened cheeses were all in
the range 5.68.84, thus far from being stressing tAR cells, and no systematic differences were
found between LZ+ and L-Zheeses.

Interestingly, also the microbial profile of the -trnth ripened cheeses confirmed the main
features observed in cheeses after 9 months of ripening: the most relevaahck$dbetween LZ+

and LZ cheeses regarded L. delbrueckii, largely dominating in LZ+ cheeses, and L. fermentum
dominating in LZ c heeses (data not shown) . To author
belonging to Lactobacillus genus and delbrueckii spesegted from whey starter and unripened
Grana Padano, is lactis, whereas this species was never isolated from ripened Grana Padano cheese
even if presence of intact cells have been revealed by culture independent methods (Pogacic et al.,
2013). Recentlythe evolutionary adaptation of L. delbrueckii subsp. lactis to the milk environment
through the acquisition of functions, including genes encoding for ADI pathway, that allow an
optimized utilization of milk resources, has been demonstrated (El Kafkj 8014). Accordingly,

ADI pathway could be used as stress response for L. delbrueckii subsp. lactis to stay viable,
although not cultivable, and thus isolable, in the ripened cheese.

With respect to L. fermentum, its presence was smaller in LZ+ chatbesh the ripening stages,

in spite of the claimed LZesistance (Solieri et al., 2014). Since in these cheeses the degradation of
arginine was more intense, this species was unlikely involved in it, although some strains were
reported to harbor the genéor ADI pathway (Vrancken et al., 2009a). Through accurate kinetic
studies in controllegdondition batch fermentations, Vrancken et al. (2009a, 2009b) evaluated the
response of the ADI pathway to different stress conditions in L. fermentum IMDO 130€4e T

authors demonstrated that both the arginine conversion rate and final cHiedtingthine ratio
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were strongly pHand sakdependent, whereas the temperature was not influent in the rad@e 20

°C. In particular, when pH was set either below 4rOabove 7.0, arginine was completely
converted into ornithine. Differently, at pH in the rang&, Such as in Grana Padano, citrulline was

the main engbroduct. This strong dependence of the ADI pathway on the environmental pH might
explain the prevalenaef arginine conversion into citrulline in the studied cheeses regardless of the
responsible species.

The different amounts of arginine metabolites in LZ+ and tiZeeses may be related also to the
known biodiversity of L. rhamnosus (Bove et al., 2011)s®Bpecies was present in both types of
cheese and thus was not discriminant in our study. However, regarding to LZ resistance, Solieri et
al. (2014) found a great variability among strains of L. rhamnosus, isolated from Parmigiano
Reggiano cheese, whictirhed out also to be the most-k&sistant NSLAB (Solieri et al., 2014). It

has been demonstrated that the genetic polymorphisms of L. rhamnosus is a response to cheese
environmental adaptation also for arginine repressor (ArgR1) (Bove et al., 2012) éownfation

of ammonia trough the ADI pathway (Liu et al., 2003). Thus, we can hypothesize that different
strains of L. rhamnosus, having different ability to adopt the ADI pathway, were able to develop in
the two types of cheese. This hypothesis needsetoonfirmed by further characterization of L.
rhamnosus strains that have been isolated from the two types of cheese.
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4.4CONCLUSIONS

The presented results indicate that the functionality of the most relevant LAB species in GP
production is not hindedeby LZ, but a significant effect on a specific metabolic process, i.e. the
degradation of arginine, has been evidenced for the first time. Although it was not possible to
identify the LAB species and strains actually responsible for the arginine degna@atple of the
dominant L. helveticus species could be largely excluded. L. delbrueckii subsp. lactis could be one
of the responsible species. However, NSLAB species, such as L. fermentum and L. rhamnosus, may

also contribute depending on strain abitiydegrade arginine.
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5. Chapter 5: New insights on fluorescence staining techniques for the detection@f

tyrobutyricum

5.1 INTRODUCTION

Clostridiumspores spoiling food products may constitute an issue due to their strong resistance to
both chemical agents and physical treattae(Sale et al., 1970, Setlo®006). Consequently,
studies have been mostly focused on spore structure and conditionsrigggore germination.

The best candidate tools for these studies are definitely microscopy techniques. Due to the small
size, Clostridium spores are often observed by electron microscopy that has a high resolution,
although the sample preparation is labos and requires specific skills. An indirect reason for
choosing this technique, rather than an optical microscopy approach, is probably the lack of suitable
and friendly staining protocols f&lostridium sppspores. This is in turn due to the lowetenest

for Clostridia in comparison with other spef@mers, such as variouBacillus species, that are

more widely studied%etlow, 2003

Schaffer and Fulton (1933) proposed a staining protocol for detecting spores by light microscopy
and, despite itsirhits, it still represents the reference staining protocol for bacterial spores.
According to this protocol, spores must be stained on the microscope slide where a heating step is
required. This step however causes sample modifications with respect matibe status. An
additional drawback of this protocol is that no staining by specific probes is edoaibwing the
observation ofine details of the structures.

Todayodés fluorescence microscopy togethere witdt
the most rapidly expanding microscopy techniques in biological sciences. Different methods can be
applied based on fluorescence but CLSM can take very sharp x,y or 3D images with the advantage
that it can be applied on fixed or live cells. Higireed deonvolution can be used for taking live
cell 3D images excluding out focus I|light by 0
The goal of this study was to develop a robust and-taapgply fluorescence staining technique
suitable for a highly sensitive observatioh Clostridia spores through Confocal Laser Scanning

and Super Resolution Microscopg@lostridiumspp most r el evant for the
cheese were stained with fluorescence probes with the aim of getting information on both structural

detaik and physiological properties.
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5.2 MATERIAL AND MET HODS

5.2.1 Double staining protocol for Confocal Laser Scanning Microscopy and Super Resolution

Fluorescence Microscopy oflostridium spp

C. tyrobutyricum C. butyricum C. sporogeneandC. beijerinckii were submitted to the live/dead

cell staining Hoechst 34580 (HO)/Propidium iodide (PI). Five hundred pL of culture broth were
centrifuged (5 min at 10,0009) and the pellet was washed once with sterile PBS. Then 50 pL of
Propidium lodide (50 g /mL water) and 50 uL of Hoechst (25 pug /mL water) were added to the
pellet and mixed. The suspension was incubated at 37 °C for 30 min in the dark, then was
centrifuged (10,00@, 5 min) and, after removing the supernatant, 200 uL of agar solutiond0,25

50 mL) at ~45°C was added to the pellet. The mixture in the tube was quickly vortexed and then
observed using an inverted confocal laser scanning microscope from Leica Microsystem
(Heidelberg, Germany)The same sample staining technique was usethé&Super Resolution
Fluorescence Microscopy on a DeltaVision OMX,-SBuctured lllumination Microscopy (3D

SIM). Hoechst 34580 was excited at a wavelength of 405 nm and Propidium iodide at 488 nm. The
emission filters were set at 39240 nm for the forrar stain and 535617 nm for the latter.

In another set of experiments, lectin wheat germ agglutinin Alexa Fluor conjugate (WGA 488;
Invitrogen, Mulgrave, Victoria, Australia) was used at the final concentration of 10 pg/mL to label

glycosylated molecuteof bacteria.

5.2.2 Preparation of an intentionally contaminated cheese for Confocal Laser Scanning
Microscopy

An experimental cheese with the additionftyrobutyricumspores was made at laboratory scale

for testing the efficacy of a fluorescencaising protocol for detecting spores in the cheese matrix

by CLSM.

Full-fat pasteurised milk (four litres) from a local shop was heated to 32 °C in a thermostatic bath
and inoculated with 1% (vol/vol) oE. tyrobutyricumspore suspension. Glucedeltalactone (1

g/L) as acidifying agent and rennet (0.06 mL/L) (Hannilase L, 690 IMCU/mL, Chr. Hansen,
Bayswater, Australia) were added to milk under gentle stirring. Once coagulation was achieved, the
curd was cut into smalligces with a knife and gradually heated by increasing the temperature up to
38 °C in a total of 60 min. The curd was kept at that temperature until the pH droppeéid, 6.1
then whey was drained off. When the pH reached approximately 5.4, the curd edsbmfore

being pressed overnight. Cheese was stored &€ 1&r 1 month.
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5.2.3 Triple staining protocol for Confocal Laser Scanning Microscopy o€lostridium spores

in cheese

The lipid-specific stain Nile red was prepared from a stock solution of Mite (1 mg/mL,
containing 0.5 mL/L dimethylsulfoxide (DMSO, Sigma Aldrich) and diluted in MilliQ water to a
final concentration of 0.1 mg/mL just prior to staining. The presgecific stain Fast green FCF
(SigmaAldrich) was prepared from a stock solutigl mg/mL water) and diluted to a final
concentration of 0.1 mg/mlSamples for CLSM observation were prepared from the intentionally
contaminated cheese. Thin slices (2 x 2 x 1 mm) were taken from the cheese intesmakaabifor

10 min by adding in gpience Nile red, Hoechst 34580, and Fast green working solln#iose
washing with MilliQ water. The stained cheese slices were placed on a microscope slide
(ProSciTech, Thuringowa, Queensland, Australia), mounted with glybesald antfading agent
(AF2, Citifluor Ltd., Leicester, London, U.K.) and secured with a glass coverslip (0.17 mm thick)
(ProSciTech). The CLSM equipment was an inverted confocal laser scanning microscope from

Leica Microsystem (Heidelberg, Germany).
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5.3 RESULTS AND DISQJSSION
5.3.1 CLSM ofC. tyrobutyricum C. butyricum C. sporogeneand C. beijerinkii

CLSM was successfully used for developing a fast and robust protocol for fluorescent staining of
spores and vegetative cells Gf tyrobutyricum With this purpose, Hoech§4580 / Propidium

lodide (HO/PI) staining was used, fibre first time, to distinguiskiable, dead and sporulated cells

of C. tyrobutyricum The blue fluorescent Hoechst 34580 dye crosses the cell membrane and binds
to all nucleic acids. In contrast, Pidjum iodide, as a membrane integrity probe, stains nucleic
acids in cells with permeabilized membranes. When stained with both HO and PI, vegetative cells
of C. tyrobutyricundisplayed either blue or red fluorescence when alive or dead, respectively. This
double staining also allowed to distinguish the spore within the sporulated mother cell when both
the fluorescent emissions were observed simultaneously (Fig. 5.1).

The proposed protocol for HO/PI staining was also tested on other three Clostridiantitaiuse

the late blowing defectC. butyricum C. sporogenesnd C. beijerinkii (Fig. 5.2, 5.3, 5.4). The
staining proved to be suitable for all the tested strains and allowed to observe interesting
morphologic features not previously reported for thgsxigs. In all of the strains, spores were
oval and surrounded by dead structures. Howe&vetyrobutyricumandC. butyricumspores were

in subterminal position within dead cells still keeping the rod shape. Differently, spores o€ both
sporogenesand C. beijerinckiiwere surrounded by thin dead structures that in the latter species

showed a characteristic long tail.
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Clostridium tyrobutyricum IN15 b

HO Pl
o ..

HO/PI

o ...
- ...

Figure 5.1 CLSM images ofC. tyrobutyricumIN15b double stained with Hoechst 34580 &Pid

Bars are 3 um in length.

87



Chapter 5

Clostridium butyricum CL30

HO/PI

HO Pl
o -.-
B Ces...
o ..-

Figure 5.2 CLSM images ofC. butyricumCL30 double stained with Hoechst 34580 andBdrs

are 3 um in length.
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Clostridium sporogenes CL25

Pl HO/PI

Live cells

Dead cells

Spores

Figure 5.3 CLSM images ofC. sporogene€L25 double stained with Hoechst 34580 andBirs

are 3 um in length.
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Clostridium beijerinkii CL28

HO/PI

HO Pl
o ...
o ...
o ...

Figure 5.4 CLSM images ofC. beijerinckii CL28 double stained with Hoechst 34580 andBrs

are 3 um in length.

The double staining was used to follow the behaviour and morphologic changes of vegetative cells
of C. tyrobutyricumwhen heated at 55°C for 2 h. Vegetative catlsheexponential growth phase
mostly died after théneat treatment (Fig. 5.6, d). However, some cells survived forming the
endosporeKig. 5.5b). Differently, vegetative cells were still alive in the control sample that was
kept for 2 h at the optimum growttonditions at 37°C (Fig. 5.§. Theseresults confirmed the

behaviour ofC. tyrobutyricumwe observed duringat milk processing (paragraph 3.8.1
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C. tyrobutyricum

AFTER 2 h AT 54°C

T0 AFTER 2 h AT 37°C

Figure 5.5 CLSM images of double stain&zl tyrobutyricumunder heat treatment. Spores formed
after heat treatment (arrows, panel b).
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The HO/PI staining protocol here proposed for endospore staining represents a large improvement
with respect to the most known and commonly used protocol of Schaeffer and (#QB&). Our

staining can be performed directly on the microscopic slide but also in the culture tube. The latter
condition makes it possible the recovery of-ptained bacteria and their use in another experiment.

The recovery of stained bacteria is anportant option that was unrealistic with the staining
protocol of Schaeffer and Fulton because, due the heating step, bactetia thtecglass slide.

The Hochst 34580 dye was used, together with Nile Red and Fast Green, to observe spores into the
cheesamatrix. Spores were added to milk during cheese making and, after 1 month of ripening, the
triple staining was performeah slices of cheesd={g. 5.9. The staining procedure was successful

in showing the protein/fat microstructure of the che€&sgy(etal. 2011) and most often spores were

obseved within the protein matrix.
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C. tyrobutyricum spores in cheese

Figure 5.6.CLSM image ottriple stainingHoechst 34580 Nile red / Fast greeof spores in cheese

matrix. The fat appears redhe protein appears greand spores appear blue.

Further information orC. tyrobutyricumfeatures came from the usele€tin WGA 488 combined

with the double HO/PI staining. In fact, lectin WGA 488 allows staining of bacterial structures
containing Nacetylglucosamine and -&Acetyl neuraminic acid (die acid) residuesThe main
components of the bacterium were well distinguished when the ti@nnels were split up (Fig.

5.7): the viable endospore (blue), the subased layers (green) surrounding the endospore, and the
dead mother cell (red). This last still contained the endospore. The lectin WGA 488 dye highlighted

the different features of glycosylated layers. The layerosinding the endospore was continuous
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and thicker than that surrounding the mother cell (Fig. , WGA 488 panel), confirming the presence

of more layers exosporium, coat, and cortéxor spore protection.

Dead (vegetative cells) Viable (spores)

Pl

Glycosilated layers

x”

WGA 488 PI/HO/WGA

Figure 5.7.CLSM images ofC. tyrobutyricumstained with Hoechst 34983 Propidium iodide and
WGA 488.Images from three layers (PI/HO/WGA) are assembled together in the merged image.

As expected, the double staining HO/PI combined with WGA488 provided more detailed
information when the sample wasaeined by the super resolution microscope. The 3D pictures
showed bacterial DNA organized as helical structure inside the spore.gyidltte fluorescence of
Hoechst dye was very sensitive to DNA conformation and chromatin state in cells so that

interesing details were reached.
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« Condensed DNA

Mother cell
M

@ Lieona
@ DeadDNA

‘ Glycosilated layers

Figure 5.8.Super resolution imagef sporulatedC. tyrobutyricuncells.
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5.4 CONCLUSION

A easyto-apply and robust protocol has been developed for staining enddspoieg Clostridia
responsible for the late blowing defect in cheese. We specifically focused on the vegetative cells
under sporulation conditions induced by heat treatment. The simplicity of the HO/PI staining and
the beautiful differentiation between cell and spore obthwwith it make fluorescence microscopy

a useful tool for studying endospefi@ming bacteria.

96



Chapter 6

6. Chapter 6: New insight on crystal and spot development in hard and extra hard

cheeses: association of spots with incompledggregation of curd granules

6.1INTRODUCTION

Hard and ExtraHard are attributes used to define cheeses having a firm and brittle body texture
(Codex Alimentarius, 1978). Hard and extrard cheeses share low moisture content, close
structure, and a longipening period. During ripening, many chemical, biochemical and
microbiological phenomena take place. The biochemical changes are very important for the
development of the flavour and texture of these cheeses and are characteristic of the different
variefes. Proteolysis is the most relevant among the biochemical phenomena due to its complexity
and final impact on the cheese taste. In fact, casein breakdown progressively brings to large and
medium peptides, then to small peptides and free amino acids (e FAA are rather stable,

they tend to accumulate with the ripening time and may reach up24%®n cheese protein basis

in 10-12 months old extrhard cheeses (Masotti et al., 2010). Proteinases and peptidases that
catalyse proteolysis in cheesgginate from different sources, namely milk, rennet, starter and non
starter lactic acid bacteria (LAB). LAB have complex enzyme patterns that release peptides and
amino acids from the proteins into the cheese environment to satisfy their own nutritional
requirements (Gatti et al., 2014). After vat processing, the loss of water, diffusion of salt, and
formation of soluble molecules, such as FAA and lactate, are factors concurring to the increase of
solute concentration and concomitant decrease of wateitya¢ay) in cheese throughout the whole
ripening period. Beside these main events, minor changes contribute to lower the water activity in
cheese, like changes in water binding by new carboxylic and amino groups formed on protein
hydrolysis (McSweeney, ®4). The moisture content ang are strongly correlated in cheese
throughout ripening (Marcos, 1993).

The increasing solute (salt, ions, FAA) concentration in cheese water phase may give rise to
aggregation and crystallization phenomena that resultfiereint types of structures observed by
some authors in the interior and on the surface of different cheese varieties (Bianchi et al., 1974;
Agarwal et al., 2006; Tansman et al., 2015). Although earliest studies date back to the 1900s
(Babcock et al., 1903Tuckey et al., 1938), a clear and unambiguous characterization of these
structures has not been achieved yet. Moreover, an univocal association between the terminology
(e.g. crystals, specks, dots, granules, spots, pearls) and the appearance ofutttasesss still
lacking.

In long ripened extrhard cheeses, having a thick dry rind, these structures develop inside the

cheese becoming visible when the wheel is cut. Typically, two different types of structures visible
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to the naked eye can be obserwederred to as specks and spots in this article. Specks look bright
white and firmer against the cheese matrix, and are usually smaller tBamn2 Consumers
(cheese lovers) appreciate the crispness of the specks while chewing the cheese and their
contribution to the overall cheese taste. Previous studies about specks reported them to contain
clusters of tyrosine, cysteine as well as other FAA, calcium lactate and magnesium (Shock et al.
1948) or tyrosine and phenylalanine (Giolitti and Mascherpa, 187@e recently, Bottazzi et al.,

(1994) and Tansman et al., (2015) converged on identifying them as tyrosine crystals in extra hard
cheeses.

Spots are spherical and paler than the cheese, and can grow jprtond They appear to be
amorphous and firmer witrespect to the surrounding cheese matrix, and become visible after 10
12 months of ripening. Spots can become so numerous and flashy that may influence the visual
appeal of the chees8pots have been very little studied, moreover without achievingstensi

results (Giolitti and Mascherpa, 1970; Bianchi et al., 1974; Tansman et al., 2015).

Besides specks and spots, extead cheeses contain microscopic crystals, mostly investigated in
Cheddar cheese. However, some authors generically referred talgrysithout distinguishing
between the microscopic ones and those visible to the nakédagb, 1980; Bottazzi et al., 1982;
Washam et al., 1985; Bottazzi et al., 1994).

The aim of the present work was to shed light on the nature and origin of sppots,and
microscopic crystals in extiaard cheeses by a multidisciplinary approach. Due to the effectiveness
in cheese structure studies (Ong et al ., 2010
microscopy techniques and different dykght and fluorescence, confocal, confocal micro Raman

and transmission electron microscopy) were used in combination with chemical data to achieve an
unambiguous characterization of these particles in cheese. Our ultimate goal was to formulate an
hypothess on the origin of these structures as they appear in hard anéhaxdr&heeses. This
knowledge will contribute useful information to understanding the bioavailability of selected
minerals and nutrients in cheese. Furthermore, this knowledge couldgmsights into the nature

of these structures that might lead to new manufacturing strategies to control the formation of spots
in commercial cheeses.

The work described in this chapter is already published as a research(affidlel ncecco e
2016).
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6.2 MATERIAL AND METHODS
6.2.1Cheese samples and collection of specks and spots

Eleven extrahard cheeses, ripened for-28 months, were kindly provided by two dairies
producing Grana Padano (7 cheeses) and Parmi§iaggiano (4 cheeses) respectively. Specks
were harvested from the cheese using a pin, while spots were collected frone¢le oBing a

spatula and then gently brushed to remove the cheese matrix on the surface. Specks and spots wers
separately collected from individual cheese samples in a sufficient amot@®2 ()0to conduct all

the analyses. Equivalent cheese amount wiesntérom the portion (0-8m thick) immediately
surrounding the single spot, as shown in Figuie as used as a term of reference. When necessary,

a slice representative of the whole cheese was taken as well. Additional cheese portions were taken
as requed for microscopy investigations with various techniques. In particular, 20 spots of

different size and taken from different cheeses were observed for their structural characterization.

Figure 6.1. Photograph of extra hard cheese showing speaks (&K)pots (ST). (CS) cheese

portion surrounding a spot, sampling mode. Inset, isolated spots from the cheese.

6.2.2 Chemicals

Glutaraldehyde, paraformaldehyde, cacodylate buffer, and osmium tetroxide were purchased from
Agar Scientific (Stansted, UK). Taldine blue, rhodamine and single amino acids were purchased
from Sigma Aldrich (Milan, Italy). Ninhydrin was purchased from Biochrom Ltd (Cambridge, UK).
Water purified with Mill-Q system (Millipore Corp., Bedford, MA) was used.

6.2.3Composition analyses
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The ISO Standard methods for cheese were used to determine the content of protein (ISO
27871:2011), fat (ISO 1735:2004), ash (ISO 5545:2008) and moisture (1SO5534:2004),
respectively. Content of calcium and phosphorus were determined bWISCBpe&trometer
(Agilent Technologies, Milan, Italy).

The pattern of FAA was determined on the various cheese portions (including pecks and spots)
using the method described by Masotti et al. (2010). Briefly, the cheese portion was solubilized
with sodium citra¢, homogenized and deproteinized with sulphosalicilic acid. The extract was
diluted (1:1) with lithium citrate buffer at pH 2.2, filtered and analysed by ion exchange
chromatography. The chromatographic separation was carried out on a Biochrom 30+ (Biochro
Ltd, Cambridge, UK) amino acid analyser operated under the conditions provided by the
manufacturer. These employ an eigtep elution program with lithium citrate buffers of increasing

pH and ionic strength, pesblumn derivatisation with ninhydrin, drdetection at 440 and 570 nm.

The quantification was carried out using féevel calibration lines of the 21 amino acids in the
range 0.782.5 mg/L and using norleucine (Sigma Aldrich) as an internal standard. Repeatability
values of ISO Standard 139@805 were fulfilled.

6.2.4Amino acid diffusion trial

To confirm the different diffusivity of individual FAA within the cheese, 0.3 mL of an aqueous
FAA solution having three times the concentration of the cheese water phase was injected into the
core ofa spotfree cheese portion (a disk of 10 g) using a microsyringe. The cheese portion was
kept in a forcedrentilation thermostatic oven at 18 °C for 18 days and then sampled as described in

the Results. The FAA pattern and the moisture content were diederin each sampled portion.

6.2.5 Light and Confocal Microscopy

Specimens for light and fluorescence microscopy observations were thin sections obtained from
resinembedded cheese samples prepared as below described for transmission electron microscopy
(TEM). Thin sections (46 per sampleyere directly dried on the mioscope slide, stained and
subsequently washed. Two different staining were performed, (i) toluidine blue (1% in water, w/v)
for 5 min at room temperature, to visualize the overall protein structure by light microscopy, and (ii)
rhodamine B (0.5% in watew/v) for 5 min at room temperature. In the latter case, the sample was
examined by a Hg lamp, with the following filters: excitation wavelength = 570 nm, emission
wavelength = 590 nm. In addition ach cube of cheese was immersed in ninhydrin solubon f

h and then cut with a blade until a thin section containing a spot was obtained. All samples were
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examined with an Olympus BX optical microscope (Tokyo, Japan) equipped with Nomarski
interference contrast and QImaging Retiga camera (Surrey, BC, GaSadaimens for confocal
microscopy observations were crgectioned by a CM1950 cryostat (Leica, Germany) and stained
directly onto the microscope slide with fast green (0.1 % in water, w/v). Sections were examined
with a Video confocal microscope, Nikafico (Tokyo, Japan).

6.2.6 Transmission Electron Microscopy

Cubes of cheese (1 mm edge length) were fixed in a mixture (w/v) of glutaraldehyde 3% and
paraformaldehyde 2% in cacodylate buffer for 2 h at 4 °C, then washed with cacodylate buffer for 1

h andpostfixed in osmium tetroxide (1% in water, w/v) for 2 h. After the dehydration in an ethanol
series, the samples were embedded in London I
Ultrathin sections (50 to 60 nm thick) were stained with uranytaéeeand lead citrate and
examined with a Philips E208 transmission electron microscope (Aachen, Germany).

6.2.7 Confocal Micro Raman

The Raman spectral data were collected in the range from 3200 to 200/cm Raman shift using a
confocal DXR Raman Microscop@hermo Scientific, Waltham, MA, USA). An Olympus 50X
objective (numerical aperture 0.75) with a 50 um confocal pinhole was used to collect the Raman
signal directly from a flat area of the sample (cut using a sharp knife) with a spatial resolution lower
than 1 um, without any preparation of the sample. A laser with an excitation wavelength of 780 nm
with a low energy power (30 mW) to avoid overheating and a 400 lines/mm grating was used to
record Raman spectra over the focalized area. A photobleaghimgdqual to 1 min was set up. For

the specks, spectra were collected individually while for the microcrystals a selected area was
analysed collecting around 70 spectra over the entire surface, using 10 um as the interval between
positions. In particulareach sample was placed on an automated x,y mapping stage and Raman
spectra were obtained at different points of the selected surface, by moving it under the microscope
objective. Autofocus at each map point was applied. Omnic Atlus software (Thermo Fisher
Scientific, Madison, WI, USA) was used to obtain Raman spectra, perform spectrometer operations
and process data. All spectra were corrected for background contributions and an automated

subtraction of cosmic ray peaks was employed.

6.2.8Statistical analysis
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Statistical treatment of data was performed by means of SPSS Win 12.0 program (SPSS Inc.,
Chicago, IL, USA). Data were analysed by Studentsst and one way Anova. A P<0.05 was

assumed as significance limit.
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6.3RESULTS
6.3.1 Speckcharacterization

Attempts to obtain a section of specks or to embed them in resin failed because they were too hard
and packed. In contrast, speakgoto could be directly observed by light microscopy after isolation

by cheese and showed the charactersstructure of crystalline tyrosine (Figufe2). The FAA

pattern (Figures.2) indicated that specks were indeed tyrosine crystals of > 95% purity. The peak
of ammonia in the chromatogram derived from the elution buffers and thus was ignored in purity
calculation. The Raman spectrum also confirmed the nature of the specks: the doublet Raman bands
at 828 and 848/cm due to the Fermi resonance between ring fundamental and overtone were
strongly evident, as was the ri@ stretching vibration located at 1263/qCulka et al., 2010).

Also the highly resolved bands found in the finger print region (&8BIcm) were associated to

the signals collected for the solid and pure-@986) crystalline form of ktyrosine (spectrum not

shown).

- | tyrosine NH4

» » » ® @ n ” 0 00 " w » [ 0

Figure 6.2. Free amino acid analysis and (inset) light microscopy of a speck isolated from cheese.
Bar=200 pm.

6.3.2 Spot characterization

Spot structure was firstly examined by light microscopy. A cheese portion was immersed in the
proteinstaining solution (ninhydrin) and then sectioned up to reveal a spot inside which appeared
surrounded by an highly dense layer (Fig6r@, arrowhead) thaimpaired staining permeation

inside. However, some stain could permeate through preferential micro pathways (junctions,

indicated by arrows in Figui®3), making the structure visible.
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Figure 6.3. Handmade section of Grana Padano cheese includisigotn light microscopy after
ninhydrin staining revealed a dense layer limiting the spot (arrowhead) and the junctions among

curd granules (arrowsRar=200 pm.

Thin sections of reslembedded spots, stained with toluidine blue, gave more insight of the inner
structure (Figure6.4a). The spot appeared as made of several curd particles havingcutiean
irregular shapes and size up to 0.5 mm. The darker linessponging to the junctions among curd
particles, were richer in protein than the particle body. Several openings, including a large hole
collecting the junctions, were visible in the section (Fighb). Although the cheese around the

spot showed the sammmmposite structure (not shown), large cavities were observed only inside
spots. With respect to the curd particles, the junctions appeared as thick protein strings almost free
of fat (Figure6.4c) and rich in microcrystals (arrows). Microcrystals weis adbserved in the

cheese matrix outsidbe spot, as further discussed.
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Figure 6.4. Light microscopy of spot senthin section (25um) stained with toluidine blue. (a) the
curd junctions are visible as darker lines; bar=200 pum. (b): Detail of the lanigein which

junctions converge; bar=50 pum. (c) Microcrystals (arrows) along a curd junction; bar=10 pum.

The ultrastructure of the spot, examined by TEM, proved to be remarkably different compared to
that of the surrounding cheese (Fig6r®). In partcular, the interface between protein (Figare,

in grey) and fat (in white) was more irregular anaded by crystalike particles(Figure6.5 a) in
respect with the cheese surrounding the spot (FigjGre).
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