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INTRODUCTION

Carefully selected strains of different species of lactic acid bacteria (LAB) —
starter cultures — are added to milk to initiate the processes of manufacturing
most fermented dairy products. The major function of starter bacteria is to
produce lactic acid and, in some cases, flavour compounds. It is generally
accepted that three main factors determine the properties of fermented dairy
foods: the quality of raw milk, the pretreatment of the milk, and the fermentation
process by the starter bacteria.

The microbiological quality of raw milk is assessed, to a large extent, by total
bacterial count and somatic cell count, and these parameters are routinely
measured in milk grading. Very little attention has been paid to the control of
predominant bacterial groups, such as lactic acid bacteria, psychrotrophic
bacteria and spore-forming bacteria, in milk at the farm level. High hygienic
standards coupled with rapid cooling applied to raw milk on modern farms gives
growth advantages to psychrotrophic bacteria, including the most common
spoilage species Pseudomonas spp., and suppresses indigenous lactic acid
bacteria. The presence of even a small number of proteolytic psychrophilic
bacteria can lead to the significant proteolysis of caseins, and therefore to
changes in the growth conditions of bacteria in milk.

Most industrial dairy products are produced from milk that has been
processed prior to starter addition, or at least heat-treated. Therefore, it is crucial
to understand the influence of different treatments on the composition and
properties of milk and, as a result, on the growth of starter bacteria.

There is a growing demand for comprehensive/systematic studies of the
metabolic activities of LAB. Industrial-level food fermentations should be fully
standardised and easy to control. To optimize bacterial growth resulting in high
quality stable products, the influence of environmental factors on microbial
physiology can be elucidated using a systems biology approach.

The growth of thermophilic starter bacteria in milk was studied in this thesis
using a precise and sensitive method: isothermal microcalorimetry. The effects
of heat treatment, milk composition, irradiation and rennet coagulation on the
growth characteristics of St. thermophilus were analysed. The data obtained
provide valuable information about the metabolic capacities of lactic acid
bacteria, and can be used for the optimisation of dairy fermentations.
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1. LITERATURE REVIEW

1.1 Lactic acid bacteria

The term Lactic Acid Bacteria (LAB) was gradually accepted at the
beginning of the 20™ century and was first differentiated in the pioneering
systematization of Orla-Jensen (published in 1919). The classification of genera
of LAB has been based on morphology, mode of glucose fermentation, growth
at certain temperatures, and range of sugar utilization (Khalid, 2011). There are
currently 12 genera of LAB, of which four — Lactococcus, Streptococcus,
Leuconostoc and Lactobacillus — are commonly used as dairy starter cultures
(Leroy & De Vuyst, 2004). These cultures are called starters because they
initiate the production of acid in dairy products. The types of starters used for
different dairy products are listed in Table 1.

Table 1. Dairy products and lactic acid bacteria used for their production (Leroy & De
Vuyst, 2004)

Type of fermented product Lactic acid bacteria”

Hard cheeses without eyes L. lactis subsp. lactis, L. lactis subsp. cremoris

Cheeses with small eyes L. lactis subsp. lactis, L. lactis subsp. lactis var.
diacetylactis,
L. lactis subsp. cremoris, Leuc. mesenteroides subsp.
cremoris

Swiss- and Italian-type cheeses Lb. delbrueckii subsp. lactis, Lb. helveticus, Lb. caseli,
Lb. delbrueckii subsp. bulgaricus, St. thermophilus

Butter and buttermilk L. lactis subsp. lactis, L. lactis subsp. lactis var.
diacetylactis,
L. lactis subsp. cremoris, Leuc. mesenteroides subsp.
cremoris

Yoghurt Lb. delbrueckii subsp. bulgaricus, St. thermophilus

Fermented, probiotic milk Lb. casei, Lb. acidophilus, Lb. rhamnosus,

Lb. johnsonii, B. lactis, B. bifidum, B. breve

Kefir Lb. kefir, Lb. kefiranofacies, Lb. brevis

* B. = Bifidobacterium; L. = Lactococcus; Lb. = Lactobacillus; Leuc. = Leuconostoc;,
St. = Streptococcus
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All LAB used in starter cultures are Gram-positive, catalase-negative, non-
motile, acid-tolerant, non-sporulating and facultative anaerobic microorganisms
(Savijoki et al., 2006). LAB include both homofermentative, producing mainly
lactic acid, and heterofermentative species, which, apart from lactic acid, yield a
large variety of other fermentation products, such as acetic acid, ethanol, carbon
dioxide and formic acid (McDonald et al., 1987). Additionally, LAB used as
dairy starter cultures perform a number of other important functions, such as the
production of flavour compounds, enzymes and other products that have
profound effects on the texture and body characteristics of cheese and cultured
milk (Leroy & De Vuyst, 2004; Routray & Mishra, 2011).

These bacteria also differ in their optimal temperatures for growth: 20-30°C
as the optimal temperature for mesophilic bacteria and 35-45°C as the optimal
temperature for thermophilic bacteria (Table 2). Mesophilic starters are used in
the production of many cheese varieties, fermented milk products, and ripened
cream butter (Table 1). Thermophilic starters are used for yoghurt and cheese
varieties with high cooking temperatures, such as Emmental, Gruyére, Comte,
and such Italian cheeses as the blue-veined Gorgonzola and the hard cheese
Grana (Iyer et al., 2010).

Table 2. Characteristics of lactic acid bacteria used in fermented dairy products
(Walstra et al., 1999)

Morpholo Temperature (C) Primary
Lactose Mi 0 M metabolic
gy fermentation n pt ax products
L. lactis subsp. homo- 810 2832 40 lactate
lactis cocci fermentative
L. lactis subsp. homo- 810 22 3739 lactate
cremoris cocci fermentative
. . homo- lactate
St.th hil 20 40 50 >
crmopmis cocel fermentative acetaldehyde
lactate,
Leuconostgc cocci hetero- ‘ 410 2025 ~37 diacetyl,
mesenteroides fermentative carbon
subsp. cremoris dioxide
Lb. delbrueckii
homo- lactate,
subsp. rods g rmentative 2 40-45 52 acetaldehyde
bulgaricus
homo-
Lb. helveticus rods fermentative 20-22 42 >4 lactate
Lb.delbrueckll homo_ 18 40 50 laCtate
ssp.lactis rods fermentative
homo-
Lb.acidophilus rods  fermentative 20 22 37 4548
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1.1.1 Yoghurt starter cultures

Thermophilic lactic starters generally contain St.thermophilus and one or
several lactobacilli (Lb. bulgaricus, Lb. helveticus).

St. thermophilus is a dairy bacterium that has been consumed for centuries, is
in the European Qualified Presumption of Safety list of food bacteria and is
generally recognized as a safe species (GRAS status) (Iyer et al., 2010; Goh et
al., 2011). Morphologically, St. thermophilus cells are spherical to ovoid, 0.7—
0.9 um in diameter, and grow in pairs to long chains (10-20 cells). St.
thermophilus has a high optimum growth temperature: it grows best at about 42—
45°C. It can be isolated from milk. Because St. thermophilus can survive
moderate thermal processes (60°C for 30 min), it is often found in milk
pasteurization equipment and in pasteurized dairy products.

The genus Lactobacillus consists of a genetically and physiologically diverse
group of rod-shaped lactic acid bacteria. The genus can be divided into three
groups based on fermentation end-products. Obligately homofermentative
lactobacilli (Lb. acidophilus, Lb. delbrueckii subsp. bulgaricus, Lb. delbrueckii
subsp. lactis, and Lb. helveticus) commonly found in starter cultures grow at
higher temperatures (>45°C) than other lactobacilli and are thermoduric.
Facultatively heterofermentative lactobacilli, such as Lb. casei, carry out
secondary fermentation during cheese ripening. Obligately heterofermentative
lactobacilli (Lb. brevis, Lb. buchneri, Lb. fermentum and Lb. reuteri) are not
important as dairy starter cultures, except for kefir production (Beresford et al.,
2001).

Lactobacilli are the most acid tolerant of the lactic acid bacteria, preferring to
start growing at acidic pH (5.5-6.2) and lowering the pH of milk to below 4.0
(Hassan & Frank, 2001). Lactobacilli grow slowly in milk in pure cultures and
they are generally used in combination with St thermophilus. Several
explanations have been proposed to account for this “symbiotic growth
behaviour” (Zourari et al., 1992). The lactobacilli are generally more proteolytic
than St. thermophilus; thus in dairy fermentations their extracellular proteinases
hydrolase casein and other milk proteins and thereby provide St. thermophilus
with necessary amino acids. In contrast, St. thermophilus produce small amounts
of formic acid that may stimulate Lb. delbruecki subsp. bulgaricus. The
production of CO, from urea by St. thermophilus may also enhance the growth
of lactobacilli (Pernoud et al., 2004). Finally, the excretion of galactose by most
strains of St. thermophilus may provide galactose-fermenting lactobacilli with a
source of fermentable carbohydrate when lactose is not available (Zourari et al.,
1992).

The role of thermophilic lactic starters in milk fermentations is two-fold.
Firstly, they transform lactose to lactic acid, thus lowering the pH of milk or
cheese curd. This step is essential for yoghurt production in which the final pH is
below 4, as it prevents the development of spoilage microorganisms and possible
pathogens. In the case of cooked cheeses, acidification contributes to syneresis.
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After pressing, the cheese has a low water content and a pH sufficiently low to
ensure and support the long ripening period. Secondly, they contribute to the
organoleptic qualities of the final product. In the case of yoghurt, this role is
particularly important, as the consistency and flavour of the product depend on
the metabolism of the lactic starters. Many St. thermophilus strains synthesize
exopolysaccharides (EPS) that contribute to the desirable viscous texture and
rheological properties of fermented milk products (Vaningelgem et al., 2004;
Nordmark et al., 2005). EPS yields achieved in controlled fermentations (45—-600
mg L") depend on strain and fermentation parameters. For “real commodities”,
such as yoghurt, traditionally manufactured with Streptococcus thermophilus
and Lactobacillus delbrueckii ssp. bulgaricus, the EPS content is 13-170 mg L™
(Mende et al., 2013).

1.1.2 LAB as indigenous microflora of raw milk

LAB are widely distributed in nature and are generally considered to be
indigenous microflora of raw milk (Singh & Sharma, 2009). They are found in
the dairy farm environment and in decomposing vegetation, including silage.
Some species colonize animal digestive organs, including the mouth and
intestine. They are also part of the microflora of the streak canal of the
mammary gland (Hayes & Boor, 2011).

LAB are present in all raw milk samples with a mean value of 5 x 10* — 8 x
10> CFU mL™ (Desmasures et al., 1997a; Espeche et al., 2012). Representatives
of the genera Lactococcus, Lactobacillus, Streptococcus, Pediococcus and
Leuconostoc are usually found (Lafarge et al., 2004; Giannino et al., 2009).
Lactococcus lactis has been confirmed to be a major raw milk species (Lafarge
et al,, 2004). As was shown by Desmasures (1997b), average counts of
Lactococcus spp. are 3.4 x 10> CFU mL™ in milk, 2.6 x 10° CFU mL" per total
area on teats and 7.7 x 10% per 25 cm® on udders.

Populations of LAB in raw milk have decreased over the last 20 years
(Champagne et al., 1994). The decrease in the number of LAB, together with
other contaminating bacteria in raw milk, is probably the most significant
change in milk quality caused by technological progress (Guessas & Kihal
2004).

1.2 Milk as a growth medium for LAB

The production of fermented foods is based on the use of LAB (added to milk
as “starter” cultures), which initiate rapid acidification of milk. To perform this
function, LAB must grow to high numbers, from ~1 x 10°® CFU mL" in
inoculated milk to ~1 x 10° CFU mL"" in end-products (yoghurt and cheese).

Milk is a suitable growth medium for LAB because of the variety of
substrates available for fermentation (carbohydrates and proteins), as well as due
to the presence of such growth stimulants as vitamins and minerals (Méayré-
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Maikinen & Birget, 2004). Nitrogen in milk occurs in forms which are readily
available for microbial metabolism. These include free amino acids (0.4%), urea
(1.2%) and ammonia (0.6%), which together represent 2.0% of the total nitrogen
in milk (Frank & Marth, 1999). The amount of these compounds is sufficient for
the initiation and support of only 25% of the maximum final cell densities of
LAB in the case of optimal nutrition (Fox et al., 2000).

1.2.1 Main components of milk

Milk is a complex biological fluid consisting of seven main components:
water, sugar (lactose), protein, fat, minerals, vitamins and enzymes. The most
abundant component of milk is water, which comprises about 87% of its content.
The following is a short overview of the main components of cow’s milk.

Carbohydrates. The principal fermentable substrate, lactose, is the only
carbohydrate existing in sufficient quantities in milk to support microbial
growth. Milk contains only trace amounts of other sugars, including glucose (50
mg L"), fructose, glucosamine, galactosamine, neuraminic acid and neutral
acidic oligosaccharides (Fox et al., 2000). Bovine milk contains about 4.8%
lactose (from 45 to 50 g L"), which is a disaccharide (B-D-galactopyranosyl-
(1—4)-D-glucose) composed of one glucose and one galactose residue, linked
by a P1-4 glycosidic bond. Citric acid is also an important fermentable
compound in milk. Citrate fermentation by LAB leads to the production of 4-
carbon compounds, mainly diacetyl, acetoin and butanediol, which are aroma
substances (Quintans et al., 2008).

Proteins. The proteins in milk are classified into two families: structural
caseins and soluble whey proteins. Caseins form the most important group,
constituting over 80% of milk proteins. Four caseins, ay-, a,-, f- and x-,
represent approximately 38%, 10%, 36% and 15%, respectively, of the casein
fraction, while p-lactoglobulin (f-Lg) and a-lactalbumin (a-La) represent
approximately 50% and 20%, respectively, of total whey proteins (O’Farrell,
2004). Milk also contains several minor whey proteins, including bovine serum
albumin (BSA) and immunoglobulins (Ig), which are transferred from the blood,
each representing about 10% of the whey proteins in mature bovine milk. The
remaining 10% is mainly non-protein nitrogen and trace amounts of several
proteins, including approximately 60 indigenous enzymes, which represent a
minor but very important part of the milk protein fraction (Santos et al., 2012).
In raw milk, 95% of the total casein is associated with calcium phosphate
(Ca3(POy),) and exists as coarse colloidal particles, called micelles, with an
average diameter of 150 nm (varying from 80 to 300 nm) (O’Farrell, 2004). The
casein molecules which form micelles have an open, largely random structure,
which makes them readily susceptible to proteolysis. In contrast, the principal
whey proteins (f-Lg and a-La) are globular molecules with a high degree of
secondary and tertiary structure. Steric factors make whey proteins in native
form remarkably resistant to proteolysis (Thomas & Pritchard, 1987).
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Lipids. The lipid fraction of milk is mainly comprised of triglycerides (98%),
with 1% phospholipids and small amounts of diglycerides, monoglycerides,
cholesterol, cholesteryl esters and traces of fat-soluble vitamins and other lipids.
The lipids occur as fat globules, 0.1-20 um in diameter, surrounded by the milk
fat globule membrane, which serves as a protective layer against chemical
deterioration and as an emulsifier (Dewettinck et al., 2008). Compounds derived
from the breakdown of glyceride esters of milk fat, such as free fatty acids and
short chain esters, are recognised as playing an important role in the flavour of
fermented foods (McSweeney, 2004). However, LAB are generally non-
lipolytic.

Vitamins and minerals. Milk is a rich source of vitamins and other organic
substances that stimulate microbial growth. The presence of an ample quantity
of B-complex vitamins makes milk an excellent growth medium for LAB.
Lactococci are naturally auxotrophic for several vitamins and require niacin
(B3), pantothenic acid (B5), pyridoxine (B6) and biotin (H) for their growth.
Thermophilic streptococci require, in addition to the above-mentioned thiamine
(B1) and riboflavin (B2), vitamins B5, B3 and B2 for the growth of lactobacilli
(Méyra-Maikinen & Birget, 2004). Such minerals as calcium, magnesium,
manganese, zinc, iron, potassium, cobalt, copper and molybdenum, important in
microbial fermentations (Lante et al., 2006), are also present in milk in sufficient
concentrations.

1.3 Metabolism of LAB in milk

1.3.1 Lactose transport and metabolism

Carbohydrates are the primary carbon and energy sources for LAB, and
lactose is the major substrate for microbial fermentation in milk (Martinussen, et
al., 2013).

Before lactose can be fermented, it must be transported into the cell. Starter
LAB use two different systems to transport lactose, the phosphotransferase
(PTS) and permease, both of which require energy.

In the phosphoenol pyruvate phosphotransferase system (PEP-PTS) — the
group translocation system — lactose is phosphorylated during passage across the
cytoplasmatic membrane. The initial source of phosphate is the energy-rich
glycolysis intermediate phosphoenol pyruvate (PEP). The lactose-phoshate is
hydrolyzed to glucose and galactose-6-phoshate by a phospho-B-galactosidase
(P-B-gal). Glucose is converted to glucose-6-phosphate, and both sugar
phosphates formed are metabolised further.

The second lactose transport system of LAB involves cytoplasmic proteins
(permeases), which translocate the sugar into the cell without chemical
modification. Located in the cytoplasmic membrane, the lactose permease
translocates lactose along with protons into the cytoplasm. This is an active
transport system, and the energy is provided in the form of a proton motive force
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developed by the transmembrane ATPase at the expense of ATP hydrolysis. The
lactose is cleaved into glucose and galactose by an intracellular enzyme, [3-
galactosidase (B-gal). Lactococci use the PTS system to transport lactose, while
all of the other starter LAB use the permease system.

Depending on the mode of transport, lactose molecules enter the cell either as
free sugars or as sugar phosphates. In the former case, free disaccharides are
split by specific hydrolases into monosaccharides, which then enter the major
pathways: the Embden-Meyerhof-Parnas (EMP) pathway (glycolysis) or the
phosphoketolase pathway (PKP). In general, homofermentative LAB
(Lactococcus, Streptococcus, Pediococcus, Enterococcus and some species of
Lactobacillus) use the glycolytic pathway for glucose fermentation, whereas
heterofermentative LAB (Leuconostoc, Oenococcus and certain Lactobacillus
species) use the PKP pathway (Axelsson, 2004).

Homolactic fermentation of glucose results in a maximum of two mol of
lactic acid and a net gain of 2 ATP per mole of glucose consumed. The
heterolactic fermentation of glucose through the PKP pathway ends with the
formation of one mol each of lactic acid, ethanol and CO,, and one mol of
ATP/mol glucose. In practice, these theoretical values are seldom obtained
(Neves et al., 2005).

1.3.2 Lactose uptake by St thermophilus

Lactose metabolism in St. thermophilus is different from that of most other
LAB. This organism lacks a lactose PEP-PTS system and instead accumulates
and hydrolyzes lactose via an ATP-energized proton motive force (PMF)
mediated system and B-galactosidase (Hutkins et al., 1987). Another unusual
feature of lactose metabolism by St. thermophilus is that most strains ferment
only the glucose moiety of lactose and excrete galactose equal to the amount of
lactose initially transported.

Three models of the counterflow-like galactose-lactose exchange system
were described by Hutkins & Ponne (1991) (Figure 1):

in the first model (Figure 1A), galactose efflux and lactose uptake are
indirectly coupled via a proton circuit. Galactose efflux-generated PMF is used
to drive a separate PMF-mediated uptake system for lactose. Lactose uptake
occurs via proton symport by lactose permease (Poolman et al., 1989);

in the second model (Figure 1B), a lactose-galactose antiporter serves directly
as the means of heterologous exchange. In this system, downhill galactose efflux
drives the uptake of lactose. This model implies that galactose and lactose
uptake systems function via a common carrier (Poolman et al., 1989);

in the third model (Figure 1C), galactose-lactose exchange occurs via a
common galactose antiporter, but both sugar uptake and efflux may occur in
symport with protons.
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Figure 1. Proposed models for galactose-driven lactose uptake in galactose
nonfermenting (Gal’) St.thermophilus. Adapted from Hutkins & Ponne, 1991
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1.3.3 Protein and peptide metabolism

LAB are nutritionally fastidious and are unable to synthesize many amino
acids, vitamins and nucleic acids (Pritchard & Coolbear, 1993). Depending on
the specific strain, their auxotrophy can vary from four to 14 different amino
acids out of a total of 20 amino acids required to build cellular proteins (Kunji et
al., 1996).

One of the main functions of the extracellular proteolytic systems of LAB is
to make the amino acids present in casein molecules available for growth. This
is accomplished in a three-step process: (1) the hydrolysing of proteins by
proteinases into oligopeptides, (2) translocation of the breakdown products
across the cytoplasm membrane, and (3) degradation of peptides by peptidases
into free amino acids (Figure 2) (Mayo et al., 2010). These amino acids are
further degraded by strain-dependent metabolic pathways to generate the actual
volatile compounds responsible for the aroma profiles of fermented products
(Liu et al., 2008).
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Figure. 2. Diagram of the proteolytic systems of lactic acid bacteria. The pentagon at
the bottom of the cell membrane marked as AAT refers to the different types of amino
acid transporters. Adapted from Mayo et al., 2010
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Proteinases. The key enzyme — cell envelope proteinase (CEP) - is generally
considered to be responsible for the initial breakdown of caseins by dairy LAB
(Smid et al., 1991). This enzyme is a serine protease belonging to the subtilisin
family. Five different types of this enzyme have been characterized from LAB:
PrtP from L. lactis and Lb. paracasei, PrtH from Lb. helveticus, PrtR from Lb.
rhamnosus, PrtS from St. thermophilus (Fernandez-Espla et al., 2000), and PrtB
from Lb. delbrueckii subsp. bulgaricus. All enzymes are synthesized as pre—pro—
proteins of approximately 2000 residues, consisting of several functional
domains. A membrane—bound lipoprotein, PrtM, has been found to be essential
for the autocatalytic activation of the proteinases in L. lactis and Lb. paracasei
(Fernandez-Espla et al., 2000).

Most strains of St. thermophilus express a very low level of CEP. A
screening of St. thermophilus strains revealed that only three out of 97 possessed
a level of proteinase activities close to those of the proteinase-positive lactococci
strains (Shahbal et al., 1991). The presence or absence of PrtS divides the St.
thermophilus strains into two phenotypic groups: slow and fast acidifying strains
(Dandoy et al., 2011). Since St. thermophilus is generally found in mixed
cultures, the growth of PrtS-deficient strains relies on the use of oligopeptides
released by other LAB, such as L. delbrueckii subsp. bulgaricus, Lactobacillus
helveticus and L. lactis (Courtin et al., 2002). However, during the last 10 years
this important metabolic trait has been drastically selected as a result of the dairy
practice, resulting in a strong increase in PrtS+ strains in industrial dairy
products (Rasmussen, 2008; Galia et al., 2009)

Peptide and amino acid uptake systems. The second step in protein
degradation and utilization is the transport of di -, tri -, and oligopeptides into
cells by the action of different peptide uptake systems. Three functional peptide
transport systems have been described in L. lactis: Opp, DtpT and DtpP (Kunji
etal., 1996).

The oligopeptide transporter (Opp) is solely responsible for the uptake of
oligopeptides (4-35 amino acid residues) (Doeven et al., 2005). The Opp system
is a part of the ABC (ATP binding casette) family of transporters and is
composed of five proteins: an oligopeptide-binding protein (OppA), two integral
membrane proteins (OppB and OppC) and two ATP binding proteins (OppD and
OppF) (Doeven et al., 2005). Up to now, oligopeptide uptake has been thought
to be due only to the ABC transporter Opp. Nevertheless, the analysis of several
Opp-deficient L. lactis strains has revealed the presence of a second oligopeptide
ABC transporter, the Opt system, in cells (Lamarque et al., 2004). The proton-
motive-force-driven DtpT has a more general specificity, with preferences for
hydrophilic and charged peptides, whereas DtpP has a preference for
hydrophobic peptides, especially those containing branched chain amino acids,
and is dependent on ATP or another energy-rich phosphorylated compound
(Doeven et al., 2005, Foucaud et al., 1995).
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The oligopeptide transport system in St. thermophilus is different from that of
Lactococcus. 1t has been called Ami since it shows the highest identity with the
Ami system of St. pneumoniae (Garault et al., 2002). However, the specificity of
the St. thermophilus oligopeptide uptake system is broader than those of
streptococci and similar to that specified by OppA from L. lactis (Garault et al.,
2002). The Ami transporter is composed of three oligopeptide-binding proteins
(AmiAl, AmiA2 and AmiA3), two membrane proteins (AmiC and AmiD), and
two ATPases, which provide energy to the system (AmiE and AmiF).

Peptidases. The third step of protein catabolism involves the peptidolytic
cleavage of peptides. The peptides are degraded intracellularly by the concerted
action of an array of peptidases, with distinct but overlapping specificities (Kunji
et al. 1996). Peptidases can be divided into endopeptidases, which hydrolyse
internal peptide bonds, and exopeptidases, which remove amino acids from the
ends of the peptide chains. The majority of the exopeptidases in LAB are
aminopeptidases, and their specificity depends on the peptide length and the
nature of the N-terminal amino acid residue (Kunji et al., 1996). Thirteen
homologous peptidases were identified in species of L. lactis and St.
thermophilus, and in addition an oligopeptidase and an aminopeptidase (PepS)
were discovered in St. thermophilus (Rul & Monnet, 1997).

1.4 Changes in milk components during processing

Milk is a very flexible raw material for the production of many types of dairy
products in a great diversity of flavours and forms around the world. The
processability and functionality of milk and milk products are determined by the
properties and concentrations of its principal constituents (proteins, sugars, fats
and salts). Milk is usually subjected to heat treatment to ensure the
microbiological safety of dairy products.

1.4.1 Heat-treatment of milk

The main reason for the heat treatment of milk is to guarantee safe food and
to improve its storage quality by decreasing the number of spoiling
microorganisms and to achieve desirable properties in the final product
(Vasbinder et al., 2003). The following are the customary processes of heat
treatment:

e thermization: heating for 20 sec at 60 to 69°C;

e low temperature pasteurization: heating for 30 min at 63°C (LTLT),
or for 15 sec at 72°C (HTST — high temperature short time);

e high temperature pasteurization: heating for 20 sec at 85°C

e sterilization: heating for 30 min at 110°C in-bottle sterilization or 30
sec at 130°C, or 1 sec at 145°C in line (UHT — ultra high temperature
treatment).
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1.4.1.1 Heat-induced changes in milk

Several structural changes and chemical reactions take place during the heat
treatment of milk. The biological activities, properties, interactions and
structures of natural milk components are influenced. The extent of change is
proportional to the temperatures used: more pronounced (irreversible) changes
occur at higher temperatures.

Changes in proteins. Upon the heat treatment of milk above 60°C, several
changes take place, of which the denaturation of whey proteins is the most
obvious (Raikos, 2010). The most abundant whey protein is f-Lg, in which a
heat-induced conformational change exposes a reactive thiol group. This thiol
group can form disulfide bonds with other cysteine-containing proteins, such as
S-Lg and bovine serum albumin, or with proteins having disulfide bridges, such
as a-La, k- and o,>-casein (Jang & Ewaisgood, 1990). Interactions of f-Lg with
x-casein present at the exterior of the casein micelles, like a hairy brush, lead to
the coating of the casein micelles with f-Lg (Vasbinder et al., 2003).

Not all the denaturated whey proteins form complexes with the casein
micelles; some remain in serum, where they may form aggregates with other
whey proteins. The extent of the association of denaturated whey proteins with
casein micelles is markedly dependent on the pH of the milk prior to heating.
Heating at pH values below 6.7 results in a greater quantity of denaturated whey
proteins associating with casein micelles, whereas at higher pH values whey
protein-x-casein complexes dissociate from the micelle surface, apparently due
to the dissociation of x-casein (Kethireddipalli et al., 2010; Blecker et al., 2012).

Although caseins are extremely heat-stable, primarily due to their lack of
tertiary structure, casein micelles are susceptible to heat-induced changes.
Heating at temperatures below 70°C causes some reversible changes in the
associations of micellar caseins and may result in the interaction of denaturated
whey proteins with the casein micelles. The heat-treatment of milk at >70°C
leads to increased levels of non-micellar casein in milk, suggesting the heat-
induced dissociation of caseins. Furthermore, heating at 110-150°C causes
extensive dephosphorylation of caseins, which may affect the structure of
micelles. The treatment of milk at temperatures <100°C may also lead to the
hydrolysis of caseins, leading to the formation of peptides (Tamime, 2009).

Changes in lactose. Heat-induced changes in lactose include isomerisation,
degradation and its participation in Maillard reactions. If the heating of milk is
not intense, lactose is decomposed, primarily via isomerisation reactions,
whereas only a small proportion will be degraded via Maillard reactions; at
intense heating, however, the degradation of lactose is primarily via the Maillard
reaction (O’Brien, 1995). This reaction involves the condensation of lactose with
the free amino groups of protein, with subsequent rearrangements and
degradations, leading to a variety of brown-coloured compounds. Products
(consequences) of Maillard reactions which are important in milk processing
include brown colour substances, the formation of off-flavour, the loss of
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available lysine, lowered nutritional value, reduced digestibility, and reduced
solubility. In addition, the heat-induced isomerisation of lactose leads to the
formation of lactulose. If the temperature of heating is higher than 100°C,
lactose can be converted to acids, especially formic acid, thereby decreasing the
pH of the milk (Robinson, 2002).

Changes in milk fat and fat globules. The thermal degradation of lipids in
milk is generally not observed, because the temperature required for the non-
oxidative decomposition of fatty acids (>200°C) is well outside the range used
for the heating of milk products. However, the heat treatment of milk can alter
the properties of milk fat globule membrane (MFGM). The denaturation of
MFGM proteins occurs at temperatures >70°C, leading to the exposure of
reactive groups. A noticeable effect of the heating is the release of sulphydryl
compounds, most notably H,S. Heating at 80°C for 3-18 min leads to the
incorporation of whey proteins, especially f-Lg, into MFGM, thus increasing the
protein content of the membrane and decreasing the proportion of lipids. Heating
also decreases the number of free sulphydryl (SH) groups in the MFGM and
increases the number of disulphide (SS) groups, suggesting that the
incorporation of f-Lg might be due to association with membrane proteins via
disulphide bonds (Morin et al., 2008).

Changes in milk salts. Milk salts exist in an equilibrium between the soluble
and colloidal phases of milk, and this distribution is affected by the heat
treatment of the milk. Heating milk reduces soluble and ionic calcium and
phosphate concentrations by converting the soluble calcium phosphate to a
colloidal state. On subsequent cooling, some of the indigenous or heat-
precipitated calcium phosphate molecules may redissolve, especially if the
heating temperatures remain below 85°C. However, after heating at higher
temperatures, the precipitated material does not resolubilize. The decrease in
soluble calcium, phosphate and citrate during heating in the temperature range
70-90°C involves two steps (Pouliot et al., 1989). The majority of the decrease
takes place during the first minutes of heating, after which a small decrease
occurs over an extended period of time (up to 120 min).

1.4.1.2 Influence of heating milk on the growth of
starter cultures

From the practical point of view, the effect of heating milk on starter
development is important in the manufacture of cheese and cultured milk
products. Most dairy plants employ a heat treatment before starter inoculation to
insure optimal development of desirable bacteria, as well as the uniformity of the
final product.

In general, heating raw milk improves its ability to support the growth of
starters, whereas “overheating” does not result in a consistent and uniform
improvement in starter growth. It was shown by Greene & Jezeski (1957) that
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treatments ranging from 62°C for 30 minutes to 120°C for 60 minutes resulted in
a series of related changes in starter activity.

A primary zone of stimulation was observed from 62°C for 30 minutes to
72°C for 40 minutes, and was followed by a zone of inhibition, which began at
72°C for 45 minutes and lasted through 82°C for 10 to 120 minutes and 90°C for
one to 45 minutes. A second zone of stimulation began at 90°C for 60 to 180
minutes and autoclaving at 120°C for 15 to 30 minutes. Final inhibition occurred
by autoclaving for more than 30 minutes (Greene & Jezeski, 1957).

In practical dairy plant operations, the first three phases of this cycle (with
treatments below 100°C) are usually the most important.

1.4.2 Irradiation of milk

Ionizing radiation (radiation sterilization or “cold sterilization”) is a
decontamination technology that upgrades food safety and extends the shelf-life
of food. Gamma rays, emitted by the radioisotopes “°Co and "*’Cs, X-rays and
electron beams are usually used for the irradiation of foods (Chauhan et al.,
2008; Farkas, 2006). It has been shown specifically that irradiation can also
prevent the spoilage of dairy products (Bandekar et al., 1998; Ham et al., 2009b;
Konteles et al., 2009). However, only a limited number of countries have
approved irradiation of milk products for sanitation purposes. The disinfection
and microbial control of dried milk products by irradiation has been approved in
Croatia, and the irradiation of casein or caseinates has been approved as a
microbial control method in Belgium (Ham et al., 2009a). A dose of 5 kGy has
been shown to be sufficient to decrease the total microflora in milk powder to
the acceptable level (Zegota & Malolepszy, 2008). The irradiation of pasteurized
milk at 0.25 kGy, at room temperature, was found to double the shelf-life at 4°C
(Sadoun et al., 1991), while the irradiation of raw milk at 0.5 kGy did not
increase shelf-life significantly.

1.4.2.1 Changes in milk induced by y-irradiation

Besides hygienization, however, it has been shown that irradiation treatment
causes physico-chemical changes in foods and particularly in milk (Ciesla et al.,
2004).

Off-flavour. Milk and dairy products are very susceptible to radiation-
induced flavour changes (Diehl, 1983). The threshold value for off-flavour
development in milk depends on its composition. A threshold of 0.3 kGy or
lower has been reported for whole liquid milk; skim milk and dried milk
powders are less sensitive (Diehl, 1983). The off-flavours and off-odours which
characterize irradiated dairy products (malty and caramel-like) originate from
the casein and appear to arise from a group of potent, disagreeable-smelling
sulphur compounds, predominantly methyl mercaptan, methyl sulphide and
metyl disulphide (Day et al., 1957).
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Formation of free radicals. 1t is known that ionizing radiation can lead to
fragmentation, aggregation, conformational and net electrical charge changes,
oxidation of amino acids and the rupture of covalent bonds (Davies, 1987;
Davies, 2012; Day et al., 1957). According to Arena (1971), ionizing radiation
also causes water molecules to lose electrons, producing H,O" and “free”
solvated electrons. These products react with other water molecules to produce a
number of reactive compounds, such as superoxide anion radicals (O),
hydroxyl radicals (OH") (Thibessard et al., 2001) and non-radical hydrogen
peroxide (H,0,) (Davies, 1987). OH" can also be generated in the reaction of O,
with H,O, (Fridovich, 1983). The reactive oxygen formed during exposure to
gamma irradiation can lead to the cleavage of peptide bonds (Stadtman &
Levine, 2003).

Effect on proteins. Gamma irradiation of proteins can induce structural
changes and alter their functional properties (de la Hoz & Netto, 2008). It was
shown by Ham et al. (2009a) that o -casein and fsi-casein were degraded,
whereas ag-, fz-, and fa3-caseins were formed by gamma irradiation at 10 kGy.
The effect of doses up to 10 kGy on the tertiary and secondary structure of 5-Lg
irradiated in solid state was not significant, and slight changes were observed at
50 kGy. The changes observed on f-Lg irradiated in solution, related to
secondary and mainly to tertiary structure, explain, at least partially, the protein
aggregation. However, the observed secondary and tertiary structural changes
were less pronounced than those occurring by heat treatment (de la Hoz & Netto,
2008).

Effects on milk fats. Free radicals have been related to milk lipid oxidation,
especially of unsaturated fats (de Oliveira Silva et al., 2011). Irradiation-induced
changes in milk fat are caused as a result of hydroperoxide production,
carotenoid destruction, and oxidized flavour production (Day & Papaioannou,
1963). The irradiation-specific odour of milk fat has been described as tallow,
chalky, metallic and candle-like by various investigators (Wertheim et al., 1956,
Hoff et al., 1959; Day & Papaioannou, 1963). It was shown by de Oliveira Silva
(2011) that gamma radiation, even in small doses (1-2 kGy), was able to produce
alterations in the lipids in raw whole milk, with the liberation of malonaldehyde.
At a 3 kGy dose, the alteration was intense, demonstrating total degradation of
the lipids with this treatment.

Effect on lactose. Wertheim et al. (1956) have reported that lactose plays an
important role in radiation-induced browning and that carbonyl compounds, the
browning precursors of milk, are formed from lactose. The degradation of
lactose in aqueous solutions by ionizing radiation at 20 kGy was studied by
Adachi (1962) and it was evident that lactose had been degraded into at least ten
fragmentation products. It was suggested that the amounts of galactose and
glucose may be equimolar in the irradiated lactose and that galactonic acid is
formed mainly from the galactose portion of lactose by oxidative degradation.
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1.4.2.2 Growth of starter cultures in irradiated milk

Information on irradiated milk, or reconstituted milk from irradiated milk
powder used as growth media for LAB is scarce and somewhat inconsistent. It
was claimed by Chamba and Prost (1989) that the growth of thermophilic lactic
acid starters was similar in milk reconstituted from milk powder irradiated at 20
kGy and non-irradiated milk powder. However, although it was shown by Favrot
and Maubois (1994) that the growth rate of L. lactis at an inoculation rate of 10°
CFU mL" was similar in irradiated and reference (non-irradiated) milk samples,
the growth rate of the bacteria at a lower inoculation rate (10* CFU mL™") was
significantly lower in milk reconstituted from skim milk powder irradiated at 20
kGy. In addition, the irradiation of skim milk powder inhibited the acidification
rate of milk at inoculation levels of 10° and 10* CFU mL™" as reported by Favrot
& Maubois, 1994.

1.4.3 Coagulation of milk

Milk coagulation is the primary step in the production of a number of dairy
products, such as fermented milks and cheeses (Herbert et al., 1999).
Coagulation starts with the induction of gel formation, i.e. destabilization of the
colloidal system of dispersed casein micelles, either as a result of slow
acidification by lactic acid bacteria (yoghurt), or as a result of the enzymatic
action of chymosin (cheese), or a combination of both factors, e.g. quark and
cottage cheese with chymosin levels considerably lower than in cheese-making
(Aichinger et al., 2003). The development and properties of these milk gels are
remarkably different.

Acid-induced coagulation. The fermentation of lactose to lactic acid by
thermophilic starter bacteria gradually causes the pH of milk to drop from about
6.7 to below 5.0. The neutralization of negative charges on the surfaces of casein
micelles leads to the collapse of the k-casein hairy layer, destabilizes the
micelles and induces clotting as the isoelectric point is approached (pH ~4.6)
(Phadungath, 2005). As the pH is reduced, the colloidal calcium phosphate
(CCP) is dissolved and this alters/weakens the internal structure of micelles.

The acidification of milk takes place in three pH regions from pH 6.7 to 4.6
(Phadungath, 2005). A decrease in the net negative charge on the micelle surface
and reduced electrostatic repulsion takes place as pH is lowered from 6.7 to 6.0.
CCP and micelle integrity is preserved. A further decrease of pH from 6.0 to 5.0
neutralizes the charge of the surface of the micelles and, with the
shrinkage/collapse of k-casein hairs, micelles are sterically and electrostatically
destabilized. CCP is completely dissolved if a pH of around 5.9 is reached and
this increases the internal flexibility of the micelles (Donato et al., 2009).
Finally, at a pH below 5.0 the destabilized micelles come closer, hydrophobic
interactions come into play and gelation occurs at pH 4.9 in unheated milk, but
at a higher pH (5.2) in heat-treated milk.
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Enzymatic coagulation. There are three important stages in the kinetics of
rennet-induced coagulation of milk. The first phase of coagulation is initiated by
the cleavage of milk proteins using chymosin (EC 3.4.23.4): the enzyme
responsible for the cleavage of the Pheios-Metios bond in the k-casein molecules
in the casein micelles. As a result, hydrophilic glycomacropeptides (residues
106 to 169) are released into the solution and hydrophobic para—k—caseins
(residues 1 to 105) are left in the micelle. When a sufficient proportion of
hydrolyzed x-casein molecules have been generated, the lower net negative
charge of the micelles and the greater hydrophobicity of para—kx—casein lead to
the aggregation of micelles (secondary phase). This time of incipient aggregation
is considered the “clotting time”. As coagulation proceeds, fat globules, water
and water-soluble materials are trapped in the aggregating protein matrix, first
forming linear chains and later a 3D branched structure (third phase) (Lucey,
2009).

1.4.3.1 Growth of LAB in solid matrix

The growth of bacteria in solid media fundamentally differs from that in
liquid media (Wilson et al., 2002). In contrast to liquid systems, where microbial
growth occurs planktonically, microorganisms in (semi-)solid matrices are
immobilised, and constrained to form colonies (Mertens et al., 2012). The
growth of starter bacteria occurs during cheese making in changing
environmental conditions: starting with liquid, followed by enzymatic gel and
then in drying cheese grains (Favrot & Maubois, 1996). Starter bacteria provide
the most significant contribution to the microbial biomass in young curd, starting
with 1-5 x 10° CFU mL™" and typically attaining densities of >10® CFU g’
within one day of manufacture. The mechanisms and time of gel formation and
consequently the properties of the final gels are quite different, which can affect
the dynamics of growth and biochemical activity of microorganisms (Giraffa et
al., 2010).

1.5 Methods of studying the growth of LAB in milk

The monitoring and screening of the growth and activities of starter cultures
are of great importance in the starter industry and food technology to guarantee
high quality products, such as fermented milks, cheese and butter.

1.5.1 Methods based on measurements of acidity and
metabolite analysis

The importance of methods of evaluation of the acidifying capacity of lactic

acid cultures has been emphasized in the literature (Corrieu, 1988; Zanatta &
Basso, 1992). The quality of process control based on acidity changes depends
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on the accuracy of the method used. The acidifying capacity of cultures of lactic
acid bacteria has been estimated automatically by measuring pH changes
continuously during fermentations (Corrieu 1988). The monitoring of changes in
conductance (changes in the electrical properties of media) has also been used to
determine the activity of lactic acid cultures (Lanzanova et al., 1993; Mucchetti
et al., 1994).

Nowadays, the dynamic CINAC system is highly reliable (Corrieu, 1988).
iCINAC is a novel piece of equipment for on-line pH monitoring and for the
calculation of acidification rates and feature points (descriptors) which
characterize acidification curves and the corresponding kinetics. iCINAC also
makes it possible to obtain additional information on temperature and
oxidation/reduction potential in parallel with pH.

An alternative approach is to measure the production of organic acids that
lower pH. The methods available are based on the determination of lactic acid
by titration with NaOH, or by using HPLC (Zanatta & Basso, 1992).

Undoubtedly, the acidification activity of LAB is a very important and
relatively easy-to-measure parameter, whereas for more detailed analysis of
acidification processes more sophisticated methods are required.

1.5.2 Methods based on heat flow measurement

Nearly all processes (chemical, physical and biological) produce heat. Heat is
a form of energy whose exchange always accompanies life processes. There are
different types of calorimeters used for the measurements of heat exchange in
different types of processes: temperature-scanning calorimeters, isoperibol
calorimeters, bomb calorimeters and isothermal (heat conduction) calorimeters
(IC) (Kemp, 2001).

In an IC, the thermal power emitted from samples is measured under
essentially isothermal conditions. Small volume and sensitive calorimeters are
called microcalorimeters, and modern isothermal microcalorimetres (IMC) are
capable of measuring heat fluxes in the order of 1 uW and even less. As few as
10,000-100,000 active (growing) bacterial cells in a sample are sufficient to
produce a real-time signal dynamically related to the number of cells present and
their activity (Braissant et al., 2010). The IMC TAM III was used in the present
study for the investigation of the growth of starter bacteria under different
conditions (Publications I, II and III).

IMC is unique in its ability to provide rapid detection and real-time,
quantitative monitoring of a wide variety of microbiological phenomena
(Braissant et al., 2010). IMC offers several unique advantages: a) the measured
parameter is heat flow, which can be considered to be a universal indicator of
change, b) no specific sample treatment or preparation is needed; the samples are
housed within an ampoule and monitored in sifu, and c¢) the technique does not
require optical transparency of samples and is invariant irrespective of physical
form.
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Microcalorimetry has been used for the experimental study of bacterial
growth during the last 50 years, and over the past 10 years the use of IMC in the
biological field has been increasing (Braissant et al., 2013). Calorimetry is
especially helpful in studies of growth in opaque media, for example solid media
where agar, gelatine, etc. are used as jellifying agents (Mitchell et al., 2004), but
it can also be successfully used for studies of spoilage processes and shelf-life
determination (Wadsd & Galindo, 2009): anywhere that traditional
microbiological measurements (optical density, cell count and metabolic assays),
microscopical and other physical methods can not be used due to the properties
of non-transparent media (Wilson et al., 2002; Antwi et al., 2006; Braissant et
al., 2013).

The main drawback in the use of IC may be the batch nature of the process,
i.e. there is no steady state but continuous change in the culture conditions
(substrate, product concentrations, growth rate etc.) and difficulty in collecting
samples for additional analyses (e.g. content of substrates or products) during a
run.

1.5.2.1 Analysis of calorimetric power-time curves

In a batch culture, microbial growth proceeds through four main phases: the
lag phase, the exponential (or logarithmic) growth phase, the stationary phase
and the decline (or death) phase (Figure 3). A typical calorimetric power-time
curve (a curve that are the output of a microcalorimeter) can be devide into three
growth phases (Figure 4a).

& Stationary phase

Decline nhagg_‘ l

Death phase

+— Growth phase

Log x (viable cell concentration)

#— Accaleration phasa

X, Lag phase

L 4

Time

Figure 3. A typical growth curve of bacteria
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Figure 4. The explanation of the processing of calorimetric power-time curves; (a) the
division of calorimetric power-time curves into three phases: lag phase, exponential
growth phase, and deceleration phase; (b) determination of the maximum growth rate
(mar, 1) and the lag phase duration (A, h); (c) determination of heat amounts during
the exponential phase (Q.x,, J mL") and during the total experiment (Q,p, J mL™); (d) an
integrated power-time curve: accumulated heat change over time (Kabanova et al.,
2012)

The length of the lag-phase (A, h) can be determined as shown in Figure 4b.
The calculation procedure is practically the same as in Swinnen et al. (2004).
However, it should be emphasized that in calorimetric experiments the length of
the lag-phase is defined by the physiology of the cell, and by the level of
sensitivity of the microcalorimeter. The sensitivity of a TAM III in the
registration of heat is 7 x 10™* J (0.5 mW), which means that only a certain
number of growing (metabolizing) bacteria can produce heat fluxes surpassing
the sensitivity threshold of the instrument. This means that the lag-phase
duration measured on the basis of calorimetric curves should be calculated by
taking into account the time when the heat produced by the growing bacterial
population exceeds the level of the sensitivity of the instrument (Kabanova et al.,
2012).

The second phase of the power-time curve, following the lag-phase,
corresponds to the exponential growth phase (fast growth phase), during which
bacteria grow at practically the maximal growth rate u..x possible in the
experimental conditions studied.
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According to our data (Publications I, II and III), the typical power-time
curve of thermophilic starters in milk samples contained two peaks
corresponding to two exponential growth phases: first the smaller one (the first
exponential growth phase) and after that the main larger peak (the second
exponential growth phase).

It is interesting to note that a decline in heat flow does not always mean a
decrease in cell number, but may refer to metabolic changes. It is known that if]
for example, two different carbon sources are present in a medium, microbes
may consume these substrates sequentially, resulting in diauxic growth. The first
growth phase occurs when cells use a preferred carbon source, and the second
growth phase begins after the preferred carbon source has been depleted. The
less-preferred carbon source is used during the second exponential growth phase.
The transition from one stage to another often requires the synthesis of new
enzymes and during this time the heat flow of the culture tends to decrease
(Braissant et al., 2010).

We assume that the occurrence of two peaks on the power-time curves of the
growth of St. thermophilus are also explained by a switch from growth in free
amino acids present in milk to growth in the amino acids and peptides of caseins
released by the enzymes synthesized by the bacteria.

The end of the exponential phase of bacterial growth is defined in our data
analysis by the peak of the power-time curves. According to the results obtained
by plate count data, the end of the exponential growth occurred at some time
after the peak of the calorimetric curve, but then judging by the power-time
curve, inhibitory processes and decrease in the growth rate had obviously started
already. Therefore, the exponential growth phase ending at the peak value of the
power-time curves was justified.

The return of the heat flow to its baseline at the end of the experiment does
not imply that all of the cells are dead. In most cases, the return to the baseline
indicates that the heat producing reactions (i.e., the microbial metabolism) have
ceased, although the number of cells in the medium may remain rather constant.

1.5.3 Application of isothermal microcalorimetry in dairy
microbiology

Calorimetry was first applied in dairy research for milk grading in the
seventies (Berridge et al., 1974). Thermograms of the growth of individual
strains of LAB were obtained with a defined medium containing limiting
concentrations of several carbohydrates by Fujita in 1978 (Fujita et al., 1978).
The first observations of the interactions of Streptococcus thermophilus and
Lactobacillus bulgaricus in single and mixed cultures in milk date back to 1979
(Monk, 1979). Several calorimetric studies have been carried out in dairy
research: Riva et al. (1997) investigated the shelf life of raw milk using
isothermal calorimetry by continuously monitoring the kinetics of microbial
growth, Gardea et al. (2002) compared heat evolution by bacteria with
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traditional plate counts, assessing the microbiological quality of milk that had
undergone different treatments, Litz & Schiffer (2005) used isoperibolic batch
calorimetry for the indication of the proliferation of LAB in mixed cultures, and
Wadso et al. (2009) compared the thermal power profiles of the fermentation of
milk at two incubation temperatures using two different buttermilk cultures.

In the present work, IMC was used to evaluate the peculiarities of the growth
of lactic acid bacteria in differently pretreated milk samples (Publications I-11I).
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2. AIMS OF THIS DISSERTATION

The main aim of the dissertation research was to study the growth and
metabolism of thermophilic lactic acid bacteria in milk with different
pretreatments, using isothermal microcalorimetry. In addition, microflora of raw
milk were studied as a possible source of biochemical changes prior to milk
processing in the dairy, possibly interfering with the growth of LAB.

The specific aims of the study were the following:

study the effect of milk heat treatment on the growth parameters of
thermophilic starter bacteria (Publication I).

study the influence of O, on the growth of thermophilic starter bacteria
in UHT milk (Publication II).

study the growth characteristics of Streptococcus thermophilus ST12 in
skim milk prepared from irradiated at 10 kGy skim milk powder in
comparison with the growth in non-irradiated reconstituted skim milk
(Publication III).

characterize the growth of Streptococcus thermophilus ST12 in renneted
milk (unpublished data).

evaluate the microbial quality of farm bulk-tank raw milk produced in
Estonia and determine the technologically significant bacterial groups
(lactic acid bacteria, psychrotrophic bacteria and aerobic spore forming
bacteria) not routinely analysed by dairies that possibly interfere with
the growth of LAB (Publication 1V).
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3. MATERIALS AND METHODS

Detailed descriptions of the materials and methods used are available in
Publications I to IV.

3.1 Bacterial cultures

The strain of Streptococcus thermophilus (St. thermophilus ST12) used in
this work was provided by Chr. Hansen (Denmark) (Publications I and III).

Liquid bulk starter containing St. thermophilus and Lactobacillus delbrueckii
subsp. bulgaricus (Chr. Hansen XY-11) was purchased from a small dairy
(Nommiku Talu Meierei, Estonia) (Publication II).

Strain Lactobacillus paracasei SIR1 culture was isolated from Estonian
cheese and kept frozen in MRS-glycerol at -80°C (Kask et al, 2003)
(Publication I). All experiments were started from a single colony on an agar
plate.

3.2 Milk samples

Low-heat skim milk powder (LHSMP) was obtained from Kalev Paide
Tootmine AS (Paide, Estonia) (Publication I) and from Valio Ltd. (Helsinki,
Finland) (Publications III and IV), and used for the preparation of the laboratory
10% skim milk. A part of the LHSMP (Valio Ltd.) was irradiated at a dose of 10
kGy (Publication III) and used for the preparation of skim milk similarly to
conventional RSM.

RSM and irrRSM, with the addition of CaCl, to yield a 10 mM final
concentration, were used for milk gel preparation. Milk gels were prepared by
the addition of 100 pl of a 10 gL” chymosin (CHY-MAX Powder Extra,
Hersholm, Denmark) solution to 10 mL of RSM and irrRSM

Commercial pasteurized milk with 3.5%, 2.5% and 0.05% fat content (Tere
AS, Tallinn, Estonia) and commercial UHT milk with 3.5% and 0.05% fat
content (Kalev Paide Tootmine AS) were obtained from retail sellers
(Publications I and II).

The detailed description of the catalase and nitrogen gas pretreatments of the
milk samples prior to the inoculation of the starter is described in Publication II.

Raw milk samples from individual dairy farms were collected from 131
farms at geographically different locations in Estonia by licensed milk haulers
and from dairy silos between February 2004 and June 2007 (Publication IV).
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3.3 Enumeration of microorganisms

The determined plate counts of spore-forming (ASFBC), psychrotrophic
(PBC) and lactic acid bacteria (LABC) were combined with the regular milk
quality data of total bacterial count (TBC) and somatic cell count (SCC) kindly
provided by the Animal Recording Centre (Tartu, Estonia) (Publication 1V).

3.4 Analytical methods

A 24-channel isothermal batch microcalorimeter TAM III Thermal Activity
Monitor (TA Instruments, New Castle, DE, USA) was used for the monitoring
of the growth of bacteria. Heat generated or absorbed was continuously
measured in maximally filled hermetically sealed 3-mL calorimetric ampoules.
Data was not collected for ~1 h at the beginning of the experiments to let the
thermal equilibration processes be completed. Heat flow was measured at 10 sec
intervals. Data acquisition and analysis were carried out using the TAM
Assistant Program (v 0.9.1012.40, SciTech Software AB, Thermometric AB)
(Publications I, II and III).

The pH of the samples was measured using a pH meter S20 Seven Easy
Mettler Toledo with an InLab 413 Mettler Toledo electrode (Publications III and
V).

Concentrations of lactose, glucose, galactose and lactate were determined
using the HPLC system (Alliance 2695 system, Waters Corp., Milford, MA)
with a Refractive Index Detector 2414 and column BioRad HPX-87H 300 x 7.8
mm (Hercules, CA) (mobile phase — 0.005 N H,SOs, flow rate 0.6 mL min™ at
35°C) (Publication III).

The analysis of free amino acids was performed by a UPLC system (Acquity
UPLC; Waters Corp.), including a binary solvent manager, a sample manager
and a photodiode array (PDA) detector connected to Waters Empower™ 2.0
software. Separations were performed on a 2.1x100 mm Waters Acquity UPLC
AccQeTag Ultra Column operated at 55°C (Publications III and IV).

Dynamic rheological measurements were carried out using a Physica
MCR301 rheometer (Anton Paar GmbH, Graz, Austria) equipped with a C-
PTD200 Peltier temperature control unit and CC27 coaxial cylinder measuring
system (outer and inner diameters 28.92 and 26.66 mm, respectively)
(Publications II and III).

Measurements of front-face spectral fluorescence signatures (SFS) from the
milk powders and inoculated milk samples were performed in The Instant
Screener Compact fluorescence spectrophotometer (LDI Ltd., Tallinn, Estonia)
equipped with a pulsed xenon lamp (Publication III).
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3.5 Parameters describing bacterial growth

The following definitions and formulas were used to express the growth
characteristics of the cultures of LAB in IMC:

1) Maximum growth rate — fme (Wh™)
Maximum specific growth rate (um.) in the first and second exponential
growth phases was measured as shown in Figure 5.

7

A - lag-phase duration, h

0
0 /4 4 6 8 10 12 14 16 18 20
A Time, h

Figure 5. Determination of the maximum growth rate (the slope of the tangent to the first
(imax1) and second exponential phase (imarz), Wh'') and lag-phase duration (the crossing
point of X-axis and the tangent, 1, h)

Taking into account that in the exponential growth phase the relationship

between biomass concentration (X) and specific growth rate (x) may be
described by first order kinetics

dX
Frinia (1)

and assuming that the rate of biomass formation (dX/df) was proportional to the
rate of heat production (dQ/df), the maximum specific growth rate (timax) of the
thermophilic starter was calculated from the power-time curves as a slope of In
dQ/dt over time (¢), as shown in Maskow & Babel (2003):

dQ dQ
lnd—tt =t + Umaxt )
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2) Heat amounts produced during growth — Q (J mL™)

The heat produced during the exponential growth phase QO., (area between
the power-time curve, the vertical line that goes through the peak, and the
baseline) and the total heat produced during the whole process of growth Qi
(area between the power-time curve and baseline) were determined using the
TAM Assistant program (v 0.9.1012.40, SciTech Software AB, Thermometric
AB, Jarfilla, Sweden) and Microsoft Excel.

3) Heat production rate — Ppax (W mL™)

The value P« is the aggregate rate of heat production of all bacteria present
at the time when the maximum occurs. It depends on both the number of active
bacteria present at that time, and the rate at which bacteria present are producing
heat.

4) Number of bacteria calculated from power-time curves — N (CFU mL™")
Bacterial growth was expressed as the change in the number of viable cells
over time using the equation:

_Aa0
Y. 3)

where AN (CFU mL™" h) is the number of bacteria grown during the selected
time interval, 40 (J mL™" h™) is the heat produced during the same time interval,
and Yo (J CFU™) is the heat yield coefficient, which was calculated on the basis
of experimental results (data not shown) and was determined to be (4.45 + 0.15)
x 10”7 J CFU" for the exponential growth phase (a major peak). The Yy is
effectively the heat evolved during the multiplication of one bacterium.

3.6 Calculation of growth characteristics

The growth characteristics of the bacteria during the growth in milk were
calculated on the basis of the heat which was converted to biomass concentration
and organic acid concentrations in the culture medium (mol L™) as follows:

_In(N,/N,) (4)
(tz - tl)
d ( CLactose ) (5)

I =
Lactose d ( X)
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0 _ d(CLactate) (6)
Lactate ~—
d(X)

10 — d(CLaczm‘e ) - d(CGal ) (7)
PS d(X)
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Lactate/ Lactose ~— d ( C

Lactose

v, - d(X) )
(A(Capine) —d(Coy) ~ d(Gle)) <180/ 1000

_d(C) (10)
AA d(X)
where p is the specific growth rate (h™), t is time (h), N is the cell count,
assuming that heat produced per cell formation is constant (4.45x10™ J per cell,
unpublished data), X is the dry biomass (gDW L), assuming that one cell is
0.2x107" g (unpublished data), Ij.c0se 1S the lactose consumption per biomass
produced (mmol gDW'l), OLactate 18 the lactate production per biomass produced
(mmol gDW™); Gal is galactose, Glc is glucose, C is the concentration of
corresponding compound (mM), Ops is the polysaccharide production per
biomass produced, assuming that galactose was not degraded by cells (lactate
production per glucose consumed was lower than 2 mol rnol'l), Y1 actate/Lactose
shows the lactate yield per lactose consumed, Yxs is the biomass yield per
hexose consumed (in the case of RSM where PS was consumed after the 6™ h
calculated based on the lactate production, assuming that 2 mol of lactate is
produced per 1 mol of hexose), and Ixa is the consumption of corresponding
amino acid per biomass produced (mmol gDW™).

3.7 Statistical analysis of the data

All values of the parallel experimental points were averaged and reported,
along with the standard deviation (SD). The experimental data were submitted to
single-factor analysis of variance (ANOVA), and the differences of the means
were evaluated by Fisher’s least significant difference (LSD) test. The difference
of the mean values was accepted at the significance level p<0.05 (Publications I,
II, IIT and 1V).
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4. RESULTS AND DISCUSSION
4.1 A tool for microcalorimetric data processing

A tool for the quick analysis of microcalorimetric signals,
microCalCurveGUI, was developed and used for the evaluation of the complex
power-time curves (see 4.2.4).

The graphic user interface of microCalCurveGUI consisted of three main
parts: file 1/0, the input data part and derivative analysis parameters (Figure 6
and Table 3). The file I/O part is for selecting the input data file (MS Excel file)
and the right worksheet with calorimetric data. The input data part is used for
editing input data name and units, and for selecting data for the analysis. The
derivative analysis button makes it possible to start the analysis of the
microcalorimetry curves and fix the values of the parameters influencing the
analysis.

u microCalCurveGUIv.0.2: Tool for analysis of micro calorimetry signals E’E‘@
— File IO — Derivative analysis |
Input file Sample name Units | Save
DemoData xls LHeat flow [Signal, Ch 1:1] P [imu... -
2 |Heat flow [Signal, Ch 1:2] P [mu.... » )
| 3 |Heat flow [signal, cn 1:3] P ... e
| 4 |Heat flow [Signal, Ch 1:4] P [\m... 1 Sample parameters
LHeat flow [Signal. Ch 1:51 P M. 3 2 | volume [mi]
| 6 |restninput data table .. o
| 7 |Heat flow [Signal, ch 2:1] P Q... A 0 [fter b
List Of 8 |Heat flow [S?gnal, Ch 2:2] P [ Fiter parameters
LHeat flow [Signal, Ch 2:3] P Q... 5 |Repeats
worksheets | 10 |Heat flow [Signal, ch 2:4] P \TL...
LHeat flow [Signal, Ch 2:5] P [\mu.... 3 |Polynomial order
12 |Heat flow [Signal, Ch 2:6] P [mu... )
1| [13 |eat flow [signal, ch 3:1] P .. A 5 _|Frame sze

Figure 6. microCalCurve graphical user interface with file I/O on the left, input data in
the centre and derivative analysis controls on the right

The microCalCurveGUI tool expresses the results of the derivative analysis
of microcalorimetry signals in the form of image file(s) and an MS Excel
spreadsheet table. Images saved in the form of .png files contain the original
microcalorimetric curve and exponential growth phases detected by the
derivative analysis. The image corresponding to the analysis of one single
microcalorimetric is depicted in Figure 7.

Different phases are marked by a light red or blue colour. Additionally, the
fitted lines describe the exponential phases, and the numbers next to them
express the maximum growth rate py.y, start and end of a particular phase #y..
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and t.g, and Pearson’s correlation coefficients between fitted data and an
exponential growth file model within the whole growth phase °. The same data
are written into Excel (the data are not shown). Additionally, in the MS Excel
file the length of the lag-phase can be found. The length of the lag phase is
calculated as the point where the exponential curve of the first growth phase
crosses the y-axis.

Table 3. Description of the files of microCalCurve

File /O
Input file Name of the MS Excel file
Load Excel file Button that opens new dialogue for selecting input file
Get data Button to load worksheet from MS Excel input file
List of worksheets List of all worksheets in the MS Excel input file to choose from
Data

Table with three columns corresponding to sample name and

Input data table unit name. The third column consists of check-boxes. All

checked samples are included in the derivative analysis

Derivative analysis

Derivative analysis ~ Button that starts the analysis.

Individual images If checked results of analysis are sayed in separate images.
Otherwise all samples are saved in one image file.
Sample parameters  pylyme (sample parameter): sample volume; information is used

to normalize results to units per ml. Default value is 2 ml.

Init time (sample parameter): time between the preparation of
the sample and starting microcalorimetric experiment. Data is
added to the time axis of microcalorimetric curves. This is
necessary to obtain correct values for parameters in the time
domain: length of lag phase, etc.

Filter parameters Filter parameters: Savitzky-Golay filter is used for a smoothing
purpose on the microcalorimetric signal. This is required for
successful detection of local extremes, inflection points and
other points required for the analysis of microcalorimetric
curves. The performance of the filtering can be adjusted using
several parameters.

Repeats (filter parameter): number of times the filter is used.
Higher value results in smoother signal. Default value is 5.
Value 0 means no filter has been used.

Polynomial order (filter parameter): polynomial order of
Savitzky-Golay filter. Default value is 3.

Frame size (filter parameter): frame size of Savitzky-Golay
filter. Frame size must be an odd number greater than the
polynomial order. Default value is 5.
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Figure 7. Image of the derivative analysis results of one single microcalorimetric curve
by microCalCurveGUI tool

4.1.1 Performance of microCalCurveGUI

The derivative analysis of microcalorimetric curves is based on finding local
extremes, inflection points and other specific points, i.e. points where the first,
second or third derivative is zero. Using these points, the microcalorimetric
curve is split into one or more growth phases. In the most primitive situation, the
growth phase starts in the bottom of the curve (local minima) and ends at the top
of the curve (local maxima), as in the example in Figure 8a. If there is more than
one local minima or maxima in the microcalorimetric curve, more than one
growth phase has been detected (Figure 8b). The distance between local maxima
and minima is disregarded, as there is no growth and the microcalorimetric curve
is decreasing. In more complicated situations, exponential phases alternate
without any decrease in microcalorimetric signal (Figure 8c), i.e. there is no
pause between two phases. Points where the third derivative is zero are used to
detect these growth phases.
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Figure 8. Results of the derivative analysis written into an MS Excel output file
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Due to the noise in the signal, it is very likely that algorithm searching for
local extremes (or other interesting points) produces more results than are
necessary for detecting growth phases in microcalorimetric curves. To reduce
the number of non-specific points, microcalorimetric signals have been applied
for Savitzky-Golay filtering. Additionally, all detected points where the first,
second or third derivatives are zero that are located before the first local minima
or after the total maxima have been disregarded.

4.2 Analysis of growth of LAB in milk

4.2.1 Effect of milk heat treatment (Publication I)

The growth of ST12 in milk with different heat treatments and different fat
contents was studied. The typical dual-peak power-time curve of the growth of
St. thermophilus ST12 was registered in reconstituted milk prepared from
LHSMP, and in pasteurized and UHT milk, although with different curve shapes
(Figure 9). In RSM the heat evolved during the first exponential phase was 6.5%
of the total, whereas the contribution of this phase was only 1.1-1.9% in the case
of other milk samples. There were no significant differences in Qi (6.5-6.7 J
mL™") between pasteurized milk with 0.05%, 2.5%, 3.5% fat content and RSM
(» >10.05), but the total evolved heat Oy, was the smallest in UHT milk (5.9 J
mL ).
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Figure 9. Thermal profiles of differently pretreated milk inoculated with thermophilic
lactic starter bacteria Streptococcus thermophilus ST12. Mean power-time curves (n =
3) of milk prepared from low-heat skim milk powder (a), pasteurized milk with 0.05% fat
content (b), 2.5% fat content (c), 3.5% fat content (d), and UHT milk with 0.05% fat
content (e), 3.5% fat content (f)
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The mean times needed to reach the maximum heat production rate (¢pmax)
were approximately 6 h for pasteurized milk with 0.05%, 2.5% and 3.5% fat
content, and significantly longer (about 16 h) for UHT milk with 0.05% and
3.5% fat content. These data clearly indicated the effect of different heat
treatments of milk on the growth patterns of ST12.

Table 4. Parameters describing Streptococcus thermophilus STI12 growth in differently
pretreated milk samples: means of maximum specific growth rate (Un.), heat evolved
during the exponential growth phase (Q.), total heat registered (Q,) and time at
maximum heat production rate (tp,.) obtained from microcalorimetric power-time
curves

Lmaxs Wh! Qexp, I ML I fpmax, N
Sample IMexp. 2™exp. [Iexp. 2" exp. %O[tjl end of 2™ exp.
phase phase phase phase phase
RSM 1.72° 1.38° 0.44° 2.43° 6.73° 6.69°
Past 0.05% 2.03° 1.80° 0.07° 1.89° 6.51° 5.88°
Past 2.5% 2.03° 1.55° 0.08° 2.05° 6.51° 5.88°
Past 3.5% 1.94° 1.47° 0.07° 2.01% 6.58" 6.05"
UHT 0.05% 2.03° 1.22¢ 0.10¢ 2.39° 5.98° 15.87°
UHT 3.5% 1.99% 0.98° 0.11° 241° 5.88° 16.02°

For St. thermophilus ST12, the calculated . in the first exponential growth
phase was higher than in the second exponential phase in all milk samples
(Table 4). These results are in agreement with the results obtained earlier (Letort
et al., 2002). During the first exponential growth, such readily available nitrogen
sources as free amino acids and short peptides were preferably metabolised until
some amino acids became growth limiting and the culture entered a post-
exponential growth phase in which the synthesis of extracellular proteases was
needed and initiated for the production of free amino acids. In the second
exponential phase, the proteolytic system of ST12 was able to supply sufficient
peptides, although with lower maximum growth rates, probably due to the
limited capacity of the peptide uptake systems (Letort et al., 2002; Sieuwerts et
al., 2008).

It has been reported that the growth of several strains of LAB is identical in
whole milk and in skim milk, but the organisms grow much better in milk heated
at 115°C for 15 min compared to milk heated at 80 °C for 10 min (Foster, 1952).
As seen from our data, St. thermophilus ST12 had a slightly higher y,x in the
first exponential growth phase in pasteurized skim milk (0.05% fat) in
comparison with 3.5% milk. A remarkable decrease in the value of s, in the
second exponential growth phase was also observed in pasteurized and UHT
milk with 3.5% fat content compared with low-fat samples: 1.94 £ 0.02 h™" and
1.47 £ 0.01 h™" in the case of 3.5% and low fat samples of pasteurized milk,
respectively, and 1.99 £ 0.05 h™ and 0.98 = 0.05 h™" in the case of 3.5% and low
fat UHT milk, respectively (Table 4).
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The length of the lag-phase was similar in all milk samples, but the second
exponential growth phase was markedly delayed in UHT milk. The poor growth
of St. thermophilus ST12 during the second exponential phase in UHT milk can
be explained by the specific amino acid requirements which could not be met by
the proteolytic action of the bacteria, considering that casein micelles in heated
milk are coated with denatured whey proteins (Vasbinder et al., 2003).

For Lb. paracasei S1R1, the power-time curves corresponded to the two-
stage growth pattern in pasteurized milk and multiphase growth in RSM. Lb.
paracasei SIR1 was characterized by low pmax in the second exponential growth
phase in pasteurized milk with 2.5% fat content and three times lower in
reconstituted milk (data not shown). No heat production was recorded in UHT
milk with 0.05% fat and negligible growth was observed in UHT milk with 3.5%
fat (Figure 2 in Publication I).

4.2.2 Effect of oxygen (Publication II)

Characteristic diauxic growth was observed during the growth of the yoghurt
starter culture in milk with oxygen present at the beginning of growth, or in milk
that was de-aerated by flushing the nitrogen gas before inoculation.
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Figure 10. Characteristic thermal profiles of milk inoculated with thermophilic lactic
starter. Mean power-time curves (n=3) of a) UHT 3.5% fat milk control samples, b)
UHT 3.5% samples treated with catalase and ¢) UHT 3.5% samples sparged with N,
before inoculation
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The thermal profiles of thermophilic mixed starter growth in UHT milk
treated with catalase and samples sparged with N, before inoculation were
similar to the typical diauxic growth patterns observed with ST12.

The first, smaller peak did not change after the milk treatment with catalase
or N, (Figure 10b and 10c). However, the lag-phase between the first and the
second growth phases disappeared in the treatments, and the calculated pmax of
the bacteria increased in the second growth phase from 0.64 = 0.01 h™" in control
t0 0.79 + 0.05 h™ and 1.06 + 0.31 h™! in the catalase and N,-treated milk samples,
respectively. The amount of the bacteria formed during fermentation expressed
by O did not change upon the aforementioned treatments, according to
ANOVA (data not shown). Milk can contain about 10 mg L' of oxygen
introduced during milking and further processing (Siegenthaler & Kosikowski,
1969). Gilliland & Speck (1969) showed that oxygen incorporated into milk
during aeration slowed down the acid production by lactic acid bacteria.
Sparging with N, removes molecular oxygen from milk, enforcing the anaerobic
environment. Catalase treatment can also lead to the utilization of O,
participating in a two-stage reaction in cooperation with milk enzymes (e.g.
xanthine oxidase or sulfhydryl oxidase), in a way similar to that shown for the
glucose oxidase and catalase systems (Parpinello et al., 2002), but indigenous
milk enzymes are not likely to sustain the UHT process. On the other hand,
some lactobacilli can produce H,O, during their growth (Ito et al., 2003; Juffs &
Babel, 1975), which may turn self-inhibitory for them (Reiter & Hérnulv, 1984),
and thus the removal of the produced H,O, by catalase may be another reason
for the stimulated growth of starter bacteria. Based on the aforementioned
studies, we assume that the removal of oxygen by N, and the elimination of
possible H,O, produced by starter lactobacilli by catalase treatment enhanced the
growth of thermophilic starters in our experiments.

According to our data, the first exponential growth phase of the thermophilic
starter containing St. thermophilus and Lb. bulgaricus was normally shorter and
the calculated s, Was higher than in the second phase (Table 1 in Publication
IT). It was also shown for St. thermophilus, by Letort et al. (2002), that the
growth rate of the cells decreased during the second exponential phase in
comparison with the first growth phase due to the limitation in peptide transport
when caseins were used as the source of amino acids. Lb. bulgaricus has been
shown to grow steadily in milk in the presence of St. thermophilus, exhibiting no
diauxia until the end of fermentation (Courtin et al., 2002).
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4.2.3 Effect of y-irradiation of skim milk powder used for the
preparation of reconstituted skim milk (Publication III)

The power-time curves describing the growth of St. thermophilus ST12 in
milk reconstituted from non-irradiated and irradiated at 10 kGy low-heat skim
milk powders (RSM and irrRSM, respectively) were remarkably different. The
specific feature of the growth of ST12 in irrRSM was the absence of a shoulder
(the first smaller peak) on the power-time curve, and the stopping of the growth
at the end of the exponential phase was abrupt (Figure 11).
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Figure 11.  Calorimetric power-time (P) curves (bold lines) of the growth of
Streptococcus thermophilus ST12, number of bacteria (N) calculated from the power-
time curves (thin lines), and pH changes (circles) in reconstituted skim milk powder
(RSM; black) and in irradiated RSM (grey) at an inoculation rate of 10° CFU mL™.
Arrows mark the mean gelation times determined rheologically

Remarkable differences were observed in the acidification profiles of these
two skim milk cultures, measured in parallel samples kept at the same
temperature in an incubator. The initial pH of the sample of irradiated RSM
(6.43 £ 0.01) was slightly lower than that of RSM (6.48 + 0.01), which was in
agreement with Day et al. (1957), and Ham et al. (2005). The pH of the RSM
and irrRSM milk samples decreased slowly up to 4 h of the fermentation and
then more rapidly in the irrRSM than in the RSM samples. About one unit
difference in the final pH (after 22 h incubation) of the RSM (5.56 + 0.03) and
irrRSM (4.41 £ 0.02) samples was observed. However, both final values were
clearly higher than the pH 4.0-4.2 usually observed at the end of the growth of
the St. thermophilus (Zanatta & Basso, 1992). Differences in the acidification
profiles are obviously linked to irradiation-related changes in casein and lactose
in irrRSM.
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The maximum specific growth rates of starter bacteria in the exponential
growth phase (um.) in irrfRSM were close to the values of the first fast
exponential growth phase in RSM, although significantly different according to
ANOVA (Table 1, Publication III). Higher total amounts of free amino acids
were observed in the beginning of fermentation (0 h) in irrRSM in comparison
with RSM (Tables 2 and 3, Publication III). This justifies the hypothesis that
peptides and amino acids would facilitate the fast growth of bacteria in
reconstituted milk. The broad specificity of the peptide transport system of Sz.
thermophilus and its capacity to use large peptides up to 23 amino acids (Juille
et al., 2005) support the assumption that the growth of the bacteria in irrRSM
during the first seven hours of fermentation would largely depend on the
utilization of oligopeptides. Peptide transport into the cells has been reported to
limit (determine) the growth rate of the bacteria in the media containing casein-
derived peptides (Letort et al., 2002). However, our data suggest specifically that
the presence of short peptides and free amino acids in the growth medium can
accelerate the growth of starter bacteria in milk, and the hydrolysis of caseins
was presumably the rate-limiting step in the second exponential growth phase in
RSM.

4.2.3.1 Growth differences depending on inoculation rate

The diauxic growth of ST12 at inoculation rate 10° CFU mL™" observed in
RSM and the disappearance of diauxy in irrRSM were seen at all inoculation
rates studied (Figure 12A and B). It is also clear that the power-time curves are
strikingly similar (see P, value) in the case of all inoculation rates studied.
This was not the case in our earlier studies with L. lactis in agar (Figure 12 C)
(Kabanova et al., 2012) and gelatin gels (Kabanova, unpublished data), and it
cannot be considered a trivial phenomenon. The key to understanding these facts
lies in understanding the peculiarities of growth in cases with inocula of
different levels (10'-10° CFU mL™).

In the case of an inoculum of 10° CFU mL", the number of bacteria should
increase 10° times during the growth to reach the final biomass density, and the
amounts of growth by-products formed (primarily lactate) increase from zero to
values corresponding to the final density of the biomass (10° CFU mL™). In the
case of an inoculum of 10', the number of bacteria and the corresponding
amounts of growth by-products increase through a range of 10'-10° CFU mL",
which is remarkably more than in the former case. In full agreement with this,
with the “additional” lactate inhibition, z,,x observed at lower inoculation rates
were previously shown to be lower than those at higher inoculation rates in agar
gels (Kabanova et al., 2012). But, as emphasised, this was not the case in the
present study in the growth in milk: all g, were practically the same at all
inoculation rates studied. This can be explained if we assume that the
reconstituted milk has a higher buffering capacity in comparison with the solid
state matrices of agar and gelatin, studied by us earlier (Kabanova et al., 2012).
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Figure 12. Power-time curves describing the growth of Streptococcus thermophilus
STI12 in (A) reconstituted skim milk (RSM) and (B) irradiated RSM, as well as the
growth of L.lactis in (C) carbohydrate-restricted medium broth at different inoculation
rates (CFUmL™): a) 10°: b) 10°; ¢) 10%, d) 10°; ¢) 10°; 1) 10’

As expected from the similarity of the power-time curves, and as seen in the
data presented in Table 5, the maximum growth rates of the first exponential
phase (umax1) Were practically the same at different inoculation rates ranging
from 10° to 10> CFU mL", but differed in the two media, with slightly lower
values (about 8%) measured in irrRSM than in RSM.

The amount of heat produced during the exponential phases (Qey,) at
inoculation rates from 10° to 10> CFU mL™" was roughly the same in RSM and
irrRSM, which in fact means that the numbers of bacteria grown during the fast
growth phases should have been rather similar in both media studied; however,
these were different with high confidence for the inoculation rates 10° and 10°
CFU mL™" according to the data in Table 1 (Publication III).

The average Oy, was 7.21 £ 0.09 J mL" and 6.98 +0.10 J mL'l, in RSM and
irrRSM, respectively. Using the value Yo = (4.45 £ 0.15) x 10® J CFU", the total
numbers of bacteria (V) grown during the whole process were calculated from
O and were (1.62 £ 0.02) x 10° and (1.57 + 0.02) x 10° CFU mL" in RSM and
irrRSM, respectively.



Table 5. Streptococcus thermophilus ST12 growth parameters in reconstituted skim milk
(RSM) and in irradiated reconstituted skim milk (irrRSM) at 40°C. Means = SD* of
maximum specific growth rate (i) in the first and second exponential growth phases,
the heat evolved during the exponential phase (Q.y,) and the total heat produced during
the whole fermentation (Q,,) obtained from microcalorimetric power-time curves are
presented

. -1
Milk Inoculatlor%1 = HMmax (th n)d Qexp_1 th_l
rate (cfu mL™) exp. exp. (JmL™) (JmL™)
phase phase
10° 1.88% 1.05% 2.00°%4 7.12%4
10° 1.85% 1.18° 2.10°% 7.21%
4 aA bA bA aA
RSM 103 1'91% 1.17bA 2.11'A 7.12,A
10 1.85 1.14 1.97 7.24%
10?2 1.83% 1.13% 2.00% 7.23%
10! 1.61% 1.014 226 7.36%
10° 1.72%8 - 1.82%8 6.83%
10° 1.68%8 - 2.09%4 6.94%
4 aB bcA aB
CRSM 10 1.78 - 2.10 6.96
103 1.72%8 - 2.05* 6.98%8
102 1.66°8 - 2.17%8 7.00*
10! 1.46°AB - 2.25% 7.14%

*Different superscript lower-case letters (a, b, ¢, d) mark significant differences at
p<0.05 (ANOVA followed by Fischer's LSD test) between the data of different
inoculation rates. Different superscript capital letters (A, B) denote significant
differences between RSM and irrRSM samples at the same inoculation rates

It can also be seen that the curves obtained for tenfold decreasing inoculation

rates are shifted at practically regular intervals from each other — the
exponential phases are of equal length, the numbers of the bacteria grown during
the exponential phase and during the growth of the cultures are the same, but the
lengths of the lag phase (A) change at regular intervals on changing the
inoculation rates (Figure 12 A and B).
To understand this quite important peculiarity, it should be noted that the
sensitivity of the TAMIII is 0.5 mW, and this heat flow corresponds to the
growing of >10° bacteria. The instrument is capable of measuring the growth of
bacteria at a level exceeding this threshold value. The similarity of the curves
observed showed that the growth of the population in a range of 10°~10° bacteria
was taking place very similarly at different inoculation rates. However, at lower
inoculation rates bacterial growth was recorded only after the number of bacteria
had reached 10° CFU mL", and it took time to lead effectively to the increase in
the lag phase measured. The measured A was, as expected, the shortest in the
case of the highest inoculation rates.
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Taking into account that there also was a lag of 1 h in the starting of the
measurements, it can be concluded that 1.0-1.15 h was the shortest lag time
observed. The lowering of the inoculation rate by a factor of 10 should lead to
the increase of the lag phase by 3.33 doubling times (Z;). Indeed, this was
practically the case. The value of #; in both RSM and irrRSM was approximately
0.38 h, which means that the expected shift of the curves theoretically should
have been 1.3 h. As seen in Table 1 (Publication III), the shifts in 1 were about
20% less (1 h) than calculated above; however, taking into account that the
accuracy of inoculation cannot be too precise and that the value of sy, reflected
a multi-phased growth pattern, the fit obtained can be considered satisfactory.

It should be noted, however, that we have no explanation for the fact that the
numbers of bacteria grown during the exponential growth phase, and during the
total growth processes were also practically the same in the RSM and irrRSM
samples. To elucidate the mechanisms terminating the exponential growth and
the growth of the cultures, additional measurements of carbohydrates, organic
acids and amino acids were carried out.

4.2.3.2 Differences in the utilization of carbohydrates and
production of lactic acid

As seen in Figure 13, practically all of the lactose was hydrolyzed to glucose
and galactose by the end of the exponential phases in RSM, except for at an
inoculation rate of 10"

Glucose was consumed with simultaneous lactate production by the bacteria.
About 10-20 mmol L of glucose was utilized and about 20 mmol L™ of lactic
acid was formed by the end of the exponential phases for the inoculation rates of
10°~10° CFU mL™" in RSM. Galactose was not fermented by St.thermophilus. As
seen in Figure 13, the amounts of accumulating galactose were lower than
expected. This difference can be explained by the fact that not all possible (by-)
products, such as polysaccharides, were determined and involved in the
calculations.

As seen in Figure 13, the patterns of hydrolysis of lactose, utilization of
glucose and formation of lactic acid in irrRSM were very different from those in
RSM. Less than 30 mmol L™ of lactose was hydrolyzed during the active growth
phase of the bacteria in irrRSM, less than 15 mmol L™ of glucose and of
galactose was utilized by the bacteria, and about 10 mmol L™ of lactic acid was
formed. These data suggest that the lactose state and metabolism by ST12 is
affected by irradiation.
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Figure 13. Comparison of lactose (A, E), glucose (B, F), galactose (C, G) and lactic acid
(D, H) profiles during growth of Streptococcus thermophilus ST12 in RSM (4, B, C, D)
and irrRSM (E, F, G, H) at different inoculation rates (cfu mL”): 10° (8), 10° (o), 10
(®), 10° (), 10° (A), 10" (1)
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4.2.3.3 Change of free amino acids during fermentation

The changes in the concentrations of the individual free amino acids (FAA)
during the fermentation of RSM and irrRSM with ST12 at the inoculation rate of
10° CFU mL™" are shown in Figure 14.

At the beginning of the fermentations, the total concentration of FAA in irrRSM
was about 10% higher than in RSM: 657 and 585 pmol L™, respectively (Table 1
and Table 2; Publication III).

Glutamic acid was the dominant amino acid (46% of the total) initially in
both types of milk samples; however, its concentration was remarkably higher in
irrRSM: 306 + 4 pmol L' in comparison to 270 = 7 pmol L™ in RSM. Higher
contents of several other amino acids (histidine, glutamine, glycine, aspartic
acid, alanine, leucine and phenylalanine) in irrRSM compared to RSM were also
observed. In contrast, asparagine, ornithine, cysteine, methionine and
tryptophane concentrations were lower in irrRSM than in RSM.

Periods from 3 h to 5 h of incubation in RSM and from 5 h to 7 h in irrRSM
were characterized by a decrease in TFAA. The largest decrease was observed in
the concentrations of asparagine, glycine, valine and leucine in RSM and
glutamic acid in irrRSM, which decreased continuously during the fermentation.
Glycine was fully depleted at the 7™ h of fermentation in irrRSM.

During the next period (approximately from 5-7 to 22 h), the intensive
release of the majority of the amino acids from the caseins was observed, and the
content of TFAA was significantly higher at 22 h of fermentation than at the
beginning of fermentations: 1713 L™ and 910 pmol L™ in RSM and in irrRSM,
respectively. The quantitatively dominant amino acids in the RSM at the end of
the fermentation were glutamic acid (374 pmol L), proline (201 umol L) and
lysine (160 pmol L"), whereas proline (215 pmol L™) and alanine (156 pmol L
") were dominant in irrRSM. High aspartic acid, leucine and valine
concentrations were also measured at 22 h of fermentation in RSM (137, 125
and 107 pmol L™, respectively), in contrast to irrRSM, where concentrations of
these FAA were much lower (23, 58 and 19 umol L™, respectively). Ornithine
was found at very low concentrations and, despite the fact that the average
concentration of this amino acid increased continuously throughout the
fermentations, it represented less than 1% of the TFAA content in both growth
media.
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Figure 14. Changes in the concentrations of free amino acids during fermentation of
reconstituted skim milk (RSM) (black) and irradiated RSM (grey) with Streptococcus
thermophilus STI2 at an inoculation rate of 10° CFU mL™

4.2.3.4 Additional measurements for the characterization of
effects of y-irradiation

The differences in the growth behaviour of ST12 in milk reconstituted from
non-irradiated and irradiated at 10 kGy LHSMP were also monitored by front-
face fluorescence spectroscopy, and differences in coagulation processes were
detected using dynamic rheological measurements.

At the outset, the effect of y-irradiation on the physico-chemical and spectral
properties of skim milk powder and reconstituted skim milk prepared from it
was studied. Visually, the irrLHSMP was yellowish in colour and had a
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pronounced off-flavour compared with LHSMP. These odour changes have been
reported as typical for irradiated dairy products (Day et al., 1957). The
fluorescence intensity corresponding to the tryptophan emission maximum was
threefold lower in irrLHSMP than in LHSMP, and the coordinates of the
maxima Aex/Aer Were 285/330 instead of 285/325 nm (Figure 15).

Exc/EMS / Valug : 230.0/ 445.0/ 22.9 Exc/Ems / Value : 230.0/445.0/28.8
Min [ Max : 0.0 /21969 Win / Max: 0.0 /33779

C

EXC / Ems / Valle : 230.0 / 445.0/ 215 Exc/Ems/ Value 1230.0/445.0/388
B Min / Max : 0.0 /727.3 D Win / Max : 0.0/ 1858.5

Figure 15. Spectral fluorescence signatures of (A) low-heat skim milk powder
(LHSMP), (B) irradiated LHSMP, (C) reconstituted skim milk (RSM), and (D) irradiated
RSM; the black dots correspond to the fluorescence intensity maxima

The decreased tryptophan fluorescence in irrLHSMP may be associated with
the oxidation of aromatic amino acids or the production of other oxidation
products (Stadtman & Levine, 2003) which can quench the fluorescence, or with
conformational changes in proteins caused by irradiation (Ciesla at al., 2004). A
distinctive additional fluorescence signal with a maximum at Aex/Ae, of 350/410-
420 nm, which corresponds most probably to oxidation or Maillard reaction
products (Becker et al., 2003; Liu & Metzger, 2007), can be observed on the
SFS spectra of irrLHSMP, but not of LHSMP.

The development of tryptophan fluorescence intensity at maximum emission
(285/330 nm) recorded continuously at 15 min intervals during the fermentation
of RSM and irrRSM with ST12 at an inoculation rate of 10° CFU mL™" is shown
in Figure 16A. The changes in tryptophan fluorescence intensity profiles of
RSM and irrRSM milk during fermentation were very similar, except for the fact
that changes in fluorescence intensity occurred much faster in irrRSM, which is
in line with the faster drop in pH in the irrRSM sample. Changes in tryptophan
fluorescence intensity at maximum emission seemed to correspond to the
modifications of the environment of the tryptophan residues caused by pH
decrease during acidification, whereas changes in the protein network associated
with the gelation phenomenon were not clearly distinguishable. The gelation
points of RSM and irrRSM determined by rheological measurements (marked in
Figure 16A) did not coincide with the same specific point on the tryptophan
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fluorescence intensity change profile, but were different for the two milk
samples. The change in tryptophan fluorescence intensity during fermentation
with ST12 was similar to that shown in the case of milk acidified by glucono-d-
lactone (Lopez & Dufour, 2001).
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Figure 16. A) Development of fluorescence intensity at 285/330 nm during fermentation
of reconstituted skim milk powder (RSM; black line) and irradiated RSM (grey line) with
Streptococcus thermophilus STI12 at an inoculation rate of 10° mL”. Arrows mark the
mean gelation times determined rheologically. B) Development of storage (G';
diamonds) and loss (G''; triangles) moduli during fermentation of reconstituted skim
milk powder (RSM; black symbols) and irradiated RSM (grey symbols) with
Streptococcus thermophilus ST12 at an inoculation rate of 10° CFU mL”

The development of storage (G") and loss (G"") moduli during fermentation
in both media with ST12 at an inoculation rate of 10° CFU mL™" is shown in
Figure 16B. Samples of RSM gelled after a somewhat longer time (6.9 + 0.5 h)
than irrRSM (6.3 = 0.4 h), but with a higher gel firming rate (63.4 + 6.2 Pa h’'
and 59.4 £ 4.6 Pa h™' in RSM and irrRSM, respectively), and resulted in a firmer
gel (186 £9 Pa and 177 £ 4 Pa in RSM and irrRSM, respectively). The gelation
pH was near 6.3 and 6.1, respectively, for RSM and irrRSM samples inoculated
with ST12 at 10° CFU mL"™. It can be seen from the data obtained that gelation
took place after the exponential growth (Figure 11). The data obtained indicate
that the gelation as a result of fermentation was presumably not caused by a
“simple” acidification but possibly also by enzymatic processes.
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4.2.4 Evaluation of the growth of LAB in renneted
reconstituted skim milk (unpublished data)

The representative calorimetric power-time curves of the growth in
Streptococcus thermophilus ST 12 in non-irradiated (A) and irradiated (B)
reconstituted skim milk (RSM) and in RSM with rennet addition (r-RSM) at
different inoculation rates, from 10°to 10' CFU mL™" with increments of 10-fold,
are presented in Figure 17. It can be clearly seen that two distinct types of
power-time curves were measured, depending on the relative contribution of
bacteriological acidification vs. renneting to gel formation.
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Figure 17. Calorimetric power-time curve of the growth of Streptococcus thermophilus
ST12 in non-irradiated (A) and irradiated (B) reconstituted skim milk (bold lines) and in
RSM with rennet addition (dashed lines) at different inoculation rates (CFU mL™): a)
10% b) 10°; ¢) 10°; d) 10°; e) 10°; f) 10, Asterisks (*) mark the renneted samples
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According to Figure 17, the growth of ST12 in RSM and r-RSM was quite
similar at the beginning, although starting from a certain number of the bacteria
in the samples (from 0.63 x 10’ CFU mL™" at 10' CFU mL" to 6.12 x 10’ CFU
mL™" at 10° CFU mL™), at the power-time curves “deviation moments” (marked
by arrows) the maximum specific growth rate (uy.x) in r-RSM decreased.

As shown in Figure 18, the calorimetric power-time curves in RSM were
divided into five phases (I: lag-phase, II: first exponential growth phase (a
smaller peak), III: non-exponential phase, IV: second exponential growth phase
(a major peak), and V: deceleration phase). The second exponential growth
phase in r-RSM separated into faster (IV") and slower (IV"") phases.
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Figure 18. The derivative analysis of the power-time curves of the growth of
Streptococcus thermophilus ST12 in RSM (4) and in r-RSM (B) at an inoculation rate of
10° CFU mL™ by a microCalCurveGUI tool
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Table7. The t-test analysis denoting the differences between liquid and renneted RSM
and irrRSM samples

Inoc. Uinax N
Mllk rate 1St 2nd QCXP Qtot X 10p’8 P, max thax }L
(CF_IIJ exp. exp.
mL™)  phase  phase
10° NS * * * * sk sk NS
10° NS *% * NS * *kk ok NS
RSM vs 104 NS s NS NS % " " "
r-RSM 103 NS *% *% NS *% sk ok NS
102 NS *% * NS * ET] * NS
10! *k - * * * o * NS
106 NS - NS NS NS NS  #%x NS
10° NS - NS NS NS NS * NS
imRSM 54 g - NSNS NS NS % NS
VS
r-irRSM ~ 10° NS - *o ok *x #x  sxx NS
102 NS - * * * kkk sk NS
10 1 sk _ * sk * s,k sk *

**%p<0.001, **p<0.01, *p<0.05, NS: not significant

As seen from the data presented in Table 6 and Table 7, the maximum
growth rates of the first exponential phase (tmax1) Were very similar (p>0.05) in
RSM and r-RSM at different inoculation rates, ranging from 10° to 10* CFU mL"
! except for 10' CFU mL™". The values of maximum growth rates of the second
exponential phase (tmax2) in -RSM were significantly lower (p<0.01).

According to Table 6, the average amounts of heat produced durin% the
exponential phase (Qcxp, average) 1N I-RSM at inoculation rates ranging 10 —10?
CFU mL™" was 2.35 J mL" (corresponds to 5.30 x 10* CFU mL™"), which was
about 13% higher than in RSM. This shows that during the exponential growth
phase more bacteria were produced in r-RSM. This result is in agreement with
data presented by Favrot & Maubois (1996), where the maximum population
level of L.lactis was also higher in renneted curd compared with liquid milk.

The amount of heat produced during the total growth (Q,) was around 7.14 £
0.09 J mL™, which corresponds to the number of bacteria 1.62 x 10° CFU mL"
in both r-RSM and RSM at inoculation rates ranging 10°-10*> CFU mL"™. This
indicates that the numbers of bacteria growing at the end of fermentation (at 22
h) were similar in both media studied. According to the data presented in Table
5, Owt in RSM and r-RSM at the inoculation rates of 10° and 10" CFU mL™" were
statistically different. The O, and N, values had the lowest value in r-RSM at
the inoculation rates of 10' CFU mL", 6.47 +0.06 J mL" and 1.45 x 10° CFU
mL™", respectively.

P...x values in -RSM were lower compared to RSM (Figure 17A). The most
likely explanation for the inhibition of ST12 growth in r-RSM is the colonial
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growth of bacteria in a structured matrix. According to statistical analysis (Table
7), no major differences were observed in the lag-phase (1) durations in the two
media studied (liquid vs renneted samples). The time it took to reach the
maximum heat effect (fpm.) increased with decreasing amounts of inoculum
(Table 6). As seen in Table 6, there were significant differences noted in #py.y
between the r-RSM and RSM samples. Depending on the inoculation rate, 1 to
2.5 h more time was required to reach the maximum heat production rate (¢pyax)
in r-RSM (Table 6) compared to RSM (Table 1 in Publication III).

4.2.4.1 Utilization of carbohydrates and production of lactic
acid in renneted RSM

Lactose consumption and lactate production per biomass formed (mmol/gdw)
were calculated (see section 3.6) and are presented in Figures 19 A and B. Data
presentation starts from the fourth hour to eliminate measurement errors for the
determination of small amounts by HPLC. The calculated polysaccharide (PS)
production per biomass produced (C), lactate yield per lactose consumed (D)
and biomass yield per hexose consumed (E) are also presented in Figure 19.
Figure 19 F provides a schematic illustration of lactose degradation; the dashed
rectangular depicting the intracellular splitting of lactose and glycolysis, lactose,
glucose out, galactose out and lactate are measured parameters, while
polysaccharides (PS) is a calculated parameter.

During the growth of St. thermophilus ST12 in skim milk, lactose was
consumed very fast (up to 1800 mmol/gdw in renneted RSM), and in RSM the
lactose consumption rate exceeded that in irrRSM by several times. Lactose
consumption led to the accumulation of galactose, as well as glucose, due to low
glycolytic activity, reflected by the lactate yield per lactose below 0.4 mol/mol
in irrRSM and 0.2 mol/mol in RSM (theoretical maximum 4 mol/mol),
respectively. It can be assumed that galactose was not metabolized by this strain;
however, the accumulation of galactose was lower than predicted compared to
the consumption of lactose. This indicates that either galactose was consumed
through glycolysis, or it was used for polysaccharide production. Usually
polysaccharides are produced in growth-restricted conditions to synthesise
carbon storage substances for the future. More limited availability of free amino
acid in RSM than in irrRSM can be a stress factor for the cells, producing more
unknown products (polysaccharides) in RSM than in irrRSM.

Taking into account that only glucose was metabolized through glycolysis, it
can be seen that in RSM lactate yield per consumed glucose (up to 7 mol/mol)
was higher than the theoretical value (2 mol/mol). This may indicate that lactate
was also produced from amino acids and/or from galactose. In irrRSM, the
lactate yield per consumed glucose was lower than the theoretical value and this
can be explained assuming that such by-products as exopolysaccharides were
formed from utilized glucose.
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Figure 19. Metabolic characteristics of Streptococcus thermophilus ST12 during the
growth in non-irradiated (black) and irradiated (grey) milk with (circles) and without
(filled circles) rennet addition.

There was no clear difference between renneted and non-renneted milk. This
may be due to the fact that fast acidification led to curd formation within the first
four hours of growth. However, in the renneted skim milk, the lactose
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consumption was delayed for about 1 h, which can be seen from the lower
growth rate value and lactose consumption during the first 5 hours and vice
versa between 6-9 h.

4.2.4.2 Change in free amino acids during fermentation in
renneted RSM

Table 8 shows amino acid consumption during the 1* and 2™ growth phases.
Although St. thermophilus has not been shown to be auxotrophic for any single
amino acid, growth is abolished when both Glu/Gln and Cys/Met are removed
(Letort et al., 2002). In addition, the omission of Leu and Val reduces the growth
rate more than three times and only six amino acids (Asn, Ala, lle, Gly, Ser and
Thr) can be individually omitted without any effect on the growth rate.

Most of the trends of FAA during the growth of ST12 in RSM, irrRSM and
those with rennet addition were comparable; however, during the first three
hours more free amino acids per biomass formed were consumed in irrRSM
(most of the amino acids were supplied in free form to satisfy requirements for
biomass protein synthesis) than in RSM. The only amino acids consumed in
amounts corresponding to the calculated requirements for biomass synthesis in
the 1% exponential phase were Gly, Glx (GIn+Glu) and Asx. In irrRSM, the
consumption of free Gly and Glx were also sufficient for biomass synthesis in
the 2" growth phase (~6 h). These amino acids were also the only amino acids
whose concentrations in milk exceeded the amount required for biomass
synthesis (Table 9). The amount of free His was also sufficient to satisfy
biomass requirements, although the amount of this amino acid did not decrease
during the growth. Most of the concentrations of other free amino acids could
not support the growth of cells more than 30% if we look at the biomass
concentration in irrRSM, which was 1.4 times higher at the 8" h than that in
RSM (0.14 vs 1.0 g/L, respectively). Free Ala, Arg and Pro could support amino
acid requirements for over 40% of the biomass synthesis; however,
concentrations of the amino acids increased during the growth. The results
showed that more free amino acids in irrTRSM (initially) supported the faster
growth of cells but the consumption per biomass (mmol/g) remained similar. In
renneted milk samples more amino acids were released from proteins, especially
in the second growth phase, which led to the accumulation of amino acids in the
media and, due to this, it was not possible to analyse consumptions of amino
acids in the second exponential growth phase.

Overconsumption of Glu(tamate) 5-7 times exceeding the need for biomass
synthesis indicates the potential of the synthesis of other amino acids from it. In
total, 4.6 mmol/g of amino acids were incorporated into the biomass. Of the
total, 30% was covered by the consumption of free amino acids (excluding Glu).
If we take into account Glu overconsumption and amino group transfer to other
amino acids, Glu can provide ammonia for 25% of amino acids for biomass. The
remaining 45% of amino acids must be derived from peptides.
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Table 8. Relative consumption of free amino acids (RfAA)" compared to that required for
the synthesis of biomass proteins (%). Green colour shows that free amino acids were
consumed more than required for biomass synthesis. Amino acid composition of biomass
is taken from the literature (Adamberg et al., 2012)

RSM irRSM
Time (h 3 5 8 22 3 5 8 22
His
Asn
GIn
Arg
Gly
Asp

Glu
Thr

Ala

Pro
Cys
Lys
Tyr
Met
Val
lle
Leu

Phe
Trp

His
Asn
GIn
Arg
Gly
Asp
Glu
Thr

Ala

Pro
Cys
Lys
Tyr
Met
Val
lle
Leu
Phe

Trp

“calculated as Repp = Ixax100/Bya. Baa is the amount of corresponding AA in gram of
biomass

67



‘surojord sseworq Jo SISOIUAS I0J poImbol Uy} POWNSUOD SSO] Sem PIOB OUIWUE 931 Jey) SOJEdIpul MOo[dq 95ejudoIod ‘SpIoe Oulwue

991y paumsuod £q paytoddns oq ued jey) surejoid SSLUIOIQ UL PIOR OUIWE JO JUNOWER dANR[I SUneoIpur My /g [ x ¥y = X VViy se paje[no[ed
"8 .01 x 70 ST ssew [[90 pue [[99 10d [ O] x St SI[[99 1od poonpoid jeay jey) Surunsse UONLIUIIUOD SSEWOI] POUTULIP A[ejudturiodxa,

P

“proe ourwre Surpuodsar1od 0 SI9JAI YV 'surdjoxd ssewolq Jo SISOYIUuAS dy) 10§ A[UO pasn SI PIoe oule
jey) Surwnsse Y[ ul Judesdld proe ourwe 921y woly paonpold oq ued ssewolq yonw moy Junedpur Y g/(0001//70) = ¥y se pare[no[es,
(T10T “Te 10 Squepy) 2INJRINI] WOIJ UdYE) ST uonisodwod sseworq,

9T 9 9¢ 8 81°0 0T°0 1o LT°0 S00 100 00 10°0 L00 €€ 80 e 0’1 Q.Hr—n

6 01 €l ! 81°0 0T°0 1o LT°0 200 200 200 200 81°0 6'C e 0'¢ 8¢ AYd
@l 14! L1 91 810 0T0 cro L1°0 200 €00 00 €00 6€°0 '8 701 [] L0l nag
! 1T 81 ! 81°0 0T°0 1o LT°0 200 200 200 200 LT0 09 9°¢ 09 9°¢ 91
€C 1C €€ ¥C 810 0T0 cro L1°0 ¥0°0 ¥0°0 0°0 0°0 9¢'0 (4! 8Vl 'St 8l eA
4 0 9¢ 0 81°0 0T°0 1o LT°0 ¥0°0 000 00 000 L00 0¢ 00 0'¢ 00 PN
@l 01 81 @l 810 0T0 [4N(] L1°0 200 200 00 00 cro L'cT T LT 94 .ﬁ%r—n
1T 81 0¢ 1T 81°0 0T°0 1o LT°0 ¥0°0 ¥0°0 00 00 wo 6°S1 'Sl 6°Sl [49] m%wH
€S @ L9 8 810 0T0 [4N(] L1°0 01°0 000 800 100 €00 94 o [ 0 w%o
¥9 29 76 1L 81°0 0T°0 1o LT°0 7o cro 7o cro 81°0 8°0C 6'1¢C L0T £7C oIrd
6¢C Ie (44 Se 810 0T0 cro L1°0 S00 900 S0°0 900 ¥9°0 9°¢e 1'6¢ 9°¢e I'6¢ 15 Av4
61 L1 LE 61 81°0 0T°0 1o LT°0 €00 €00 €00 €00 0€0 1ol ol ol ol gL
L18 LY8 9LTT 756 810 0T0 cro L1°0 91 S9'1L 9’1l So'l 61°0 ILT LOE 0LT 90¢ non
69 ¥0T1 101 LTT 81°0 0T°0 1o LT°0 cro 00 cro 0C0 o 9T L'ty 6'9C Ley n—m<
69 L6 66 (81 810 0T0 cro L1°0 1o 61°0 cro 610 S¥0 096 668 LSS 098 \ﬁmu
LE S¢ 149 6¢ 81°0 0T°0 1o LT°0 L0°0 L0°0 900 LOO o 0°SI [49! vyl oSl M.H<
1974 8S ¥9 99 810 0T0 cro L1°0 80°0 110 800 7o 61°0 744! 6°0C 91 I'ie un
181 96 9¢ 601 81°0 0T°0 1o LT°0 €0 610 €€0 61°0 o 6'69 90 1'oL 9'0% usy
0L €rl 001 44! 810 0T0 cro L1°0 [4N(] o cro o 800 S0l S'81 01 1'81 STH
_mew zmm\:w NSY INSYHT Emm _me\ﬂw NSY NS zmm _ZmM.EM NSY JARY:E NSY NS NSY NS

- - - - - - -1 -1
8
o ow“ m.. MMMH MM”W.W - /3 § 1e (") sseworq -dxg ) vy ue._wdz\.wo.a S \,_%ﬂ“ww_ M (VYD) 1w jo uonisodwo)
‘woq

su12jo.1d ssouio1q fo sisayjuds ayj Suipioddns sp1op
oUIUD 22.4f JO JUNOWD 2A1JD]aL PUD YJ1WL UI SPIOD OUIUD 2.4 WLOLJ PaUIDIQO 2G UDD DY) SSDUIOIG JO JUNOWD [DUIXDUL ‘UOLISOdUI0D YN 6 2]GP]

68



4.2.5 Evaluation of microbiological quality of raw milk
produced in Estonia (Publication IV)

Milk is a growth medium for starter bacteria. Therefore, it is important to
know the physico-chemical and microbiological properties of raw milk produced
on farms.

The microbiological quality of raw milk is usually evaluated by total
bacterial count (TBC) and somatic cell count (SCC), which are regularly
checked by independent authorities (at the farm level) and by dairies (pooled
milk). The maximum levels of TBC and SCC are fixed by EU regulations (EEC,
1992, Council Directive 92/46/EEC).

The main aim of this study was the determination of specific bacterial groups
(LABC, PBC and ASFBC) in the bulk-tank raw milk of dairy farms (Figure 20).
These technologically important microbes are not analysed routinely by dairies;
however, the results obtained give valuable information on the quality,
processability and stability of raw milk in most of Estonian dairy farms during a
period of four years.

In addition, the same bacterial groups were determined from dairy silos,
which provides information about changes (growth) in microflora occurring
during transportation and the pooling of farm milk in large volumes (Table 10).
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Figure 20. Histograms showing the relative distribution of three microbial groups in
raw milk from Estonian farms between 2004-2007: A) lactic acid bacteria counts, B)
psychrotrophic counts, C) aerobic spore-forming bacteria counts

4.2.5.1 Lactic acid bacteria

LAB are considered to be natural and generally desired microflora of raw
milk. However, our results showed that lactic acid bacteria were the dominant
bacterial group on only 24 farms (18% of the total) with an average of 7.6x10
CFU mL™ (variation from 2.1 x 10? to 1.4 x 10° CFU mL™). In recent decades,
the counts of lactic acid bacteria in farm bulk-tank raw milk have decreased by a
factor of about 20 in Estonia (P.Elias, personal communication), possibly due to
improved hygiene in milk production and fast cooling after milking.
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Table 10. Average values for microbiological parameters of raw milk, from 2004 to
2007 (count CFU mL™)

Parameter Mean Min Max  Standard*

Dairy farm 7600 210 145000 )
LABC Auto 9274 1800 30436
Storage silos 12210 1350 134000

Dairy farm 10000 424 64000 )
PBC Auto 17880 409 37295
Storage silos 56880 900 495000

Dairy farm 131 5 836 )
ASFBC  Auto 130 23 363
Storage silos 191 9 845

Dairy farm 27000 5000 143000 100000
TBC Auto 29650 13000 60778
Storage silos 50421 20000 206000

Dairy farm 277000 129000 514500 400000
SCC Auto 274880 165000 370830
Storage silos 279850 208500 339000

LABC, lactic acid bacteria count; PBC, psychrotrophic bacteria count; ASFBC, aerobic
spore-forming bacteria count; TBC, total bacterial count; SCC, somatic cell count.

* Current regulatory limits for total bacterial count (CFU mL™") and somatic cell count
(cells mL™) in EU (EEC, 1992, Council Directive 92/46/EEC).

(-) No standard established.

4.2.5.2 Specific bacterial groups

Typical psychrotrophic microflora include Pseudomonas spp. and
sporeforming bacteria.

Controlling the content of psychrotrophic bacteria is very important because
these bacteria are able to produce heat-stable, extracellular proteases, as well as
lipases. Proteases are associated with bitterness in milk, gelation of UHT
sterilized milk, and reduced yields of soft cheese (Hantsis-Zacharov & Halpern
2007). Lipases, by hydrolyzing triglycerides, cause flavour defects associated
with fat breakdown in cream, butter, cheese and UHT products (Hantsis-
Zacharov & Halpern, 2007). In Europe, the psychrotrophic counts of raw milk
can not exceed 50,000 CFU mL™" (Cempirkova & Mikulova, 2009). Lipolytic
and proteolytic activities, supported by psychrotrophic bacteria, are considered
insignificant at PC levels lower than 10° CFU mL" (Cempirkova & Mikulova
2009). PBC levels in the majority of milk samples (98%) analysed by us were
below 50,000 CFU mL"™. Compared to farm bulk-tank raw milk, the PBC counts
in dairy plant storage silos were higher (Table 10). The increased PBC count in
plant storage silos may be caused by contamination during transportation and/or
multiplication during cold storage of raw milk for two-three days. According to
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molecular analyses, the genus Pseudomonas spp. was the dominant spoilage flora
in Estonian farm milk, with Pseudomonas fluorescens as the prevailing species,
which was also shown as true in France by Lafarge et al. (2004). The numbers of
psychrotrophic bacteria were comparable to those of LAB.

Another group of undesirable microbes in raw milk include the aerobic
spore-forming bacteria that may survive pasteurization and propagate in final
products (Foltys & Kirchnerova, 2006). Barbano et al. (2006) stated that spores
are typically present in low numbers in raw milk. The ASFBC found in our
study were generally higher (a mean of 131 CFU mL™") than reported by Boor et
al. (1998), with a mean of 49 CFU mL"'. However, that study was conducted
about 15 years ago. ASFB were found in raw milk samples from all farms during
the whole period studied. The level of ASFBC from raw milk storage silos
showed great variations over the sampling days (from 9 to 4.5 x 10° CFU mL™).

Although TBC is an important indicator of the overall microbial quality of
raw milk produced, it does not provide additional information on the
composition of this microflora. For example, if the majority of the microbes in
milk with high TBC include psychrotrophic bacteria, there is a high risk of
flavour defects and decreased yields in cheese or quark products. During 2004-
2007, the average PBC exceeded that of LABC in Estonian farm milk.

The general microbiological quality of raw milk produced in Estonia is
acceptable; however, there is a tendency for PBC to exceed the counts of LAB
which may influence starter growth and product quality.

Based on the survey, dairy plants should better control their supply chains,
and choose milk from the best farms (low PBC, ASFBC and SCC, and higher
LABC) for the production of fermented products and cheese.

4.2.5.3 Detection of microrganisms in raw bulk milk using
microcalorimetry

Calorimetric power-time curves of bulk raw milk from three different farms
and acidification curves (measured by the iCINAC system) are presented in
Figure 21. Measurements were made at 30°C.

It can be seen that the microcalorimetric method was able to detect bacterial
growth in raw milk even if less than 5 x 10° CFU mL™" were present. The result
show that when CFU counts increase (and pH decreases), increased thermal
power is also seen in the calorimetric measurement.

We suggest that calorimetry could be used as a complement to plate counts,
for example to check for microbial growth in milk as a form of industrial quality
control and for studies of the efficiency of different treatments.
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Figure 21. Calorimetric power-time curves of bulk raw milk from three different farms
at 30°C
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5. SUMMARY OF DISSERTATION

The main results from this dissertation, summarized in this section, are
divided into five sections, related to the studied milk treatments:

I.

II.

I1I.

a)

b)

b)

d)

Conclusions reached for the growth of LAB in heat-treated milk
It was shown that different heat treatments of milk changed the
growth of LAB in milk: treatment at higher temperature led to more
pronounced changes.

UHT treatment of milk led to a decrease in the growth rate of St.
thermophilus ST12 and almost completely inhibited the growth of
Lb. paracasei S1R1.

The fat content of milk had only a minor effect on the growth of
LAB.

Conclusion reached for the growth of LAB in milk with
removed oxygen

It was shown that the removal of oxygen by N, or the catalase
treatment of milk resulted in faster growth with a shorter lag-phase
of thermophilic starters in skim milk.

Conclusions reached for the growth of St. thermophilus ST12 in
milk prepared from irradiated milk powder

It was shown that gamma irradiation of low-heat skim milk powder
with 10 KGy doses led to distinct differences in growth patterns, and
the metabolism of sugars and amino acids of Strepfococcus
thermophilus ST12 in reconstituted from irradiated powder skim
milk. The data obtained were used for the analysis of peculiarities of
changes in the intracellular metabolism of the bacteria observed.
Distinctively diauxic growth curves in RSM were replaced by one-
stage growth curves in irrRSM. The final pH in RSM was 5.56,
while in irrRSM samples it was 4.41. A lower un.x was observed in
irrRSM.

The power-time curves obtained for tenfold decreasing inoculation
rates in the range 10°-10' CFU ml" are strikingly similar (Ppax
value) and were shifted at practically regular intervals from each
other.

The patterns of the hydrolysis of lactose, utilization of glucose and
formation of lactic acid in irrRSM were very different from those in
RSM. Practically all the lactose (~130 mmol L) was hydrolysed to
glucose during the active growth phase of the bacteria in RSM in
comparison with the 30 mmol L' utilized in irrRSM. The
accumulation of galactose was lower than predicted from the
consumption of lactose. At the end of the exponential phase, the
amount of lactic acid was twofold lower in irrRSM.
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Iv.

The initial total concentration of FAA in irrRSM was about 10%
higher than in irrRSM. At the end of fermentations, twofold lower
amounts of FAA were observed in irrRSM and the quantitatively
dominant amino acid ratios were different: glutamic acid, proline
and lysine in RSM, and proline and alanine in irrRSM.

It was shown that processing low-heat skim milk powder with
gamma irradiation resulted, in addition to visible modification in
colour (yellowish) and odour (pronounced off-flavour), substantial
differences in SFS spectra (the intensity of the fluorescence
maximum of tryptophan was threefold and twofold lower in
irradiated powder and milk, respectively), as well as in the dynamic
viscoelastic properties of gels (the time of the initiation of gel
formation was about 36 min shorter, but the gels were considerably
weaker).

Conclusions reached for the growth of St thermophilus in
renneted milk

Two distinct types of power-time curves were measured in milk
with and without rennet addition. The characteristic feature of the
power-time curves observed in r-RSM was the “deviation moment”,
where the maximum specific growth rate had decreased.

No differences in i, value were observed in the media studied,
whereas (.o Were significantly lower in r-RSM.

The acidification development was faster and led to a lower pH in
liquid milk samples compared to renneted milk samples.

There were no clear differences in the hydrolysis of carbohydrates
between renneted and non-renneted milks; however, in the r-RSM,
the lactose consumption was delayed for about 1 h.

The increase in the total free amino acids (TFAA) during 22 h was
higher in r-RSM than in RSM, possibly due to the enzymatic
activity of rennet on casein.

Streptococcus thermophilus ST12 can be used as a fast-growing
model organism for metabolic flux analyses (timax 2.2 h'l), where the
catalytic rates of enzymes can be significantly higher and the
metabolism is organised in a different way than that of L. lactis.

Conclusions reached for the growth of LAB in raw milk

During the past decade LABC in farm bulk-tank raw milk in Estonia
decreased by about a factor of 20 (500,000 to 50,000 CFU mL™).
Relatively stable counts of lactic acid bacteria over a 4-year period
were found only in 24 (18%) of the farms studied.

It was shown that the outgrowth of even the low number of foreign
bacteria detected could interfere with the growth patterns of LAB in
milk.
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6. CONCLUSIONS

e It was shown that the application of isothermal microcalorimetry
combined with pH measurement and analyses of sugars and organic
acids allow for the quantitative analysis of the growth of lactic acid
bacteria in milk as the main substrate for dairy starters.

e (alculation methods were developed and validated for the analysis of
complex power-time curves, together with auxiliary biochemical data
on the growth of Streptococcus thermophilus ST12 in different milk
samples. New information on the growth of LAB in milk was
obtained.

e The effects of several milk compositional and treatment factors on
the growth of Streptococcus thermophilus ST12 were elucidated.
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ABSTRACT

The ability to grow in milk is an important feature of the lactic acid bacteria
(LAB) used as starters for fermented milk products. The activity of starters is a
consequence of many factors, some of which are difficult to quantify, such as the
physiological state of cultures, growth conditions, harvesting and storage
conditions. Usually activity measurements are confined to the ability of starter
cultures to acidify milk, and the classic way to determine this activity is by
measuring the pH of the culture at different time intervals. In the majority of the
studies reported, a more detailed analysis of the acidification process has not
been carried out. Calorimetry, in particular isothermal calorimetry, is ideally
suited for the detailed study of acidification processes, as it offers many unique
advantages.

In the present work, the peculiarities of the growth of thermophilic starter
bacteria in differently pretreated milk samples were studied using the isothermal
batch microcalorimeter TAMIIL. Maximal specific growth rates gma (W h™),
heat produced during different growth stages Qo (J mL™") and Oexp (J mL™), and
lag—phase 4 (h) duration were obtained by processing calorimetric curves. Along
with calorimetric measurements, changes in the concentrations of amino acids,
sugars and lactic acid were determined and pH measurements of culture media
were carried out in order to obtain additional information for the interpretation
of calorimetric power-time curves. The rheological properties of milk gels using
low amplitude oscillatory measurements and fluorescence spectra using the
spectral fluorescence signature technique were additionally measured for the
investigation of the effect of y-irradiation on skim milk powder. The applied
combination of novel methods made it possible to study, in unprecedented
detail, the quantitative growth of LAB in milk samples.

The microbiology of fluid milk impacts the production and consumption of
dairy products in several different ways. Numerous types of bacteria
(Pseudomonas spp., for instance) can degrade milk components, creating
negative sensory attributes, decreasing processed product shelf life and
adversely affecting cultured dairy product yield. Therefore, it is important to
know the microbiological properties of raw milk produced on farms. The
microbiological quality of raw milk is usually evaluated by total bacterial count
(TBC) and somatic cell count (SCC). The main contribution of this study is the
determination of specific bacterial groups (LABC, ASFBC and PBC) not
routinely analysed by dairies in the bulk-tank raw milk of dairy farms. The
results obtained provide valuable information on the milk quality, processability
and stability of raw milk on large number of Estonian dairy farms over a four-
year period. We suggest, in addition to analysing TBC, analysing the proportions
of different bacterial groups that have technological impacts on better milk
grading.
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KOKKUVOTE

Voime kasvada piimas on piimhappebakterite tdhtis omadus, mis vdimaldab
neid kasutada juuretistena piimatoodete valmistamisel. Juuretisebakterite
aktiivsus on médratud mitmete faktorite poolt, mida polegi iga kord kerge
midrata — bakterikultuuride fiisioloogiline seisund, kasvutingimused, eraldamise
ja séilitamise tingimused jne. Tavaliselt hinnatakse piimhappebakterite aktiivsust
nende piima hapustamise voime jargi moodtes keskkonna pH muutust. Enamikus
siianitehtud uuringutes pole hapnemisprotsesse detailsemalt uuritud. Kalori-
meetria on aga meetod, mis sobib véga histi piimhappebakterite kasvu ja piima
hapendumisprotsesside uurimiseks.

Kéesolevas to0s wuuriti termofiilsete juuretisebakterite kasvu erinevalt
eeltdddeldud piimas, kasutades isotermilist mikrokalorimeetrit TAM III. Mddde-
tud kalorimeetriliste kasvukoOverate analiliis vOimaldas méérata bakterite
maksimaalset kasvukiirust umax (W h-1), erinevates kasvufaasides toodetud
soojushulki Qrwt (J mL-1), Qexp (J mL-1), lag-faasi pikkust A (h) jne. Lisaks
kalorimeetriliste kasvukdverate modtmisele ja analiiiisile moddeti ka ami-
nohapete, suhkrute, piimhappe jms kontsentratsioone, samuti kasvukeskkonna
pH muutumist eesmérgiga koguda tdiendavat teavet bakterite ainevahetuse ja
kasvuprotsesside isedrasuste kohta. Piimageelide reoloogilisi omadusi ja
fluorestsentsspektrite muutusi moddeti, et tdiendavalt iseloomustada y-kiirguse
poolt esilekutsutud muutusi piimas kui bakterite kasvukeskkonnas. Kirjeldatud
meetodite kooskasutamine tegi vdimalikuks pretsedenditult detailse termofiilsete
juuretisebakterite kasvuprotsesside uurimise.

Piimas leiduvad vdorbakterid mdjutavad piimatoodete tootmisprotsesse ja
nende kasutamist mitmel viisil. Néiteks bakterid Pseudomonas spp vodivad
hiidroliiiisida piimavalke ning sellega mojuda negatiivselt toodete sensoorsetele
omadustele, lilhendada nende siilivusaega ning vdhendada juuretisebakterite
toimimise efektiivsust. Ecloeldu tSttu on tdhtis teada voimalikult tépselt piima
vOormikrofloora koostist. Piima mikrobioloogilise kvaliteedi hindamiseks
madratakse regulaarselt ja tavaliselt tsentraliseeritult bakterite {ildarvu ning
somaatiliste rakkude arvu. Kdesolevas t60s hinnati lisaks neile parameetritele ka
spetsiifiliste bakterigruppide LABC, ASFBC, PBC sisaldust Eesti farmide
piimas nelja aasta jooksul. Saadud tulemused voimaldavad hinnata detailselt
nimetatud bakterite moju piima kui juuretisebakterite kasvukeskkonna
omadustele.
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Abstract. The ability to growth in milk is an important feature for lactic acid bacteria (LAB)
used as starters for fermented milk products. Several decades ago the results of the studies
varied widely: some of them showed that LAB grew better in raw milk and others demonstrated
improved growth of the bacteria in heat-treated milk (Foster et al., 1952). The effectiveness of
heat treatment of milk as a tool for modifying the functional properties of protein components
has been extensively documented in the literature (Raikos, 2010), but the information on the
influence of heat treatment of milk on the growth of LAB is not exhaustive. Peculiarities of
growth of Streptococcus thermophilus ST12 and Lactobacillus paracasei S1R1 were studied
using isothermal batch microcalorimeter TAMIIl. Bacterial growth was monitored in
pasteurized and ultra-high temperature (UHT) treated milk with different fat content, and also in
reconstituted skim milk (RSM) prepared from low-heat skim milk powder (LHSMP). Heat
produced during different growth stages (Qur Qexp), Maximal specific growth rate (umax) and
lag—phase (1) duration were determined by processing calorimetric curves, and detailed analysis
of growth of the bacteria in differently pretreated milks were carried out on the basis of these
data. The results of the experiments showed that primarily heat treatment and, to a minor extent,
fat content of milk influenced the growth parameters of both bacterial strains, especially Lb.
paracasei, growth of which was almost completely inhibited in UHT milk

Key words: bacterial growth, Lactobacillus paracasei, microcalorimetry, milk treatment,
Streptococcus thermophilus

INTRODUCTION

Milk as a raw material has a relatively short shelf life but it can be prolonged by
heat treatment, which is an essential step adopted by the dairy industry (Raikos, 2010).
For a high proportion of cheese varieties, pasteurization is the sole treatment applied to
the cheese-milk (Kelly et al., 2008). The temperature/time combinations for the batch
heat treatments used in yoghurt manufacture are 85°C for 30 min or 90-95°C for 5
min. However, very high temperature short time (100-130 °C for 4 to 16 s) or ultra-
high temperature (UHT) 140°C for 4 to 16 s treatments are also sometimes used (Lee
& Lucey, 2010). Heat treatment of milk during commercial processing operations not
only inactivates the microorganisms (Odriozola-Serrano et al., 2007), but also results in
a number of physico-chemical changes in the milk constituents. The rheological
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properties of milk gels, both chymosin and acid induced, are affected by the heat
treatment applied to milk (Parnell et al., 1988), and can result in irreversible changes in
milk protein structure. Some of the changes involved are whey protein denaturation
and aggregation, interactions of whey proteins with casein micelles, reactions between
lactose and proteins, changes in casein micelle structure, transfer of soluble calcium
and phosphate to colloidal phase, changes in fat globule membranes, and decrease in
pH (Singh & Waungana, 2001).

The thermophilic bacteria St. thermophilus are widely used in the dairy industry
in the production of yoghurt and hard ‘cooked’ cheeses (Emmental, Gruyere, Grana).
In the industrial implementations of St. thermophilus, fast growth of the bacteria is
crucial in intense acidification of milk (Derzelle et al., 2005).

The species of Lb. casei/paracasei and Lb. plantarum are the main components of
mesophilic nonstarter microflora (Laht et al., 2002) and become important as adjunct
cultures for the production of fermented milk products (Dupont et al., 2000). As the
starter bacteria decrease in number, a secondary microbial flora grows in the maturing
cheese and it becomes dominant after 1-3 months of ripening (Laht et al., 2002).

Calorimetry is especially helpful in the studies of the growth of the bacteria in
opaque media and is a useful method to obtain kinetic and thermodynamic information
on microbial growth (Kabanova et al., 2009; Kris¢iunaite et al., 2011). The objectives
of this investigation were to study the effect of milk heat treatment on the growth
parameters of thermophilic starter and non-starter lactic acid bacteria using isothermal
batch microcalorimetry.

MATERIALS AND METHODS

Bacterial culture and preparation of growth inocula

The strain of St. thermophilus ST12 used in this work was provided by Chr.
Hansen (Denmark). Frozen cultures of St. thermophilus ST12 culture were thawed and
pre-grown on Petri dishes with M17 Agar (LAB M, UK) for 24 h at 40°C. One colony
from a pre-grown Petri dish was used as an inoculum for a 10 mL culture in sterilized
RSM (Kalev Paide Tootmine AS, Paide, Estonia) at 40°C and left till coagulation. 1%
of pre-grown culture was used as inoculum for the next 10 mL of RSM, left until
coagulation and further used for inoculation of differently heat-treated milk samples.

A frozen Lb. paracasei S1R1 culture isolated from Estonian cheese (Kask et al.,
2003) was thawed and pre-cultured on Petri dishes with MRS Agar (LAB M) medium
for 24 h at 35°C. One colony from a pre-grown Petri dish was used as an inoculum for
a 10 mL culture in liquid sterilized MRS Broth (LAB M) at 35°C. 1 mL of bacterial
suspension grown overnight was used as inoculum for the next liquid 10 mL of MRS
Broth and further used for inoculation of differently heat-treated milk samples.

Milk samples

Low-heat skim milk powder (Kalev Paide Tootmine AS, Paide, Estonia) was
reconstituted in distilled water with thorough mixing for 1 h to yield a final
concentration of 10% (w/v) milk solids. Commercial pasteurized milk with 3.5%, 2.5%
and 0.05% fat content (Tere AS, Tallinn, Estonia) and commercial UHT milk with
3.5% and 0.05% fat content (Kalev Paide Tootmine AS) used in the study were
obtained from retail sellers.
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Calorimetric equipment and measurements

After the addition of bacteria, samples were stirred and 2 mL were transferred
into the autoclaved ampoules. Isothermal batch microcalorimeter TAM 1ll Thermal
Activity Monitor (Thermometric, Jarféalla, Sweden) equipped with 24 channels was
used for the study of the growth of St. thermophilus ST12 and Lb. paracasei S1IR1 in
various milk substrates. Data analysis was accomplished using TAM Assistant
program (v 0.9.1012.40, SciTech Software AB, Thermometric AB).

Statistical analysis

The experimental data were submitted to single-factor analysis of variance
(ANOVA), and the differences among means were determined by Fisher’s least
significant difference (LSD) test.

RESULTS AND DISCUSSION

The power-time curves describing the growth of St. thermophilus ST12 at 40°C
and Lb. paracasei S1IR1 at 35°C in differently pretreated milk samples at the same
initial inoculation rate of 10° cfu mL™ are presented in Fig. 1 and Fig. 2, respectively.
Each curve is the average of three power-time curves, obtained with replicated
samples.

The power-time curves were processed as described by Kabanova et al., 2009 and
the numerical results were presented in Table 1. ANOVA of the data showed that both
milk thermal processing and fat content significantly affected the growth
characteristics of both bacteria (P < 0.05).

Table 1. Parameters describing St. thermophilus ST12 growth in differently pretreated
milk samples: means of maximum specific growth rate (umax), heat evolved during the
exponential growth phase (Qexp), total heat (Qy:) and time at maximum heat production
rate (tgomnmax) Obtained from microcalorimetric power-time curves.

M maxs ht Qexp, J mL™* o taQrdtymaxs h

Sample 1Mexp.  2"Wexp.  1%exp. 2%exp.  Qtot, JmL™ ~end of 2™

phase phase phase phase exp. phase
RSM 1.72 1.38° 0.44% 2.43 6.73% 6.69%
Past 0.05% 2.03° 1.80° 0.07° 1.89° 6.51° 5.88"
Past 2.5% 2.03° 1.55° 0.08° 2.05° 6.51° 5.88"
Past 3.5% 1.94° 1.47° 0.07° 2.01% 6.58°% 6.05"
UHT 0.05%  2.03° 1.22¢ 0.10¢ 2.39°% 5.98" 15.87¢
UHT 3.5% 1.99" 0.98° 0.11° 2.41° 5.88" 16.02°

The dual-peak power-time curve of diauxic growth of St. thermophilus ST12 was
registered in reconstituted milk prepared from LHSMP, also in pasteurized and UHT
milk. Two peaks observed correspond to two growth phases: the first exponential
growth phase (a shoulder of the curve), and the second (major) exponential growth
phase. However, power-time curves in the milk subjected to various heat treatments
were completely different. In RSM the heat evolved during the first exponential phase
was 6.5% of the total, whereas the contribution of this phase was 1.1-1.9% in other

475



milks. There were no significant differences in Qu (6.5-6.7 J mL‘l) between
pasteurized milk with 0.05%, 2.5%, 3.5% fat content and RSM (P > 0.05), but the total
e\égfl)ved heat Q. was the smallest in UHT milk (5.9 J mL’l).
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Figurel. Thermal profiles of differently pretreated milk inoculated with
thermophilic lactic starter bacteria St.thermophilus ST12. Mean power-time curves
(n = 3) of milk prepared from low-heat skim milk powder (a), pasteurized milk
with 0.05% (b), 2.5% (c), 3.5% (d) fat content, and UHT milk with 0.05% (e) and
3.5% (f) fat content.
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Figure 2. Thermal profiles of differently pretreated milk inoculated with non-
starter lactic acid bacteria Lb.paracasei SIR1. Mean power-time curves (n = 2) of
milk prepared from low-heat skim milk powder (a), pasteurized milk with 2.5% fat
content (b), UHT milk with 3.5% fat content (c) and UHT milk with 0.05% fat
content (d) — no heat production detected.
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The differences in time scales and heat evolution scales on Fig. 1 and Fig. 2
reflect the differences in growth of the bacteria.

The mean fermentation times needed to reach the maximum heat production rate
(twornmax) ON the power-time curves were equal to approximately 6 h for pasteurized
milk with 0.05%, 2.5% and 3.5% fat content, and they were different from the UHT
milk with 0.05% and 3.5% fat content, where t(o/iymax Was reached in 16 h.

It was shown for St. thermophilus ST12 that the calculated e in the first
exponential growth phase was higher than in the second exponential phase irrespective
of milk substrate. These results are in agreement with the results obtained earlier
(Letort et al., 2002; Kris¢iunaite et al., 2011). After inoculation, the cells start growing
exponentially presumably using the amino acids, dipeptides, tripeptides, and
oligopeptides that are freely available in milk. Subsequently, amino acids become
limiting, and the culture enters a post-exponential growth phase in which the synthesis
of extracellular protease is needed and initiated for the production of free amino acids.
Finally, in a second exponential phase, the proteolytic system is able to supply
sufficient peptides for exponential growth, but here the growth rate is lower than in the
first exponential phase, probably due to the limited capacity of the peptide uptake
systems (Letort et al., 2002; Sieuwerts et al., 2008).

It has been reported that the growth of several strains of LAB was identical in
whole milk and in the same milk with fat removed, but the organisms grew much better
in milk heated at 115°C for 15 min compared to milk heated at 80°C for 10 min
(Foster, 1952). As seen from our data, St. thermophilus ST12 had higher values of zmay
in the first exponential growth phase growing in milk with 0.05% fat content than in
milk with 3.5% fat content. A remarkable decrease of the value of upn in the second
exponential growth phase was also observed in both pasteurized and UHT milks with
3.5% fat content, compared with low-fat samples — from 1.94 + 0.02 to 1.47 £ 0.01 in
the case of 3.5% pasteurized milk, and from 1.99 + 0.05 to 0.98 + 0.05 in the case of
3.5% UHT milk.

The duration of the lag-phase was the same in all milk substrates, but the start of
the second exponential growth phase in UHT milk was markedly delayed. Poor growth
of St. thermophilus ST12 in UHT milk could be explained by specific amino acid
requirements which cannot be met by the proteolytic action of the bacteria on casein,
taking into account that casein micelles in heated milk are coated with denatured whey
proteins (Vasbinder et al., 2003).

It was shown for Lb. paracasei S1IR1 that the power-time curves corresponded to
the two-stage growth pattern in pasteurized milk and multiphase growth in RSM. Lb.
paracasei S1IR1 was characterized by low umax in the second exponential growth phase
in pasteurized milk with 2.5% fat content and three times lower in reconstituted milk
(data not shown). No heat production was recorded during 90 h in UHT milk with
0.05% fat content and very negligible growth occurred in UHT milk with 3.5% fat
content.

CONCLUSIONS

It has been shown that milk thermal processing significantly affected the growth
characteristics of starter culture and NSLAB during fermentation, whereas fat content
had minor effect on bacterial growth. It was demonstrated in the present study that
UHT-treatment of milk led to a decrease of growth rate of St. thermophilus ST12 and
almost completely inhibited the growth of Lb. paracasei S1R1. The values of
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maximum growth rates depended notably on the milk fat content, especially in the
second exponential phase. The results obtained showed also that microcalorimetry is a
very powerful instrument in studying quantitative detailed peculiarities of fermentation
processes in milk.
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The influence of H,0, pre-treatment (10—250 mg L~") of ultra-high temperature treated (UHT) milk devoid
of lactoperoxidase activity on the growth of thermophilic starter in the process of yoghurt production
was studied using isothermal batch microcalorimetry and dynamic rheological measurements. Typical
dual-peak power-time curves of diauxic growth of starter bacteria in milk were registered. Even the lowest
concentrations of H,0; added into milk 1 h before inoculation hindered the growth of thermophilic bacteria,

retarded the onset of milk gelation, and resulted in formation of weaker gels. UHT milk samples treated with
H,0; and subsequently with catalase showed certain bacteriostatic influence of H,0, pre-treatment on the
second exponential growth phase. However, hardly any difference in gelation and no changes in rheological
characteristics of mature gels in milk free of residual H,0; due to catalase treatment prior to inoculation in
comparison with H,0,-free control samples were observed.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Effective cleaning and sanitizing of dairy equipment is a prereq-
uisite for producing high quality dairy products with low bacterial
counts. Disinfectant formulations including quaternary ammonium
or halogen-containing compounds and hydrogen peroxide (H»03)
are commonly used in dairy industry for sanitizing purposes
(Tamime & Robinson, 1999). Sodium dichloroisocyanurate, sodium
hypochlorite, and H0, are main active substances of disinfectants
used also in dairies and farms in Estonia (Henno & Olkonen, 1998).
Being unacceptable in European countries, the retardation of
unwanted bacteria in raw milk by addition of substantial amounts of
H,0, is permitted in some developing countries with warm climate.
The recommended quantities of H,O, to be added to milk range
from 100 to 800 mg L' (Bjérck, 1987). Yet, low concentrations of
disinfectant residues may get into the milk due to faulty cleaning
systems, improper dosage, insufficient rinsing, unsuitable pipeline
design, or in some cases can be deliberately added by producers into
milk to ‘improve’ its bacterial quality.

Early studies of adding high concentrations of H,0, (100 mg L~!
to 15 g L) to milk prior to cheese making showed that the treat-
ment led to softness of cheese mass (Kosikowski & Fox, 1968;
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nologies (CCFFT), Akadeemia tee 15b, 12618 Tallinn, Estonia. Tel.: +372 6 202 831;
fax: +372 6 202 828.
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Roundy, 1958), higher solubility of casein, and higher susceptibility
of casein to proteolysis by rennet (Fox & Kosikowski, 1967) and
Pseudomonas fluorescens proteolytic enzymes (Fish, Pinkston,
Claydon, & Mickelsen, 1969). Schmidt, Morris, and Morr (1969)
reported reduced rate and completeness of casein clotting by
rennet in presence of high concentrations of H,0.

Effects of low concentrations of H,0, in milk have been
commonly considered in scientific literature in conjunction with the
lactoperoxidase (LPO) system, which prevents the growth of bacteria
by catalyzing the oxidation of thiocyanate (SCN™) to hypothiocyanite
(OSCN™) believed to possess antimicrobial properties, using H,0; as
the electron acceptor (Ozer, 1999). The use of LPO system is recom-
mended by FAO/WHO as a standard method for retarding bacterial
growth in raw milk during collection and transportation to dairy
processing plants in situations when refrigeration of the raw milk is
not feasible (Codex Alimentarius Commission, 1991). Recommended
concentrations of H,0; added for activation of LPO system are up to
10mg L.

Inhibiting effects of LPO system on cheese and yoghurt starter
cultures have been reviewed by Seifu, Buys, and Donkin (2005).
Weakening of gel structure, softening and lower viscosity of yoghurt
were reported in LPO activated samples, alterations being assigned
to the oxidation of thiol groups (—SH) of proteins by OSCN~ leading
to decreased number and/or strength of cross-linking (Hirano et al.,
1998a; Hirano, Hirano, Oooka, & Hatanaka, 1998b). As well, @stdal,
Bjerrum, Pedersen, and Andersen (2000) have shown that changes
in milk proteins can occur through the transition of radicals formed
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on LPO during its reaction with H;O, to other milk proteins, and
thereby are not necessarily mediated by OSCN™. In these studies
antimicrobial and oxidizing effects were not related to the action of
H,0, itself but to other components of LPO system.

It has been shown that higher than recommendable concen-
trations of H,O, may cause irreversible inactivation of LPO (Bjorck,
1987; Fonteh, Grandison, & Lewis, 2005; Kussendrager & van
Hooijdonk, 2000). Some slight decrease in tyrosine content in
milk, showing susceptibility of amino acids to oxidation, and
significant increase in peroxide values, indicating lipid oxidation,
have been reported in yoghurt produced from raw milk treated
with considerably high levels of HO, (100—140 mg L~!) and
subsequently heated before inoculation, which demonstrate the
occurrence of HO0z-promoted and apparently LPO-independent
protein and lipid oxidation in milk (Ozer & Atamer, 1999). Never-
theless, the oxidative capacity of intermediate concentrations of
H,0, added to milk at higher levels (10—100 mg L") than normally
required for activation of LPO system, and independently of LPO,
has not been evaluated as yet.

Retardation of starters by H,0, may take place via the following
paths: 1) direct action on microbial cells; 2) activation of LPO
system; 3) oxidation of substrates — oxidation of vitamins or amino
acids, cross-linking of proteins, making them unavailable for
bacteria; or accumulation of toxic compounds, e.g., lipid oxidation
products. Direct action of H,0, on the cells of lactic acid bacteria can
be potentially precluded or at least largely alleviated by incubating
milk samples treated with HO, at elevated temperatures for
adequate time to allow its degradation, or using catalase before
inoculation. The LPO system is inactivated during high temperature
treatment (Kussendrager & van Hooijdonk, 2000); hence, any LPO-
related oxidative or antimicrobial action is not likely to occur in UHT
milk. At the same time, lower rate of spontaneous H,0, decompo-
sition should be expected in heat-treated milk in comparison with
raw milk (Gilliland, 1969). Thus, oxidation of milk proteins, fats, etc.,
and not the direct action of H,O, on the bacterial cells has
been expected to be the main cause of inhibition of the growth of
starters and processes of gel formation in UHT milk. In the present
study, the proof for this statement was sought exploring the growth
of thermophilic starter bacteria in UHT milk by isothermal batch
microcalorimetry and comparing the results with the rheological
profiles of milk gelation during yoghurt production.

Microcalorimetry is a useful method to obtain easily kinetic
and thermodynamic information on microbial growth that can
be barely obtained by conventional bacteriological methods (see
Kabanova, Kazarjan, Stulova, & Vilu, 2009). Gardea et al. (2002)
compared heat evolution by bacteria with traditional plate counts
assessing microbiological quality of milk undergone different
treatments. To the best of our knowledge no published information
can be found so far on the utilization of microcalorimetry for the
study of the growth of lactic starters in milk.

The specific objectives of the present work were as follows: 1)
to apply microcalorimetry to study the influence of low to high
concentrations of HyO, (10—250 mg L~!) independently of LPO
system on the growth of thermophilic starter bacteria in UHT milk;
and concomitantly 2) to investigate gelation and determine
rheological properties of resulting yoghurt using low amplitude
oscillatory measurements.

2. Materials and methods
2.1. Milk and starter supply
Commercial UHT milk with 3.5% and 0.05% fat content (Kalev

Paide Tootmine AS, Paide, Estonia) was used in all experiments.
Liquid bulk starter containing Streptococcus thermophilus (Str.

thermophilus) and Lactobacillus delbrueckii subsp. bulgaricus
(Lb. bulgaricus) (Chr. Hansen XY-11) was purchased from a small
dairy (Ndommiku Talu, Estonia) and used at inoculation rate of 1% in
all experiments.

2.2. Preparation of milk samples

Samples of milk (UHT 3.5% and UHT 0.05%) were equilibrated for
1 h at 40 °C before H,0, addition. Dilutions were prepared from
stock 30% H»0; solution (Riedel-de Haén, Seelze, Germany), and
75 L of corresponding dilution were added to 50 mL of UHT milk
to yield final concentrations of 0, 10, 25, 50, 75, 100, 150, 200 and
250 mg L~ Then, milk samples were left at 40 °C for at least 1 h
before starter addition to promote chemical reaction between H,0,
and milk constituents.

To assure complete utilization of H,0, before inoculation,
parallel samples of UHT 3.5% milk samples incubated with different
concentrations of H,0, at 40 °C for 1 h were treated in excess
with bovine liver catalase (Sigma—Aldrich, St. Louis, MO, USA) prior
to the addition of starter culture. Some samples were also treated
with nitrogen gas for removing oxygen prior to the measurements
of power-time curves in microcalorimeter.

2.3. Microcalorimetry

Isothermal batch microcalorimeter TAM III Thermal Activity
Monitor (Thermometric, Jarfilla, Sweden) with thermal power
detection limit of 0.5 uW was used for the determination of ther-
mophilic starter growth-related heat evolution during yoghurt
production in control and Hy0,-treated UHT 3.5% and UHT 0.05%
samples, and also milk samples treated with catalase and Nj.
After the addition of starter at 40 °C, samples were stirred and then
2 mL were transferred into the autoclaved ampoules. At least two
ampoules were filled per sample and milk without starter was used
as a reference. The experiments were run at 40 °C, and power-time
curves were registered until the signal returned back to the baseline.

Taking into account that in the exponential growth phase
the relationship between biomass concentration (X) and specific
growth rate (1) may be described by the first order kinetics

dx
E:NX (1)

and assuming that the rate of biomass formation (dX/dt) is propor-
tional to the rate of heat production (dQ/dt), maximum specific
growth rate (umax) of thermophilic starter was calculated from
power-time curves as a slope of In dQ/dt over time (t) (Maskow &
Babel, 2003):

dQ . dQ
lnd—& = lnd—t()+umaxt (2)

The total heat produced during fermentation (Q:ot) and the heat
evolved until the gelation point (Q;,.,) were determined using TAM
Assistant software version 0.9.1012.40 (Thermometric).

2.4. Dynamic rheological measurements

Low amplitude oscillatory measurements were conducted using
a Physica Modular Compact Rheometer MCR 301 (Anton Paar
GmbH, Graz, Austria) with the direct strain oscillation (DSO) option,
the Peltier temperature control unit C-PTD200 and coaxial cylinder
measuring system CC27 (outer and inner diameters 28.92 and
26.66 mm, respectively).

After the addition of starter at 40 °C, milk samples were stirred
and an appropriate volume was transferred into the measuring
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system. To prevent evaporation, vegetable oil was added to the
surface of milk sample. Gelation assays were performed at 40 °C,
and were followed for up to 24 h. Samples were oscillated every
10 min after inoculation with starter during the whole experi-
mental run at a frequency of 0.1 Hz and the strain applied was 0.01,
which was within the linear viscoelastic region.

Measurements were replicated in three individual milk samples.
The storage (elastic) modulus (G’), loss (viscous) modulus (G”) and
loss tangent (tan 0) were determined. The gelation time (tge) was
defined as the time necessary for the rheometer response (torque)
to reach the value of 0.01 uNm, considered to be the first reliable
increase in viscosity that exceeded the signal noise indicating that
the milk started to gel. G’ curves were smoothed with 1% relative
smoothing range and differentiation against time (dG’/dt) was
performed with Rheoplus/32 V2.66 software (Anton Paar GmbH).
A gelation rate was obtained from the maximum rate of increase in
G’ over time, (dG'[dt)max.

2.5. Statistical analysis

The experimental data were submitted to single-factor analysis
of variance (ANOVA), and the differences among means were
determined by Fisher’s least significant difference (LSD) test. Paired
Student’s t tests were run to compare the rheological properties of
samples with different fat content. Differences were considered
significant when p values were less than 0.05.

3. Results and discussion
3.1. Growth of thermophilic starters in milk

A typical power-time curve of inoculated milk samples contained
two peaks corresponding to two growth phases of the starter
bacteria: first a smaller one and after that the main larger peak
(Fig.1a). The first, smaller peak did not change on the catalase and N,
treatment (Fig. 1b, c). However, the lag-phase between the first and
the second growth phases disappeared on the treatments, and the
calculated umax of the bacteria increased in the second growth phase
from 0.64 + 0.01 h~! in control to 0.79 + 0.05 and 1.06 + 0.31 h™!in
catalase and Nj-treated milk samples, respectively. The amount of
the bacteria formed during fermentation expressed by Q. did not
change upon aforementioned treatments according to ANOVA (data
not shown). Milk may contain about 10 mg L' of oxygen introduced
during milking and further processing (Siegenthaler & Kosikowski,
1969). Gilliland & Speck (1969) have shown that oxygen incorpo-
rated into milk during aeration slowed down the acid production by
lactic acid bacteria. Sparging with N, removes molecular oxygen
from milk enforcing the anaerobic conditions of growth. Catalase
treatment can also lead to the utilization of O, participating in a two-
stage reaction in cooperation with milk enzymes (e.g. xanthine
oxidase or sulfhydryl oxidase), in a similar way as shown for the
glucose oxidase — catalase system (Parpinello, Chinnici, Versari, &
Riponi, 2002), but indigenous milk enzymes are not likely to
sustain UHT process. On the other hand, some lactobacilli can
produce various amounts of HO, during their growth (Ito et al.
2003; Juffs & Babel, 1975) that may turn self-inhibitory for them
(Reiter & Harnulv, 1984); and thus, removal of produced H,0; by
catalase could be another reason for stimulated growth of starter
bacteria. In accordance with aforementioned studies, we assume
that removal of oxygen by N, and elimination of starter lactobacilli
produced H;0, by catalase were the reason for faster growth of
thermophilic starters in our experiments.

However, it should be emphasized that presence or absence of
oxygen in the milk samples does not change the two-phase pattern
of growth (diauxy of the growth). We assume that the occurrence of
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Fig. 1. Characteristic thermal profiles of milk inoculated with thermophilic lactic starter.
Mean power-time curves (n = 3) of a) UHT 3.5% control samples, b) UHT 3.5% samples
treated with catalase and c) UHT 3.5% samples sparged with N, before inoculation.

two peaks on power-time curves is explained by a switch in
metabolism of starter bacteria from growth on free amino acids
present in milk to growth on amino acids and peptides released by
the enzymes synthesized by the bacteria. Indeed, Letort, Nardi,
Garault, Monnet, and Juillard (2002) have shown that Str. thermo-
philus demonstrates a diauxic growth in milk, displaying two
exponential growth phases separated by a nonexponential phase,
during which proteinase is synthesized. During the first exponential
growth phase free amino acids and small peptides and during
second phase caseins are utilized as the source of amino acids (Letort
et al., 2002).

According to our data (Fig. 1), the first exponential growth phase
of thermophilic starter containing Str. thermophilus and Lb. bul-
garicus was normally shorter and the calculated umax was higher
than in the second phase (Table 1). Also it was shown for Str.
thermophilus by Letort et al. (2002) that the growth rate of the cells
decreased during the second exponential phase in comparison with
the first growth phase due to the limitation in peptide transport
when caseins were used as the source of amino acids. Lb. bulgaricus
had been shown to grow steadily in milk in the presence of Str.
thermophilus, exhibiting no diauxia until the end of fermentation
(Courtin, Monnet, & Rul, 2002). It is noteworthy that the second
peak on the power-time curves corresponded to the approximate
time when bacteria reached the late exponential or the beginning
of stationary phase indicated by the plate counts (data not shown).
Taking into account the possibilities of microcalorimetry in detailed
description of growth of the starters, further study of quantitative
peculiarities of growth of the mixed yoghurt cultures deserves
certainly a future attention.

3.2. Inhibition of growth of starter bacteria by H,0;

Mean power-time curves of UHT 3.5% and UHT 0.05% milk
samples, treated with H,0, at concentrations from 0 to 100 mg L™!
and 1 h afterwards inoculated with thermophilic starter, are shown
in Fig. 2. It is seen that all power-time curves retained the two-stage
growth pattern, but increasing concentrations of H,O; led to the
prolongation of the lag-phase of growth of the starter culture, as
well as both of the growth stages were shifted further in time.
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Table 1

Means + SD? of time at maximum heat production rate (tdq/dr),,,,)» maximum specific growth rate (umax). heat® produced by starter bacteria throughout the entire
fermentation (Q) and before the onset of gel formation (Q,, ) obtained from microcalorimetric power-time curves for control and H,0; pre-treated UHT 3.5% or UHT 0.05%

samples treated or not with catalase before starter addition.

Milk H,0, . Catalase  taqyar),,, (h) tmax (A1) Qrot . Q,, .
(mg 1) 1st exponential phase  2nd exponential phase 1st exponential phase 2nd exponential phase gmL=) gmL=5
UHT 3.5% 0 - 1.71 + 0.05% 5.51 + 0.22* 3.10 + 0.31° 0.64 + 0.01° 12.83 +3.12¢ 127 +0.18°
10 - 243 +0.18° 8.82 + 0.35" 1.49 + 0.12° 0.74 + 0.05" 12.88 +0.27° 128 + 0.03?
25 - 3.15 + 0.17° 9.54 + 0.38" 1.03 + 0.05¢ 0.59 + 0.02¢ 1208 +0.17°  1.64 + 0.15°
50 - 425 + 0.26¢ 10.05 + 0.90° 0.78 + 0.00¢ 0.48 + 0.04¢ 1143 +0.85° 222+ 0.12¢
75 - 6.39 +0.11° 15.56 + 0.44¢ 0.78 + 0.02¢ 0.27 + 0.00° 1035 + 049  2.00 + 0.07¢
100 - 11.33 + 0.03" 17.26 + 0.19° 1.25 + 0.04° 0.37 + 0.01° 9.73 +2.28  2.59 + 0.06°
UHT 0.05% 0 - 1.44 + 0.022 3.90 + 0.04° 2.70 + 1.60° 1.43 + 0.08? 7.79 +2.00°  2.70 + 0.43?
10 - 2.10 + 0.03° 5.21 + 0.20° 1.76 + 0.09" 091 + 0.13° 10.72 + 009"  2.82 + 0.15°
25 - 2.93 + 0.04° 7.11 + 0.01¢ 1.06 + 0.02¢ 0.56 + 0.01° 1113 +£0.22° 2,15 + 0.03°
50 - 4.13 + 0.00¢ 8.61 +0.01¢ 0.90 + 0.01¢ 0.45 + 0.01¢ 10.77 + 0.05°  2.40 + 0.03*®
75 - 7.94 + 0.05¢ 12.43 +0.12¢ 1.14 + 0.01° 0.47 + 0.03¢ 715+ 029  1.96 + 0.16"
100 - 15.19 + 0.13° 17.75 + 0.28" 1.41 + 0.04° ND 6.47 +0.31° 275+ 0.24°
UHT 3.5% 0 + 1.58 + 0.08% 428 + 0.00° 3.17 + 0.05° 0.84 + 0.02* 19.20 + 4.82°  0.85 + 0.03?
10 + 1.62 + 0.06% 478 + 0.08° 328 +0.12° 0.82 + 0.04° 19.40 + 3.09°  0.76 + 0.08°
25 + 1.62 + 0.05° 4.87 + 0.07° 3.14 + 0.06* 0.74 + 0.02%° 16.61 + 2.46°> 0.77 + 0.03?
50 + 1.60 + 0.05% 5.63 + 0.07 2.96 + 0.96° 0.77 + 0.12% 1244 + 263"  0.83 +0.10°
75 + 1.59 + 0.12° 6.29 + 0.22¢ 3.07 +0.14% 0.57 + 0.17° 12.65 +3.13°  0.70 + 0.08*
100 + 1.63 + 0.06* 5.95 + 0.14° 3.55 + 0.92? 0.65 + 0.10% 1207 +1.83° 077 + 0.15°
150 + 1.63 + 0.10° 8.03 + 0.06 3.23 + 0.25° 0.50 + 0.11¢ 1327 £1.27° 079 +0.14°
200 + 1.63 + 0.05% 7.60 + 0.058 327 + 0.24° 0.54 + 0.14> 13.55 + 1.39°  0.86 + 0.28°
250 + 1.65 + 0.11% 8.05 + 0.05 3.17 + 0.26° 0.59 + 0.34> 12.98 + 1.36"  1.16 + 0.48°

2 Means of the same milk samples treated with various concentrations of H,0, followed by a different superscript letter are significantly different at p < 0.05 (ANOVA
followed by Fischer’s LSD test); ND indicates that accurate umax during 2nd exponential phase could not be unambiguously determined from power-time curve due to altered

shape.

b Values are corrected by subtracting heat evolved as a result of residual H,0, degradation in milk before the production of metabolic heat.

Times at maximum heat production rate (faq /), ) obtained from
microcalorimetric power-time curves mark in practice the end of
exponential growth phase — it can be seen from Fig. 2 and Table 1
that the end of first exponential phase was shifted almost ten times
from 1.71 £ 0.05 h to 11.33 + 0.03 h in the case of 3.5% milk, and
from 1.44 + 0.02 h to 15.19 + 0.13 h in the case of 0.05% milk with
an increase of H,0, concentrations from 0 to 100 mg L. Higher fat
content somewhat diminished the effect of H,O, on bacterial
growth. Essentially, the same behaviour was observed also in case
of the second exponential growth phase — addition of increasing
concentrations of H»O, moved the end of the exponential phase
further in time (Fig. 2, Table 1), and higher fat content of the milk
samples reduced the effect. It can be assumed that H,0, had more
sites to react with in UHT 3.5% samples, and thus less residual
inhibitory H,0, remained in milk prior to inoculation influencing
the growth of starter bacteria.

The pmax of the thermophilic starters decreased in both the first
and the second exponential growth phases (p < 0.05), when Hy0,
had been added compared to no addition (Table 1). Total heat (Qyot)
produced during the growth of bacteria in milk corresponds to
overall biomass formed during fermentation. Although growth
kinetics of thermophilic starter changed markedly in milk samples
after HyO, treatment, the total number of bacteria in yoghurt was
not affected so notably in samples with H,0, concentration up to
100 mg L' (see total heat production data in Table 1). Heat
production associated with the growth of starter bacteria was initi-
ated only on the second day of experiment in UHT 3.5% and UHT
0.05% milk samples if HyO, was added at concentration of 150 mg L.
No heat production was recorded during 5 days of observation in
case of H,0, concentrations of 200 and 250 mg L™, indicating total
inhibition of starter bacteria. These results are similar to those
reported for different lactic acid bacteria strains using the similar
H,0; levels (see for example Subramanian & Olson, 1968).

Nevertheless, looking carefully at power-time curves of milk
samples treated with higher amounts of H,0; (over 50 mg L™1), one

can see some heat production in the beginning of the curves,
before the first and second peaks associated with the growth of
the bacteria (Fig. 2). This comparatively minor descending heat
production also occurs on power-time curves recorded from
the samples containing H,O, but no starter added (data not
shown). In the latter case it was also observed that higher initial
H,0, concentrations in milk corresponded to higher amounts of
produced heat. Hence, abovementioned heat evolution should be
assigned to H,0, decomposition in milk.

Thus, in contrast to our initial assumption, incubation of milk for
1 h at 40 °C was not enough for added H,0, to undergo complete
decomposition. Moreover, our results showed that in UHT 3.5%
milk samples, treated with catalase 1 h after H,0, addition prior
to inoculation, the starter had the same lag-phase (Fig. 3) and no
change in pmax (Table 1) in the first exponential growth phase
(p > 0.05) compared with the control samples without H,O, added
in contrast to milk with added H,0; but lacking catalase treatment.
Hence, in samples with H0; added to milk and not subsequently
treated with catalase, inhibition of growth of starter bacteria
and prolongation of their lag-phase could be assigned mainly to
the direct inhibitory effect of residual H,0,. Looking carefully at
calorimetrical data, it becomes obvious that bacteria start to grow
in milk samples not treated with catalase only when H,0, has been
practically fully decomposed (Fig. 2).

Still, power-time curves of inoculated milk samples treated with
catalase 1 h after incubation with H,O, showed rather modified
patterns compared to control ones (Fig. 3). Increase in tqq /dt), 35
well as decrease of the value of umax in the second exponential
growth phase were observed (p < 0.05) (Table 1). Together with
modified growth characteristics of starter bacteria during the second
exponential phase, Qo produced during the growth became
markedly lower in milk samples that have previously undergone
H,0; treatment at concentrations over 50 mg L! (Table 1); in other
words, less biomass was produced on substrate substantially
oxidized by H,0,.
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Fig. 2. Mean power-time curves of inoculated milk samples pre-treated with H,0,
(0-100 mg L~') 1 h before starter addition: a) UHT 3.5% (n = 3) and b) UHT 0.05%
(n = 2) milk samples. Mean (n = 3) gelation times (@) of the samples are marked on
the power-time curves.

Relying on calorimetrical data, it could be assumed that
oxidative action of H,O, in UHT milk was most noticeable on the
components essential for microbial growth particularly during the
second exponential growth phase. Milk contains a wide variety of
components, including proteins that can act like antioxidants and
can serve as the primary target for H,0, action (Jstdal et al., 2000).
Protein oxidation may occur through the oxidation of amino acid
side chains or protein backbone resulting in protein—protein cross-
linkage (e.g., through the formation of dityrosine) or cleavage of
the peptide bond (Berlett & Stadtman, 1997; Giulivi, Traaseth, &
Davies, 2003; Takasaki, Kato, Murata, Homma, & Kawakishi,
2005). Recently, Ozer, Kirmaci, Oztekin, Hayaloglu, and Atamer
(2007) have demonstrated that the treatment of milk with micro-
bial transglutaminase had a growth-slowing effect on yoghurt
starter bacteria, and proposed that low molecular weight peptides
and/or amino acids were cross-linked by the enzyme and became
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Fig. 3. Mean power-time curves (n = 3) of UHT 3.5% inoculated milk samples,
incubated with H,0, (0—250 mg L™ !) for 1 h and subsequently treated with catalase
before starter addition.

partially unavailable for bacteria. Similarly, we assume that H,0,
could cause oxidative changes in proteins, required as a source of
nitrogen during the second exponential growth phase, diminishing
their availability to starter bacteria. As a result, the retarded growth
of the starter bacteria was observed in milk treated with H,0, and
subsequently with catalase, and the impaired rheological proper-
ties of gels formed could be expected as well.

3.3. Milk gelation and small deformation rheological
properties of yoghurts

Gelation curves, which show the evolution of G' and G”
throughout the fermentation, were acquired using dynamic rheo-
logical measurements (Fig. 4). The determined tge, the calculated
parameter that characterizes the kinetics of gelation ((dG'/dt)max),
and the values of the viscoelastic moduli (G’ and G”) and tan
¢ measured 6 h after the start of gelation, describing the structure
of mature gels formed, are presented in Table 2. No change in
viscoelastic moduli (no gelation) was observed in milk samples
with H,0, added in concentrations over 150 mg L~ during 24 h of
fermentation, the data being consistent with microcalorimetrical
measurements that did not show any growth of starter bacteria
during the same period.

A significant prolongation in tge was caused by increasing H,O,
concentration in milk samples (Table 2): the lowest observed
concentration (10 mg L™!) already prolonged the lag-phase of
yoghurt formation for at least 1 h. The tgej of milk with 100 mg L!
of H,0, reached approximately 17 h, extending the onset of gel
formation fourfold compared to the control samples. The tge as
a function of H,0;, concentration for UHT 3.5% and UHT 0.05%
milk samples is presented in Fig. 5; the data were fitted to linear
regression model and a straight line was obtained from tge| versus
H,0, concentration (x) plot (tgef, unT3.5% = 0.12 X + 4.58, 7= 0.99 and
tgel UHT0.05% = 0.12 X + 3.73, r = 0.96). According to the calculations,
the time of initiation of gel formation in milk with higher fat
content was about 1 h longer (4.58 h versus 3.73 h respectively), but
the influence of increasing concentrations of HyO, on tg was
characterized with the same slope.
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Fig. 4. Mean curves of storage (G') (M) and loss (G”) moduli () as a function of time in inoculated milk samples pre-treated with H,0, (0—100 mg L~") 1 h before starter addition:

a) UHT 3.5% and b) UHT 0.05% milk samples. Curves are means of three replicates.

The tge values were marked on the growth curves of starter
bacteria (see Fig. 2), and the heats produced by the bacteria up to
the starting points of gelation (Q,,) were calculated (Table 1).
As seen from the data, full exponential growth of the bacteria was
required to produce enough lactic acid to ensure the initiation of
gelation in UHT 0.05% milk samples, while UHT 3.5% milk samples
gelled generally before the transition from exponential to
stationary phase. A significant increase of Qy,, with the increase of
H,0, concentration was observed in the case of UHT 3.5% samples
(p < 0.001), while in case of UHT 0.05% milk virtually no effect was
seen (Table 1).

The (dG'[dt)max Were higher, and the rheological properties of
gels (G’ and G”) were better in the case of milk samples containing
higher amounts of fat (p < 0.05) (Fig. 4). Treatment with H,0; led to

the decrease of (dG’/dt)max and elastic nature of gels formed (value
of ), and increase of fragility (decrease of G” value together
with the increase of tan ¢ value) (Table 2). In UHT 3.5% samples, G’
and G” as well as (dG'/dt)max decreased to the minimum value on
increasing the H,0, concentration in milk up to 75 mg L~ and
resulted in almost twofold weaker gels (G = 115 + 37 Pa,
G" = 25.6 &+ 6.9 Pa) compared to control sample (G’ = 209 + 8 Pa,
G” =40.0 £ 0.9 Pa). Milk samples pre-treated with H,0, at the level
0f 100 mg L~'1 h before starter addition exhibited slightly higher G’
and G” values again, but still did not reach the values of the control
sample. Both high and low fat milk samples exhibited an increase in
tan 6 up to 75 mg L' of H,0, added into milk 1 h before inocula-
tion, and then diminished at concentration of 100 mg L™" up to the
level in control gels (Table 2). We assume that largely affected
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Table 2
Means -+ SD* of gelation time (tge)), storage modulus® (G'), loss modulus® (G”), loss tangent® (tan ¢) and gelation rate ((dG'/dt)max) for control and H,0, pre-treated UHT 3.5% or
UHT 0.05% samples treated or not with catalase before starter addition.

Milk H,0, (mg L) Catalase tger (h) G (Pa) G’ (Pa) tan & (dG'[dt)max (Pa h™1)
UHT3.5% 0 - 46 +03° 209 + 8° 40.0 +0.9° 0.191 + 0.004° 64.9 + 11.5°
10 - 6.4 + 0.6° 173 + 13 33.6 £ 1.7 0.194 + 0.005* 512 + 4.0
25 - 7.4+ 03¢ 156 + 24b¢ 31.1 + 3.8 0.200 + 0.007° 43.7 + 55"
50 - 9.4 +0.7¢ 128 + 34° 28.1 + 6.5 0.221 + 0.013° 333 + 7.6
75 - 12.7 + 03¢ 115 + 37¢ 25.6 + 6.9 0.224 + 0.011° 29.7 + 8.14
100 - 16.9 + 0.4 145 + 1°¢ 29.4 + 0.4> 0.203 + 0.003? 452 + 3.1
UHT0.05% 0 - 43 +£00? 135 + 8° 339+ 1.8 0.250 + 0.001° 37.9 £222
10 - 5.7 + 0.0° 95 £ 9? 251 £2.12 0.265 + 0.004° 227 £4.12
25 - 6.4 + 0.5¢ 115 + 322 30.0 +£7.12 0.261 + 0.011¢ 293 + 10.7°
50 - 7.9 +1.4¢ 98 + 41° 26.5 + 9.6 0.273 + 0.019¢ 23.7 + 10.8°
75 - 112 + 1.0° 68 + 24° 20.0 +5.9° 0.301 + 0.023° 174 + 4.8°
100 - 17.2 + 0.5 100 + 122 255 +2.7% 0.256 + 0.005" 28.0 + 6.6
UHT3.5% 0 + 3.2 +0.0° 237 + 42 43.1+0.7° 0.182 + 0.001* 89.6 + 4.9°
75 + 3.3 +0.0° 239 + 62 444 + 1.5 0.186 + 0.001° 79.2 £ 052
100 + 3.6 + 04 226 + 6° 423 + 047 0.187 + 0.003? 72.6 + 7.6
150 + 3.8 +02° 242 + 24 45.1 +3.9° 0.187 + 0.002° 824 + 172
200 + 3.8 +0.1° 233 + 11° 432+ 1.7° 0.186 + 0.002° 793 + 7.4
250 + 40+ 0.7% 232 + 11° 436+ 1.3° 0.188 + 0.004° 747 + 9.8

2 Means of the same milk samples treated with various concentrations of H,0, followed by a different superscript letter are significantly different at p < 0.05 (ANOVA
followed by Fischer’s LSD test).
b Rheological parameters of the gels were measured 6 h after the onset of gelation.

growth of starter bacteria, due to residual H,O, present in milk
without further catalase treatment, was the primary reason for
delayed and slowed down acid production, consequently, post-
poned gelation and influenced texture of yoghurts.

The dynamic rheological properties of gels produced from low fat
samples were less affected by H,0, addition compared to milk with
higher fat content (Fig. 4, Table 2). In UHT 0.05% milk, gelation rate
and viscoelastic moduli 6 h after onset of gelation showed similar
dependence on H,0, concentration like in 3.5% UHT samples, but
the differences were not statistically significant according to ANOVA
(p = 0.068, p = 0.084 and p = 0.136 for (dG'/dt)max, G’ and G”,
respectively) (Table 2). It is known that the rate of decomposition of
H,03 is higher in whole milk than in skimmed milk (Amin & Olson,
1967). Significant increase in peroxide values in yoghurt produced
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Fig. 5. Gelation initiation times of UHT 3.5% (@) and UHT 0.05% (O) milk samples as

a function of H,0, concentration. Values are means of three replicates with vertical
bars for the standard deviations.

from H0,-treated raw milk (Ozer & Atamer, 1999) and H,0,-treated
raw cream (Ozer, Kirim, & Atamer, 2000) have been reported refer-
ring to stimulation of lipid oxidation. Lipid hydroperoxides produced
may be subsequently decomposed to yield the reactive aldehyde
species that can amplify damage to proteins by alternation of amino
acids side chains (Uchida, 2003). Therefore, in milk containing fat,
enhanced oxidative influence of H,0; on protein structure, affecting
their further availability as a nutrient for bacteria, and thus, more
pronounced effect of H,O, on the rate of acid production by starter,
gelation of milk and properties of yoghurt could be expected.
Treatment of milk with catalase before starter addition improved
the gelation of UHT 3.5% milk without H,O, added, resulting in
slightly shorter tge| (p < 0.05), higher (dG'/dt)max (p < 0.01) and
higher G’ and G” (p < 0.005) (Table 2). Results fit with calorimetrical
data that showed that catalase treatment favoured the growth of
thermophilic starter, especially in the second exponential growth
phase (Fig. 1); hence, enhanced acid production by bacteria
contributed to improved gelation and resultant gel structure. On the
contrary, samples incubated with H,0, (10250 mg L~?) for 1 h and
subsequently treated with catalase prior to inoculation, i.e. milk
samples free of residual H,0,, showed a negligible increase in tge|
compared to control ones (p = 0.146) (Table 2). Heat produced by
starter bacteria up to the gelation point (Table 1) and consequently
the amount of lactic acid leading to the onset of milk gelation
was virtually the same and independent of H,0, concentration
(p > 0.05). Our results are in agreement with other studies that
report that no prolongation of incubation was needed to reach
a certain pH value in acidified milk samples, previously incubated
with H»0, at 100 or 140 mg kg~ for 6 h and then heated at 85 °C for
20 min and lacking residual H,0; activity prior to inoculation (Ozer
& Atamer, 1999). However, if treated with H,0, in the concentration
range 100—400 mg kg~! somewhat extended incubation periods
were reported by Ozer, Grandison, Robinson, and Atamer (2003).
The altered kinetics of gelation were assumed to be caused by —SH
group oxidation in milk proteins (Ozer et al., 2003), and inhibition of
bacterial growth was not taken into consideration in the latter study.
According to our data, incubation of milk with H,0, for 1 h and
further treatment with catalase, i.e.,, samples that lack residual
H,0, prior to inoculation, did not exhibit any visible effect on
(dG'[dt)max or rheological characteristics of mature gels (G, G”,
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tan 0) 6 h after the onset of gelation (p > 0.05). In contrast to our
results, yoghurts produced from milk pre-treated with H,O, for 6 h
and then heated at 85 °C for 20 min were reported previously to
show a decrease in firmness, increased whey separation, lower
viscosity (Ozer & Atamer, 1999) and impaired dynamic rheological
properties (Ozer et al., 2003). It was concluded that altered prop-
erties of resultant yoghurt in addition to changed kinetics of gela-
tion were also caused by oxidation of —SH groups by H,0; (Ozer &
Atamer, 1999; Ozer et al., 2003). To the best of our knowledge,
available —SH groups of milk proteins are likely to be previously
oxidized as a result of high temperature applied during the
production of UHT milk (Cosio, Mannino, & Buratti, 2000). Thus, we
propose that oxidation of —SH groups by H,0, was not taking place,
but other functional groups of milk proteins were affected in UHT
milk.

4. Conclusions

The present study has shown that even low concentrations of H,0;
led to the prolongation of initiation time of gelation and deterioration
of gel quality, caused mainly by the direct inhibition of starter bacteria
by residual H,0,. Milk samples pre-treated with H,O, and then with
catalase, ensuring complete removal of the oxidant, showed nearly the
same gelation time and overall rheological characteristics indicating
lack of influence of pre-treatment on the formation of protein gel
matrix. Nevertheless, in milk treated with H,0, followed by catalase,
modified growth profile of yoghurt starter bacteria recorded during
second exponential growth phase may likely result in yoghurt with
altered flavour, even though gel properties would not be affected.
The data obtained indicated that H,O, did not alter the structure
of milk proteins determining coagulation processes but changed
bioavailability of amino acids included in the peptides and proteins.

It has been shown in the present study that microcalorimetry is
an excellent method for monitoring the details of growth of lactic
acid bacteria in food matrices, but also chemical and physical
changes of solid state matrices. Detection of heat production
associated with H,0, degradation in milk should be mentioned as
a good example of the latter.
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The growth of Streptococcus thermophilus ST12 (ST12) in milk reconstituted from non-irradiated and
irradiated at 10 kGy low-heat skim milk powders (RSM and irrRSM, respectively) at 40 °C was monitored
by microcalorimetry. Statistically significant differences of the growth patterns of ST12 in RSM and
irrRSM were found. Distinctively diauxic growth curves in RSM were replaced by one-stage growth
curves in irrRSM. The final pH in RSM was 5.56 while in irrRSM samples it was 4.41. The time of initiation

of gel formation was about 36 min shorter; however, the gels were considerably weaker in irrRSM than
in RSM. The front-face fluorescence spectra were also used to characterise the differences in acidification
processes. The microcalorimetric data together with the concentrations of metabolites determined
during fermentation, rheological and fluorescence measurements indicated the substantial changes in
the growth of ST12 in irrRSM in comparison with RSM.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Starter cultures containing lactic acid bacteria (LAB) have an
important role in the manufacture of cheese and fermented dairy
products. The starters are selected for rapid lactic acid formation
and for their ability to contribute to the development of the aroma,
flavour and texture of the products — these features being deter-
mined by a diverse range of metabolic peculiarities (Leroy & De
Vuyst, 2003). Streptococcus thermophilus is the second most
important dairy starter after Lactococcus lactis (Hols et al., 2005;
Thomas & Crow, 1984). It is a thermophilic LAB and has traditionally
been used in combination with Lactobacillus delbrueckii subsp.
bulgaricus or Lactobacillus helveticus for the manufacture of yoghurt
and so-called hard ‘cooked’ cheeses (e.g., Emmental, Gruyere,
Grana), respectively (Delorme, 2008). S. thermophilus is also used
alone or in combination with lactobacilli for the production of
mozzarella cheese (Mills, O’Sullivan, Hill, Fitzgerald, & Ross, 2010).
The use of S. thermophilus in combination with the mesophilic
bacteria L. lactis subsp. cremoris or subsp. lactis as starters in
experimental Cheddar cheese has also been reported in the liter-
ature (Champagne, Gagnon, St-Gelais, & Vuillemard, 2009; Michel
& Martley, 2001).

* Corresponding author. Tel.: +372 6 202 831.
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Skim milk powder is among the most abundantly produced
dairy products. It is used in a multitude of food applications, many
of which require the powder to be reconstituted (Martin, Williams,
& Dunstan, 2007). Milk reconstituted from powder is frequently
used for investigations of cheese-making processes in pilot-plant
conditions (Mohamed, Morris, & Breene, 1982; Peters, 1960;
Wang et al,, 2012; White & Ryan, 1983) as well as in laboratory
practice for studying of activity of starter bacteria (Christopherson
& Zottola, 1989) and propagation of mother starter cultures
(Horrall, Elliker, & Kensler, 1950). In the early days of the dairy in-
dustry raw milk was used as a medium for growing starter cultures
at dairies. Considering that raw milk quality variations can affect
the uniformity of starter activity, raw milk has been replaced by
milk reconstituted from skim milk powder of selected producers
for improving product quality and for better control of the pro-
duction processes (Whitehead, Ayres, & Sandine, 1993). Skim milk
powder, which is specially screened to ensure that it is free of an-
tibiotics, is used as the standard medium for growing starter bac-
teria and for monitoring the acidification activity of LAB. The
powder is reconstituted to milk containing 12% solids and heated at
85—95 °C for 30—60 min (Ranken, Kill, & Baker, 1997).

Irradiation has been found to be a prospective technology to
ensure food safety and sterility with minimum influence on the
functional, nutritional, and sensory properties of some products
(Chauhan, Kumar, Nadanasabapathy, & Bawa, 2008; Farkas, 2006;
Grolichova, Dvorak, & Musilova, 2004; Zegota & Matolepszy, 2008).
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Gamma rays, emitted by the radioisotopes 60co and ¥7cs, X-rays
and electron beams are usually used for the irradiation of foods
(Chauhan et al., 2008; Farkas, 2006). It has been shown specifically
that the irradiation can prevent spoiling of dairy products
(Bandekar, Kamat, & Thomas, 1998; Ham, Jeong, Lee, Han, Jang,
et al., 2009; Konteles, Sinanoglou, Batrinou, & Sflomos, 2009). A
dose of 5 kGy has shown to be sufficient to decrease the total
microflora in milk powder to an acceptable level (Zegota &
Matolepszy, 2008). On the other hand, it has been shown that
irradiation treatment caused physico-chemical changes of the
foods (Ciesla, Salmieri, Lacroix, & Le Tien, 2004). It has led to the
conformational changes of proteins (De la Hoz & Netto, 2008; Ham,
Jeong, Lee, Han, Chae, et al., 2009), modifications of amino acids
(Bhattacharya, Saha, & Mandal, 2000), and breakdown of the pro-
tein backbone (Davies, 2012), and has influenced the nutritional
value and sensory properties of some irradiated foods (Grolichova
et al,, 2004; Zegota & Matolepszy, 2008).

Information on irradiated milk, or reconstituted milk from
irradiated milk powder, used as growth media for LAB is scarce and
somewhat inconsistent. It was claimed by Chamba and Prost (1989)
that the growth of thermophilic lactic acid starters was similar in
milk reconstituted from milk powder irradiated at 20 kGy and non-
irradiated milk powder. However, although it was shown by Favrot
and Maubois (1994) that the growth rate of L. lactis at an inocula-
tion rate 10 cfu mL~! was similar in irradiated and reference milk
samples, at a lower inoculation rate (10* cfu mL~") the growth rate
of the bacteria was significantly lower in milk reconstituted from
skim milk powder irradiated at 20 kGy. In addition, the irradiation
of skim milk powder inhibited the acidification rate of milk at both
inoculation level (10® and 10% cfu mL~") studied (Favrot & Maubois,
1994).

Acidification activity of milk is a very important quality of dairy
starters. Methods used to quantify the acidification activity of
starter bacteria are usually based on measuring pH changes or on
determination of the accumulation of lactic acid (Zanatta & Basso,
1992). In the majority of the studies reported a more detailed
analysis of acidification process has not been carried out.

Calorimetry, in particular isothermal microcalorimetry, is ideally
suited for the detailed study of acidification processes of milk as it
offers many unique advantages: (i) the measured parameter is heat
flow, which can be considered as a universal indicator of change —
whether of microbial growth, or of physical and chemical pro-
cesses; (ii) no specific sample treatment or preparation is needed,
the samples are housed within an ampoule and monitored in situ;
(iii) the technique does not require optical transparency of samples
and is invariant irrespective of their physical form (Gaisford,
O'Neill, & Beezer, 2009). Modern isothermal microcalorimeters
allow measuring heat flows of intensity less than a microwatt. As
few as about 10° active bacterial cells in a culture are sufficient to
produce reliably monitored heat flows (Braissant, Wirz, Gopfert, &
Daniels, 2010). It has been shown that isothermal microcalorimetry
in combination with other analytical methods is one of the most
promising techniques for the characterisation of growth of starter
bacteria in opaque media (Krisciunaite, Stulova, Kabanova, Laht, &
Vilu, 2011; Mihhalevski, Sarand, Viiard, Salumets, & Paalme, 2011;
Riva, Franzetti, Galli, & Schiraldi, 1997).

The aims of the present study were to characterise and compare
the growth parameters of S. thermophilus ST12 (ST12) in milk
reconstituted from non-irradiated skim milk powder and from
skim milk powder irradiated at 10 kGy (RSM and irrRSM, respec-
tively) applying microcalorimetry, and additionally to investigate
the effect of irradiation on skim milk powder on the course of
coagulation of reconstituted milk samples, using front-face fluo-
rescence and dynamic rheological measurements. The applied
combination of the novel methods, which made it possible to study

in unprecedented detail the quantitative growth of the LAB in
irrRSM in comparison with RSM, and the consequences of irradia-
tion on the properties of the milk powder should be considered as
the main justification for the research carried out. The data ob-
tained should be considered as a practical valuable example for
similar studies with other foodstuffs.

2. Materials and methods
2.1. Irradiation of milk powder

Low heat skim milk powder (LHSMP) was obtained from Valio
Ltd. (Helsinki, Finland). A part of LHSMP was irradiated by gamma
rays produced by cobalt-60 in sealed 250 g plastic bags at dose
of 10 kGy using dosimetric system GEX WinDose (Centennial,
CO, USA).

2.2. Preparation of reconstituted skim milk

LHSMP or irradiated LHSMP (irrLHSMP) were reconstituted in
distilled water to yield a final concentration of 10% (w/v) milk
solids, mixed thoroughly for 1 h, heated at 90 °C for 30 min and
cooled to 40 °C immediately before experiments to make a regular
reconstituted skim milk (RSM) or RSM prepared from irrLHSMP
(irrRSM).

2.3. Bacterial cultures and preparation of inocula

The strain ST12 was kindly provided by Chr. Hansen (Hersholm,
Denmark). Frozen cultures of ST12 were thawed and pregrown on
M17 agar (LAB M, Lancashire, UK) for 24 h at 40 °C. One colony from
the M17 agar was inoculated into 10 mL of RSM and left at 40 °C
until coagulation. One per cent of this culture was used for inocu-
lation of 10 mL RSM, left until coagulation and further used for
inoculation of milk samples. The number of bacteria in the inoc-
ulum was determined by plating on M17 agar followed by incu-
bation for 3 days at 40 °C. The final average number of ST12 in the
inocula was (115 + 0.19) x 10° cfu mL~

2.4. Controlled inoculation of reconstituted skim milk with ST12

RSM and irrRSM as growth media were prepared in 50 mL
Erlenmeyer flasks. Milk samples (see Section 2.2) were inoculated
with 1% (v/v) of inoculum prepared as described in Section 2.3 and
intensively stirred. The calculated concentrations of inocula in milk
samples studied varied from 106 to 10! cfu mL~" with the 10-fold
increment. 2 mL from each flask with different inoculum concen-
trations were transferred into the autoclaved calorimetric am-
poules. At least two ampoules were aseptically filled per sample
and milk without starter was used as a reference. Microcalorimetric
experiments were run at 40 °C.

The remaining inoculated milk in the Erlenmeyer flasks was
divided into 1 mL aliquots, placed at 40 °C and used for determi-
nation of the concentrations of carbohydrates, lactic acid and amino
acids and pH measurements at appropriate time points, deter-
mined in accordance with the power—time curves from the
microcalorimetric measurements run simultaneously.

2.5. Calorimetric equipment and handling of calorimetric ampoules

A 24-channel isothermal batch microcalorimeter TAM III
(Thermal Activity Monitor, TA Instruments, New Castle, DE, USA)
was used for the monitoring of the growth of the thermophilic
starter ST12. The calorimetric sensitivity was +0.2 pW and
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detection limit —0.5 pW. Heat generated or absorbed was contin-
uously measured in air-tightly sealed 3 mL calorimetric ampoules.

The filled ampoules were kept in the thermal equilibration po-
sition for 15 min in the calorimeter before moving them into
measurement position. Data were not collected over ~1 h at the
beginning of the experiments to let the thermal equilibration
processes to be completed. Heat flow was measured at 10 s in-
tervals. Data acquisition and analysis was carried out using TAM
Assistant Program (v 0.9.1012.40, SciTech Software AB, Thermo-
metric AB, Jarfdlla, Sweden).

Further analysis of calorimetric data was done according to
Kabanova, Kazarjan, Stulova, and Vilu (2009) and Kabanova,
Stulova, and Vilu (2012). Bacterial growth was also expressed as
the change in the number of viable cells in time using the equation:

AN = AQ/Yq (1)

where AN (cfu mL~" h~1)is the number of bacteria grown during the
selected time interval, AQ (J mL~! h~1) is the heat produced during
the same time interval, Yq (J cfu™) is the heat yield coefficient,
which was calculated on the basis of experimental results (data not
shown) and was determined to be (4.45 + 0.15) x 10~°J cfu". The
Yq is effectively the heat evolved during the multiplication of one
bacterium.

2.6. Measurement of pH

The pH measurements were carried out with pH meter Seven
Easy S20 equipped with InLab 413 electrode (Mettler-Toledo GmbH,
Greifensee, Switzerland).

2.7. Determination of carbohydrates and lactic acid

Milk samples were mixed 1:1 with isopropanol for sedimenta-
tion of proteins in the samples. The precipitate was removed by
centrifugation at 14,000 x g for 10 min. The supernatant was filtered
through a 13 mm diameter and 0.2 um pore size regenerated cel-
lulose (RC) membrane filter (Whatman, Maidstone, UK) and diluted
with water before analysis. Concentrations of lactose, glucose,
galactose and lactic acid were measured with a high-performance
liquid chromatography (HPLC) system (Alliance 2695 system, Wa-
ters Corp., Milford, MA, USA), using a BioRad HPX-87H column
(Hercules, CA, USA) with isocratic elution of 5 mm H»SO4 at a flow
rate of 0.6 mL min~' at 35 °C. A Waters 2414 refractive index de-
tector was used for detection and quantification of substances.

2.8. Determination of free amino acids

Analysis of free amino acids was performed on an ultra-
performance liquid chromatography (UPLC) system (Acquity
UPLC; Waters Corp.), including a binary solvent manager, a sample
manager and a photodiode array detector (PDA), controlled by
Waters Empower™ 2.0 software. Separations were performed on a
2.1 x 100 mm Waters Acquity UPLC AccQeTag Ultra Column oper-
ated at 55 °C. Prior to injection, free amino acids were derivatised
with AccQeFluor Reagent (Waters Corp.) according to the manu-
facturer’s procedure. The injection volume was 1.0 pL, the amino
acids were eluted at a flow rate of 0.7 mL min~!, and absorbance
was recorded at 260 nm. The running time was 12 min. Empower
software (Waters Corp.) was used for data processing.

2.9. Dynamic rheological measurements during fermentation

Rheological measurements during fermentation of RSM or
irrRSM with ST12 at inoculation rate 10° cfu mL~! were carried out

using a Physica MCR301 rheometer (Anton Paar GmbH, Graz,
Austria) equipped with C-PTD200 Peltier temperature control unit
and CC27 coaxial cylinder measuring system (outer and inner di-
ameters 28.92 and 26.66 mm, respectively) as described by
Krisc¢iunaite et al. (2011).

2.10. Front-face fluorescence spectroscopy

An Instant Screener Compact fluorescence spectrophotometer
(LDI Ltd., Tallinn, Estonia) equipped with pulsed xenon lamp was
used for the measurement of front-face spectral fluorescence sig-
natures (SFS) from the milk powders or inoculated milk samples.
Samples were placed in a 10 mL optical cell with quartz bottom
window. The SFS spectra were recorded as a matrix of fluorescent
intensities depending on excitation and emission wavelengths (Aex
and Aem, respectively) resulting in 3D records: the Aex was changed
in the range 230—400 nm, and Jep, in the range 250—615 nm during
the measurements. Excitation and emission slits were set at 5 nm.

The SFS spectra were recorded every 15 min throughout the
fermentation of RSM and irrRSM samples with ST12 at inoculation
rate 10° cfu mL~". SFS spectra recorded were normalised dividing
the intensities of the fluorescence by the volume of the spectra and
analysed by principle component analysis (PCA).

2.11. Statistical analysis of the data

All microcalorimetric experiments were repeated twice and
measurements were carried out with two or three parallel samples.
Other analyses were carried out in triplicate. All values of the par-
allel experimental points were averaged and reported along with
the standard deviation (SD). The experimental data were submitted
to single-factor analysis of variance (ANOVA), and the differences of
the means were evaluated by Fisher’s least significant difference
(LSD) test. The difference of the mean values was accepted at the
significance level p < 0.05.

3. Results and discussion

3.1. Effect of irradiation on spectral and physico-chemical
properties of skim milk powder

The irrLHSMP was yellowish in colour and had a pronounced
off-flavour compared with LHSMP. These odour changes have been
reported as typical for irradiated dairy foods (Day, Fross, & Patton,
1957). The SFS spectra of LHSMP and irrLHSMP are presented in
Fig. 1. The fluorescence intensity corresponding to tryptophan
emission maximum was threefold lower in irrLHSMP than in
LHSMP and the coordinates of the maxima Aex/Aem Were 285/330
and 285/325 nm respectively. After reconstitution, a twofold dif-
ference in the fluorescence intensity of tryptophan remained be-
tween spectra of irrRSM and RSM (data not shown). The decreased
tryptophan fluorescence in irrLHSMP may be associated with the
oxidation of aromatic amino acids or production of other oxidation
products (Stadtman & Levine, 2003), which can quench the

Fig. 1. Spectral fluorescence signatures of (A) low-heat skim milk powder (LHSMP) and

(B) irradiated LHSMP; the black dot corresponds to the fluorescence intensity
maximum.
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fluorescence, or with conformational changes of proteins caused by
irradiation (Ciesla et al., 2004). A distinctive additional fluorescence
signal with a maximum at Aex/Aem Of 350/410—420 nm, which
corresponds most probably to oxidation or Maillard reaction
products (Becker, Christensen, Frederiksen, & Haugaard, 2003; Liu
& Metzger, 2007), could be observed on the SFS spectra of
irrLHSMP but not of LHSMP.

It is known that ionising radiation can lead to the fragmentation,
aggregation, conformational and net electrical charge changes,
oxidation of amino acids and rupture of covalent bonds (Cho, Song,
& Yamda, 2010; Davies, 1987, 2012; Day et al., 1957). According to
Arena (1971), ionising radiation also causes water molecules to lose
electrons, producing H,O" and “free” solvated electrons. These
products react with other water molecules to produce a number of
reactive compounds like superoxide anion radicals (O3) and hy-
droxyl radicals (OH*) (Thibessard, Leblond-Bourget, Fernandez, &
Decaris, 2001) and non-radical hydrogen peroxide (H,0,) (Davies,
1987). OH can also be generated from the reaction of O3 with
H,0; (Fridovich, 1983). The reactive oxygen formed during expo-
sure to gamma-irradiation can lead to the cleavage of peptide
bonds (Stadtman & Levine, 2003). It has been shown by Ham, Jeong,
Lee, Han, Chae, et al. (2009) that asj-casein and Pa1-casein were
degraded, whereas asp-, Bp-, and Pas-caseins were formed by
gamma-irradiation.

It can be suggested that irradiation treatment can affect also the
buffering capacity of milk, which mainly depends on the compo-
sition and distribution of minerals and proteins between aqueous
and solid phases (Salaiin, Mietton, & Gaucheron, 2005). As already
in the beginning of fermentation the pH (6.48 + 0.01 and
6.43 + 0.01 in RSM and irrRSM, respectively) and total free amino
acids (Tables 2 and 3) were different in RSM and irrRSM, this could
indicate that initially the samples were differing also in terms of
buffering capacity.

All these mechanisms could be involved in changing the spectral
characteristics observed. However, a more detailed study of the
structural changes of skim milk powder caused by gamma-
irradiation is awaiting future research efforts.

3.2. Calorimetric experiments

The growth of ST12 in RSM and irrRSM was monitored by
microcalorimetry at 40 °C. Typical calorimetric power-time curves
of the growth of ST12, acidification curves and number of bacteria
calculated from power—time curves (N; log cfu mL’l) in RSM and
irrRSM samples at inoculation rate 10° cfu mL~! are presented in
Fig. 2. The power—time curves recorded were processed as
described by Kabanova et al. (2012) and the numerical results are
presented in Table 1.

3.2.1. Typical power—time growth curves of ST12 in RSM and
irrRSM

The power—time curves were remarkably different for the
growth of ST12 in RSM and irrRSM (Fig. 2). Power—time curves in
RSM showed two peaks corresponding to two exponential (fast)
growth phases: the first exponential growth phase (a smaller peak, a
shoulder) and the second exponential growth phase (a major peak).
This shape of the power time curve was in agreement with the re-
sults reported in literature for L. lactis (Juillard et al., 1995; Letort,
Nardi, Garault, Monnet, & Juillard, 2002; Niven, Knight, &
Mulholland, 1998) and can be explained by the fact that oligopep-
tides and presumably also free amino acids were the main sources of
nitrogen during the first exponential growth phase, whereas pep-
tides of caseins released by cell wall located proteinases were used
as the source of amino acids during the second exponential growth
phase. As mentioned above, L. lactis and not S. thermophilus was
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Fig. 2. Calorimetric power—time (P) curves (bold lines) of the growth of Streptococcus
thermophilus ST12, number of bacteria (N) calculated from the power—time curves
(thin lines), and pH changes (circles) in reconstituted skim milk powder (RSM; black)
and in irradiated RSM (grey) at an inoculation rate of 10° cfu mL~". Arrows mark the
mean gelation times determined rheologically.

studied in the cited papers; however, Juillard et al. (1995) reported
that the transport of oligopeptides in these two bacteria is similar.

According to our data (Fig. 2), the specific feature of the growth
of ST12 in irrRSM was the absence of a shoulder (the first smaller
peak) on the power—time curve. The maximum specific growth
rates (umax) of bacteria in the single exponential growth phase in
irrRSM were close to the values of the first fast exponential growth
phase in RSM, still significantly different according to ANOVA
(Table 1). Moreover, higher total amounts of free amino acids were
observed in the beginning of fermentation (0 h) in irrRSM in
comparison with RSM (Tables 2 and 3). This justifies the hypothesis
that peptides and amino acids were facilitating the fast growth of
bacteria in reconstituted milk. Broad specificity of peptide trans-
port system of S. thermophilus and its capacity to use large peptides
up to 23 amino acids (Juille, Le Bars, & Juillard, 2005) support the
assumption that the growth of the bacteria in irrRSM during the
first 7 h of fermentation largely depended on the utilisation of
oligopeptides. Peptide transport into the cells has been reported to
limit (determine) the growth rate of the bacteria in the media
containing casein-derived peptides (Letort et al., 2002). However,
our data supported specifically the notion that the presence of
peptides in the growth medium may have accelerated the growth
of the bacteria in milk, and hydrolysis of caseins was presumably
the rate limiting step in the second slower exponential growth
phase in RSM.

As seen in Fig. 2, the remarkable differences were observed in
the acidification profiles of the reconstituted milk samples studied.
The pH of irrRSM just after inoculation (6.43 + 0.01) was slightly
lower than that of RSM (6.48 + 0.01), which was in agreement with
Day et al. (1957), and Ham et al. (2005). The pH of the RSM and
irrRSM milk samples decreased slowly up to 4 h of fermentations
and then more rapidly in the irrRSM than in the RSM samples.
However, pH was higher than 6 during the whole exponential
growth phase, which was a clear indication that acidification as
such could not be the reason for the termination of the exponential
growth. A remarkable difference in the final pH (after 22 h incu-
bation) of the RSM (5.56 + 0.03) and irrRSM (4.41 + 0.02) samples
was observed. However, also these values were clearly higher than
the pH 4.0—4.2 usually observed at the end of the growth of the S.
thermophilus (Zanatta & Basso, 1992).

To study quantitative peculiarities of the growth of ST12 in the
RSM and irrRSM in more detail, different inoculation rates were
investigated.
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Table 1
Streptococcus thermophilus ST12 growth parameters in reconstituted skim milk (RSM) and in irradiated reconstituted skim milk (irrRSM) at 40 °C.*
Milk  Inoculation tmax (1) Qexp UML) Quoe UML) Negp, x 10% (cfu mL™")  Prax (W mL™")  tpmax (h) X (h)
rate (cfu mL ™) - -
1st exponential 2nd exponential
phase phase
RSM  10° 1.88 £ 0.03**  1.05+0.01**  2.00 +0.05* 7.12+0.01*" 450 + 0.11** 362.95 + 3.80° 550 + 0.00* 0.02 + 0.00*
10° 1.85+ 005  1.18 £ 000 210+ 000" 721+ 003* 473 + 0.00"* 36277 + 403" 6.17 + 0.00" 0.98 + 0.05"*
10* 191 +0.03* 117 +£0.02°* 211 +001° 712 +001*" 474 + 0.03"* 363.10 £ 047** 733 £ 0.00% 2.08 + 0.02*
10% 1.85 + 0.04**  1.14 + 0.01° 1.97 + 0.02°*  7.24 + 0.02°A 4.42 + 0.05** 359.57 + 2.30*"  8.67 + 0.00% 3.05 + 0.05%
10% 1.83 +£0.10*  1.13 +£0.02°* 2,00+ 0.07** 723 +0.07*" 450 + 0.15* 34552 + 8.05°*  9.92 + 0.12°* 4.07 + 0.19°*
10! 1.61 +0.04*  1.01 £ 003" 226 +0.02" 736+ 0.13*" 508 + 0.03% 353.31 + 12.09** 10.83 + 0.00" 4.98 + 0.01%
irrRSM  10° 1.72 + 0.05%8  — 1.82 +001%®  6.83 +022% 4.09 +0.11%8 407.94 + 4.57°® 433 +0.00® 0.13 + 0.09**
10° 1.68 + 0.01%°8 2.09 + 0.05°" 694 +0.14*" 471 + 0.10°* 380.02 + 8.60"™  5.67 + 0.00°® 1.00 + 0.01°*
10* 1.78 + 0.05%  — 210 + 0.03°* 6.96 + 0.06°® 4.71 + 0.10°* 37093 + 1.42°% 692 +0.12® 229 + 0.06®
10° 1.72 + 0.03%°8  — 2,05+ 0.03* 698 + 0.02°® 4.60 + 0.06"* 37519 + 2.32°®  8.00 + 0.00%® 3.38 + 0.06%°
10? 1.66 + 0.00°®  — 217 + 0.06™®  7.00 + 0.10** 4.88 + 0.13 360.28 + 3.67°* 933 £ 0.00® 4.43 £ 0.01°*
10! 146 + 0.07%8  — 225+ 0.06% 714 +0.00* 5.05 + 0.14% 371.63 + 6.36"* 10.67 + 0.00™ 5.47 + 0.15®

? Data are means =+ SD of maximum specific growth rate (umax) in the first and second exponential growth phase, the heat evolved during the exponential phase (Qexp), the
number of bacteria at the end of exponential growth phase (Nex;), the total heat produced during the whole fermentation (Qyo), the maximum heat flow (Pmax), time of the
maximum heat production rate (tpmax), and lag phase duration (1) obtained from microcalorimetric power-time curves. Different superscript lowercase letters (a—f) mark
significant differences at p < 0.05 (ANOVA followed by Fischer’s LSD test) between the data of different inoculation rates; different superscript capital letters (A, B) denote
significant differences between RSM and irrRSM samples at the same inoculation rates.

3.2.2. Effect of inoculation rate on power-time curves of ST12 in
RSM and irrRSM

Calorimetric power—time curves and acidification profiles of
ST12 were monitored in RSM and irrRSM at different inoculation
rates in the range of 105~10! cfu mL~ (Fig. 3). The diauxic growth
of ST12 at inoculation rate 10° cfu mL~! observed in RSM and
disappearance of diauxy in irrRSM (Fig. 2) were seen at all inocu-
lation rates studied (Fig. 3). It is clearly seen that the power—time
curves are strikingly similar in case of all inoculation rates stud-
ied. This was not the case in our earlier studies with L. lactis in
transparent media (Kabanova et al, 2012), and it cannot be
considered a trivial phenomenon.

As expected from the similarity of the power-time curves, and
seen from the data presented in Table 1 the maximum growth rates
tmax Of the first exponential phase were practically the same at
different inoculation rates ranging from 10° to 10 cfu mL~", but
differing in the two media, with slightly lower values (about 8%) in
irrRSM than in RSM.

Heat effects produced during the exponential growth phase(s)
(Qexp) and during the whole studied growth period (Qt) Were
calculated in accordance with the scheme proposed in Kabanova
et al. (2012), and the results are presented in Table 1. The amount
of heat produced during the exponential phases (Qexp) at inocula-
tion rates from 10 to 10? cfu mL~! was roughly the same in RSM
and irrRSM, which in fact means that the numbers of bacteria
grown during the fast growth phases should be rather similar in
both media studied, however, these occurred statistically different
for the inoculation rates 10% and 102 cfu mL~" according to the data
in Table 1. The Qexp at inoculation rate 10' cfu mL™" had the highest
value compared with other inoculation rates and was the same in
RSM and irrRSM. The amount of heat produced during the whole
studied growth period of the bacteria was independent of inocu-
lation rate and was almost the same in RSM and irrRSM, except for
the inoculation rates 10* and 10® cfu mL~. The average Qtor Was
721 £0.09 ] mL™! and 6.98 + 0.10 ] mL™, in RSM and irrRSM,
respectively. Using the value Yq = (4.45 + 0.15) x 102 J cfu! the

Table 2

Changes in the concentrations of free amino acids during fermentation of reconstituted skim milk (RSM) with Streptococcus thermophilus ST12 at an inoculation rate of

10° cfu mL™%
Amino acid Concentration of free amino acids (umol L~1) at various times (hours) after inoculation

0 3 4 5 6 7 8 9 22

Histidine 104 + 0.16 13.7 £ 0.0 177 £ 09 218 £34 287 +1.2 303+ 1.0 29.0 +£ 0.0 335+0.7 188 + 1.1
Asparagine 69.0 £ 1.9 40.3 + 6.0 140+ 1.8 36+13 0.0 0.0 0.0 0.0 68.0 + 2.8
Glutamine 145+ 0.8 16.2 £ 0.6 143 £ 0.6 18.7 £ 0.6 213 +£0.1 20.6 £ 0.6 20.5+0.7 20.0 £ 0.0 222+18
Arginine 144 £ 0.7 54.0 + 0.6 65.1 + 3.7 73.6 £ 1.6 82.0 £ 2.0 829 + 3.0 855+ 3.5 89.0 £ 238 94.5 + 49
Glycine 55.5+ 1.6 58.6 + 2.7 499 + 1.5 28.1+04 139+15 13.7 £ 0.5 13.5+0.7 13.0 £ 0.0 29.5+22
Aspartic acid 26.1+£0.7 357+14 349+ 18 336+ 1.1 49.8 + 1.6 60.6 + 0.9 74.5 £ 6.4 86.0 + 1.4 136.6 + 9.3
Glutamic acid 269.9 + 7.2 2819+ 89 279.2 £ 9.7 259.9 + 89 261.8 +£ 5.7 2673 £33 2735+ 148 2875+ 35 3741 +£ 213
Threonine 10.1 + 0.1 10.8 + 0.5 95+04 6.8 +£0.7 4.6 +03 26+05 4.0 + 0.0 5.0+ 0.0 26.8 + 1.1
Alanine 335+ 1.1 348 + 04 344+ 18 329+05 324+12 319 +0.1 330+ 14 345+ 2.1 76.6 + 8.0
Proline 20.5 + 0.6 274+ 05 324+09 377 +12 50.9 + 2.0 60.6 + 0.9 710 £28 810+ 14 201.3 + 14.6
Ornithine 32+05 34+02 33+02 34+ 04 35+04 36+0.6 3.0+00 35+0.7 49 + 0.1
Cysteine 25+05 156 £ 1.8 211 +26 239+03 218+ 1.0 19.1 £ 0.1 195+ 0.7 200+ 14 39+15
Lysine 155+ 0.3 14.0 + 0.0 122 +03 146 +19 252 + 06 354+ 0.5 440 + 1.4 53.0 £ 0.0 1599 + 11.1
Tyrosine 25+00 3.6 +0.2 3.8+00 57+03 119 + 0.1 164 + 0.6 205+0.7 25.0+ 0.0 873 +£6.0
Methionine 29+0.1 1.8+0.1 14+£0.1 1.3+0.1 2.7 +0.1 48 +£03 6.0 + 0.0 85+0.7 30.5 + 2.1
Valine 14.8 £ 0.1 134+ 04 9.8 +0.2 43 +0.1 50+03 9.9 +0.1 145+ 0.7 205+ 0.7 1074 + 7.7
Isoleucine 58 +0.1 58 +0.1 29+0.1 1.0+0.2 22+02 33+04 4.5+ 0.7 80+14 61.6 5.2
Leucine 8.0+0.1 6.0 £ 0.0 21+0.0 0.5+0.0 25+03 7.1 +£0.1 120+ 14 190+ 14 1248 £9.7
Phenylalanine 27+£02 4.0 +0.2 34+0.2 4.0 +0.1 10.6 +3.9 13.0 £ 0.0 170+ 14 20.5+ 0.7 65.1 + 44
Tryptophan 3.1+0.0 32+0.1 3.1+£0.2 3.7+0.0 55+ 0.0 69 +0.1 75+0.7 8.0+0.0 193+ 1.8
Total 5849 + 5.9 644.1 +5.9 614.5 + 26.5 579.1 + 7.6 636.3 + 11.8 689.9 + 0.1 753.0 + 36.8 835.5 + 16.3 1713.2 + 107.7
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Table 3
Changes in the concentrations of free amino acids during fermentation of irradiated reconstituted skim milk (irrRSM) with Streptococcus thermophilus ST12 at inoculation rate
10° cfu mL~ ",
Amino acid Concentration of free amino acids (gumol L™1) at various times (hours) after inoculation
0 3 5 6 7 8 9 22
Histidine 183 + 2.1 18.0 + 24 16.1 + 0.0 20.6 + 0.0 22.8 + 0.0 212 +26 254 + 4.5 41.5 + 102
Asparagine 40.7 + 0.6 300+ 1.5 357 + 0.0 431+ 0.0 39.6 + 4.0 408 + 2.0 61.1+ 7.4 434 + 0.0
Glutamine 212 + 0.0 159 + 0.7 14.0 + 0.6 16.8 + 1.7 205+ 3.2 21.7 + 3.0 244 + 0.4 17.7 £ 22
Arginine 15.1 £ 1.0 259 +23 441 +54 50.6 + 7.2 645+ 55 649 + 84 62.6 + 2.0 36.1 + 0.0
Glycine 85.3 + 2.0 751 +2.9 60.5 + 3.4 39.8 + 6.7 0.0 0.0 0.0 0.0
Aspartic acid 435+ 2.1 418+ 1.7 42,5+ 0.1 36.3 + 3.5 340+ 1.5 341 +24 28.1+5.3 227+ 05
Glutamic acid 305.8 + 3.9 304.0 + 44 303.7 + 0.3 2543 + 5.4 2042 + 7.7 169.4 + 0.6 117.00 + 3.1 422+ 6.7
Threonine 10.1 + 0.2 9.7 +0.2 8.6+ 0.0 58+ 0.7 0.0 09+03 1.3+09 228 +0.1
Alanine 38.9 + 0.2 37.7 £ 0.2 363 + 04 324+ 0.6 274+ 16 287 + 1.9 38.7 £ 5.2 155.5 + 1.5
Proline 220+ 04 229+ 0.5 26.0 + 1.8 29.3 + 0.9 479+ 16 723+ 0.7 104.0 + 0.0 2151425
Ornithine 24402 24+01 21400 23+02 29+ 00 35421 35+ 00 46+ 14
Cysteine 0.4+ 0.0 0.0 1.6+03 20+0.1 63+ 0.0 57+ 02 4.6+ 0.0 0.0
Lysine 15.0 + 03 14.5 + 0.1 132+ 0.2 10.7 + 0.4 172+ 18 254+ 04 322405 533+ 14
Tyrosine 24 +0.1 2.8 +0.1 2.6 +02 40+ 16 9.4 + 1.1 17.9 + 1.2 262 + 0.4 402 + 0.6
Methionine trace 0.0 0.0 0.0 0.0 0.0 0.0 1.0 + 0.0
Valine 14.6 + 02 12.7 £ 03 11.8 + 03 6.1+03 59+ 15 73+05 93 +09 19.4 + 0.7
Isoleucine 5.5+ 0.0 5.4 +02 3.1+02 0.0 0.0 0.0 0.0 38.6 +£ 2.7
Leucine 104 + 23 9.1+03 89 + 2.1 49+03 114+ 0.1 214+ 04 25.5 + 0.9 57.6 + 4.6
Phenylalanine 36+ 1.9 28+ 0.1 35+ 16 1.8+ 05 57+ 1.2 122 + 0.2 17.6 + 0.3 60.9 + 0.6
Tryptophan 09+ 0.1 1.5+ 0.0 1.5+03 1.9 +0.3 39+ 06 6.9+ 0.0 48 +0.0 15.6 + 2.4
Total 656.7 + 0.6 6322 + 0.6 635.9 + 4.0 563.6 + 10.1 524.0 + 4.8 560.7 + 23.6 593.0 + 29.5 909.9 + 36.0
total numbers of bacteria (Niot) grown during the whole process
were calculated from Q¢ and were (1.62 4+ 0.02) x 10° and
(1.57 4 0.02) x 10° cfu mL~" in RSM and irrRSM, respectively.
A 400 As mentioqed earli‘er, the noted §imilarity of the powe.r—time
ab curves for all inoculation rates studied was not observed in the
350 cd o earlier studies (Kabanova et al., 2012). The key to the understanding
of these facts is in the comprehension of the growth in the cases
300 with the inocula of different levels (10’106 cfu mL™1). In the case
of an inoculum of 108 cfu mL~! the number of bacteria should in-
o250 crease 10° times during the growth, and the amounts of growth by-
£ 200 products formed (lactate in the first place), increase from zero to
£ that corresponding to the final density of biomass (10° cfumL™'). In
o 150 the case of the inoculum of 10', the number of bacteria, and the
corresponding amounts of growth by-products should increase
100 through the range 10'—10° cfu mL~!, which is remarkably more
50 than in the former case. In full agreement with this, with the
“additional” lactate inhibition, umax observed at lower inoculation
0l > rates were previously shown to be lower than those at higher
o 2 4 6 8 10 12 14 16 18 20 22 inoculation rates in agar gels (Kabanova et al, 2012). But, as
Time (h) emphasised, this is not the case in the present study in the case of
B growth on milk: all umax were practically the same at all inoculation
450 rates studied. This could be explained if we assume that the
400 a reconstituted milk has higher buffering capacity in comparison
bcd e £ with the solid state matrices of agar, studied by us earlier
350 (Kabanova et al., 2012).
300 It should be noted, however, that we have no explanation for the
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Fig. 3. Calorimetric power—time (P) curves of the growth of Streptococcus thermophilus
ST12 in (A) reconstituted skim milk powder (RSM) and (B) irradiated RSM at different
inoculation rates (cfu mL™1): a, 10%; b, 10°; ¢, 10% d, 10%; e, 10%; f, 10,

fact that the numbers of bacteria grown during the exponential
growth phase, and during the total growth processes are also
practically the same in the RSM and irrRSM samples. To elucidate
the mechanisms terminating the exponential growth and the
growth of the cultures, additional measurements of carbohydrates,
organic acids, and amino acids were carried out, and the results of
these measurements are presented in the Section 3.3.

Looking carefully at power—time curves of both, RSM and irrRSM
samples, it can be seen that the curves obtained for tenfold
decreasing inoculation rates are shifted with practically regular
intervals from each other — the exponential phases are of equal
length, the numbers of the bacteria grown during the exponential
phase and during the growth of the cultures are the same, but the
lengths of the lag phase (1) are changing with regular interval on
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changing the inoculation rates (Fig. 3A and B, and Table 1). To un-
derstand this quite important peculiarity it should be noticed that
the sensitivity of the TAMIII is 0.5 uW — this heat flow corresponds
to the growing of about >10° bacteria. The instrument is capable of
measuring the growth of the bacteria at a level exceeding this
threshold value. The similarity of the curves observed showed that
the growth of the population in the range 10°—10° bacteria
(see Table 1) was taking place very similarly at different inocula-
tion rates. However, at lower inoculation rates bacterial growth is
recorded only after the number of bacteria had reached
10° cfumL~", and it takes time leading effectively to the increase of A.

The measured A is, as expected, the shortest in the case of the
highest inoculation rates. Taking into account that there also was a
lag of 1 hin the starting of the measurements, it could be concluded
that 1.0—1.15 h was the shortest lag time observed. Lowering of the
inoculation rate by 10 times should lead to the increase of the lag
phase by 3.33 doubling times (tq). Indeed, this was practically the
case. The value of tg4 in both RSM and irrRSM was approximately
0.38 h, which means that the expected shift of the curves
theoretically should have been 1.3 h. As seen from Table 1, the
shifts in 1 were about 20% less (1 h) than calculated above; how-
ever, taking into account that the accuracy of inoculation cannot be
too precise and that the value of umax was reflecting a multi-phased
growth pattern the fit obtained should be considered satisfactory.

It should be noted that the heat effect (Qexp) and numbers of
grown bacteria (Nexp) were 10—20% higher at inoculation rate 10!
than those at the other inoculation rates. 10—15% lower values of
Imax at the lowest inoculation rate 10" cfumL'in comparison with
higher inoculation rates were also observed. The most important
difference between the conditions of the lowest inoculation rate
and higher rates was the amount of the lactic acid and other
possible growth by-products in the samples. Lactic acid concen-
tration in the cultures in the beginning of the measurable power-
time curves was highest at the lowest inoculation rate used
(10" cfu mL™1), and it decreased with the increase of the inocula —
10? cfu mL~! and higher. Taking into account the high similarity of
the power-time curves at all inoculation rates studied, the
conclusion can be made that only the highest lactic acid concen-
trations in the case of the lowest inoculation rate used
(10! cfu mL~!) was influencing the growth characteristics of the
bacteria in the range 10°—10° bacteria per mL.

These low inoculation rate effects could be explained assuming
that diffusion processes of substrates, and bacteria in milk are most
probably not as intensive as in other liquids studied (solutions of
gelatine and agar), and the descendants of the seed bacteria
(inocula) may form loose conglomerates (not real colonies) in
which growth retarding factors (lactic acid, etc.) could accumulate,
and we could even assume that milk was locally coagulated in the
case of the largest agglomerates observed. The same reasoning
could be used to explain the lower umax values in irrRSM than in
RSM. The effects of irradiation described in Section 3.1 could lead to
the somewhat slower diffusion processes in the irrRSM in com-
parison with RSM.

3.3. Carbohydrate utilisation and lactic acid production

As seen from Fig. 4, practically all the lactose was hydrolysed by
the end of the exponential phases in RSM, except for inoculation
rate 10

Glucose and galactose are formed from lactose during the
fermentation, glucose is consumed and lactate is synthesised
simultaneously by the bacteria. As seen from Fig. 4, this balance was
not maintained — there were less amounts of galactose present
than expected. The error bars in Fig. 4 are rather small, indicating
that deviations from the expected amounts of galactose are not

caused by measurement errors. The noticed imbalance could be
explained by the fact that not all the possible products involved
were measured — polysaccharides in the first place, and also not all
growth by-products were determined. About 10—20 mmol L~! of
glucose was utilised and about 20 mmol L~! of lactic acid was
formed by the end of the exponential phases for the inoculation
rates 103106 cfu mL~! in RSM.

As seen in Fig. 4 the patterns of hydrolysis of lactose, utilisation
of glucose and formation of lactic acid in irrRSM were very different
from those in RSM. Less than 30 mmol L~! of lactose was hydro-
lysed during the active growth phase of the bacteria in irrRSM, less
than 15 mmol L' of glucose as well as of galactose was utilised by
the bacteria, and about 10 mmol L~ of lactic acid was formed.
These data indicated that irradiation of the skim milk powder led to
the deterioration of lactose hydrolysis processes by the bacteria. As
the bacteria were obviously not irradiated, the deterioration may be
explained by the changes of the state of lactose (Adachi, 1962) in
irrRSM.

The pH was practically the same at the end of the exponential
phases in RSM and irrRSM (6.31 + 0.01 and 6.24 + 0.01, respec-
tively). Taking into account that practically the same amounts of
heat (numbers of bacteria) were produced during the exponential
growth phase, equality of the pH at the end of the exponential
growth phase could be considered as an indication that pH was the
factor terminating the fast growth. However, the high values of pH
observed cannot support this conclusion.

3.4. Change of free amino acids during fermentation

The changes of the concentration of the individual free amino
acids (FAA) and the content of total free amino acids (TFAA) during
fermentation of RSM and irrRSM with ST12 at an inoculation rate of
10° cfu mL~! are summarised in Table 2 and Table 3, respectively.

The total concentration of the amino acids in irrRSM was about
10% higher than in RSM (657 and 585 pmol L=}, respectively) in the
beginning of fermentations, indicating that irradiation has led to
hydrolysis of proteins in milk powder. This is supporting the idea
that increased content of peptides and amino acids in the irrRSM
was leading to the disappearance of the diauxic growth.

Glutamic acid was the dominant amino acid (46% of the total)
initially in both types of milk samples; however, its concentration
was remarkably higher in irrRSM — 306 pmol L 'in comparison
with 270 pmol L~! in RSM. Higher content of other amino acids
(histidine, glutamine, glycine, aspartic acid, alanine, leucine and
phenylalanine) in irrRSM compared with RSM was also observed. In
contrast, asparagine, ornithine, cysteine, methionine and trypto-
phane concentrations were lower in irrRSM than in RSM.

A period from 3 h to 5 h of incubation in RSM and from 5 to 7 h in
irrRSM was characterised by the decrease of TFAA. The largest
decrease was observed in the concentration of asparagine, glycine,
valine and leucine in RSM and glutamic acid in irrRSM, which
decreased continuously during the fermentation. Glycine was fully
depleted at the 7th h of fermentation in irrRSM.

During the next period (approximately from 5—7 h—22 h) the
intensive liberation of the majority of amino acids was observed
and the content of TFAA increased significantly at 22 h of
fermentation to 1713 ymol L~! and 910 pmol L' in RSM and in
irrRSM, respectively. The quantitatively dominating amino acids in
the RSM at the end of the fermentations were glutamic acid
(374 pmol L), proline (201 pmol L) and lysine (160 pmol L~1);
whereas proline (215 pmol L~!) and alanine (156 pmol L~!) were
dominating in irrRSM. High aspartic acid, leucine and valine
concentrations were also measured at 22 h of fermentation in RSM
(137, 125 and 107 pmol L™, respectively), in contrast to irrRSM,
where concentrations of these FAA were much lower (23, 58,
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Fig. 4. Comparison of lactose (A, E), glucose (B, F), galactose (C, G) and lactic acid (D, H) profiles during growth of Streptococcus thermophilus ST12 in (A, B, C, D) reconstituted skim
milk (RSM) and (E, F, G, H) irradiated RSM at different inoculation rates (cfu mL™"): @, 10%; O, 10°; #,10% <, 10% a,10% A, 10"

19 pmol L', respectively). Ornithine was found at very low
concentrations, and despite the fact that the average concentration
of this amino acid increased continuously throughout the
fermentations, it represented less than 1% of the TFAA content in
both growth media.

Summarising, if the pH (5.56 + 0.03 and 4.41 + 0.02), the con-
centration of lactic acid (69 + 4 and 86 + 4 mmol L™!), and the total
concentration of free amino acids (1713 + 108 and
910 + 36 pmol L™ 1) at the end of the growth in RSM and irrRSM,
respectively, are compared for RSM and irrRSM, they were all
different, and it was not possible to find a “common denominator”
determining the end of the growth of the culture.

As mentioned above irradiation led to the increase of concen-
tration of free amino acids in irrRSM, whereas the amount of TFAA
at the end of fermentation (after 22 h incubation) was higher in
RSM. This observation is not in accordance with the data found in
the literature — no significant differences in the amino acid fraction
of the reconstituted milk samples were noted by Favrot and
Maubois (1994) in case of 20 kGy irradiation experiment.

3.5. Dynamic rheological measurements

Growth of the bacteria in the RSM and irrRSM samples led to
coagulation. The development of storage (G') and loss (G”) moduli
during fermentation in both media with ST12 at inoculation rate
10° cfu mL~! is shown in Fig. 5.

Samples of RSM gelled after somewhat longer time (6.9 + 0.5 h)
than irrRSM (6.3 £+ 0.4 h), but with a higher gel firming rate
(634 + 6.2 Pa h™! and 594 + 4.6 Pa h™! in RSM and irrRSM,
respectively), and resulted in firmer gel (186 + 9 Pa and 177 +4 Pa
in RSM and irrRSM, respectively).

Gelation pH was near 6.3 and 6.1 respectively for RSM and
irrRSM samples inoculated with ST12 at 10° cfu mL™~. It can be seen
from the data obtained, that gelation is taking place after the
exponential growth (Fig. 2).

The data obtained indicated that the gelation as the results of
fermentation was presumably not caused by a ‘simple’ acidification
but possibly also by enzymatic processes with participation of
bacterial proteases.
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3.6. Monitoring of fermentation by front-face fluorescence
spectroscopy

The development of tryptophan fluorescence intensity at

maximum emission (285/330 nm) recorded continuously with
15 min interval during fermentation of RSM and irrRSM with ST12
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Fig. 6. Development of fluorescence intensity at 285/330 nm during fermentation of
reconstituted skim milk powder (RSM; black line) and irradiated RSM (grey line) with
Streptococcus thermophilus ST12 at an inoculation rate of 10° cfu mL™'. Arrows mark
the mean gelation times determined rheologically.

at inoculation rate 10° cfu mL™! is shown in Fig. 6. Changes in
tryptophan fluorescence intensity profiles of RSM and irrRSM milk
during fermentation were very similar, except for the fact that
changes in fluorescence intensity occurred much faster in irrRSM,
which is in line with the faster drop of pH in irrRSM sample.
Changes in tryptophan fluorescence intensity at maximum emis-
sion corresponded presumably to the modifications of the envi-
ronment of the tryptophan residues caused by pH decrease during
acidification; whereas changes in protein network associated with
gelation phenomenon were not clearly distinguishable. The gela-
tion points of RSM and irrRSM determined by rheological mea-
surements (marked in Fig. 6) did not coincide with the same
specific point on tryptophan fluorescence intensity change profile,
but were different for the two milk samples. Change of tryptophan
fluorescence intensity during fermentation with ST12 was similar
to that shown in the case of milk acidified by glucono-3-lactone
(Lopez & Dufour, 2001).

The SFS spectral data recorded at 15 min intervals during
fermentation of RSM and irrRSM with ST12 at an inoculation rate of
10° cfu mL~! were pooled in one matrix and analysed by PCA. The
similarity map (Fig. 7) defined by the principal components 1 and 2
(PC1, PC2) fully discriminated two systems along PC1 axis. Changes
of SFS in time were observed along PC1 and PC2 axes. Two phases
with turning point at pH 5.6—5.7 and pH 6.1 in the case of RSM and
irrRSM, respectively, were observed on the similarity map. How-
ever, the layout of the scores on both axes during the time span of
fermentations of RSM and irrRSM samples followed rather different
profiles. The data show that the turning point, separating two
phases on the similarity map, did not necessarily correspond to the
gelation point. Two-phase change of tryptophan emission spectra
during lowering pH until 4.5 during acidification induced by glu-
cono-d-lactone or yoghurt starter has previously been observed by
Herbert, Riaublan, Bouchet, Gallant, and Dufour (1999) and
Laligant, Famelart, Paquet, and Brulé (2003).

However, in contrast to the above cited studies, no shift in
tryptophan emission was observed in the results presented here,
possibly due to lower resolution spectra used in the present study
(5 nm). On the contrary, the discrimination of the SFS spectra during
fermentation was associated with PC1 and PC2 due to specific Aex of
tryptophan fluorescence peak at maximum Aem of near 330 nm.
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Fig. 7. Principal component analysis map defined by two first principal components
for spectral fluorescence signatures data recorded during fermentation of recon-
stituted skim milk (RSM; black squares) and irradiated RSM (grey diamonds) with
Streptococcus thermophilus ST12 at an inoculation rate of 10° cfu mL ™", Arrows mark
the mean gelation times determined rheologically.
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Considering PC1, fluorescence intensity increased after excitation at
295—-300 nm during the first phase of fermentation, and after the
turning point a change in the opposite direction was observed.
Considering PC2, fluorescence intensity mainly decreased after
excitation near 275 nm during the time course of fermentation.

Previously, tryptophan fluorescence signal measured in pro-
cessed cheese samples was reported to be composed of two tryp-
tophan components with Aex/Aem 0f 300/347 and 280/339 nm, which
were assumed to the fluorophores in different protein structures
(Christensen, Povlsen, & Sgrensen, 2003). Similar to what was found
by Christensen et al. (2003), two types of tryptophan residues could
be differentiated in milk during fermentation based on PC1 and PC2
loadings. From the data obtained it can be concluded that depending
on milk sample used as a substrate for ST12 growth the comparable
reduction of pH can lead to different changes in protein structures
depending on the history of the samples.

4. Conclusions

The present work is, to our knowledge, the first extensive study
of the influence of irradiation treatment on the skim milk powder.
Processing of low-heat skim milk powder with gamma irradiation
resulted in addition to the visible modification in colour and odour
also differences in pH, free amino acids content, SFS spectra as well
as substantial differences in fermentation patterns of irradiated
reconstituted milk fermented by S. thermophilus ST12 and in dy-
namic viscoelastic properties of gels. To the best of our knowledge,
the study carried out was also the first systematic microcalori-
metric study of the growth of a LAB in reconstituted milk. The data
obtained showed that use of microcalorimetry together with the
determination of metabolites is a powerful combination for the
detailed study of growth of anaerobic bacteria and of bacterial
acidification processes in milk. The results of the study also clearly
indicated that further detailed studies would be needed for the
elucidation of the mechanisms of acidification and coagulation
processes, for the careful assessment of the consequences of the use
of sterilising gamma irradiation of skim milk powder.
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Abstract

Aims: The microbial quality of farm bulk-tank raw milk produced in Estonia
during years 2004-2007 was investigated.

Methods and Results: Bulk-tank milk samples were analysed for lactic acid
bacteria count (LABC), psychrotrophic bacteria count (PBC), aerobic spore-
forming bacteria count (ASFBC), total bacterial counts using BactoScan and
somatic cell count (SCC) using Fossomatic. Randomly selected psychrotrophic
isolates were subjected to 16S-23S PCR-ribotyping. LABC remained below
10* CFU ml™" in most samples, while psychrotrophic micro-organisms domi-
nated in 60% of farms. PBC ranged from 42 X 10? to 64 x 10* CFU ml™},
and ASFBC varied from 5 to 836 CFU ml™".

Conclusions: In general, the microbiological quality of the farm bulk-tank milk
was good — more than 91% of samples contained <50 000 CFU ml™", and SCC
in the majority of samples did not exceed the internationally recommended
limits. Genus Pseudomonas spp. was the dominating spoilage flora with Pseudo-
monas fluorescens as the prevailing species.

Significance and Impact of the Study: Specific bacterial groups (LABC, PBC
and ASFBC), not analysed routinely by dairies, were determined in bulk-tank
raw milk of numerous dairy farms during 4-year period. Based on the survey,
dairy plants can better control their supply chains and select farms (milk) for
the production of specific products, i.e. milk with low PBC and high LABC for
cheesemaking.
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Introduction

Factors affecting yield and quality of fermented dairy
products are of major concern for the dairy industry.
The primary prerequisite for making high quality fer-
mented milk products is the production of high quality
raw milk by dairy farms. Milk from different farms var-
ies in the physico-chemical characteristics and microbio-
logical ~quality. These parameters are especially
technologically important when the milk is used for the
manufacture of fermented milk products, cheese or
liquid milk products with long shelf life. Peculiarities of
the changes of the content and composition of bacterial
flora in raw milk and its implications on the dairy tech-
nologies need to be described and taken into account
(Niku-Paavola et al. 1999). Closed milking systems, bet-
ter sanitary design of equipment, more efficient cleaning

© 2010 The Authors

of cows (udder, teats) and effective ‘clean in place’ sys-
tems enable to produce raw milk with extremely low
microbial contamination (Barbano et al. 2006). How-
ever, rapid cooling and long storage of raw milk at low
temperature can be a favour for the growth of psychro-
trophic bacteria. Raw cow milk offered for sale within
the European Union (EU) has to be produced according
to the requirements of Commission Directive
89/362/EEC and to meet quality standards described in
Council Directive 92/46/EEC. Microbiological quality of
raw milk is assessed in large extend by total bacterial
count (TBC) and somatic cell count (SCC), and these
parameters are routinely measured and compared. Milk
for human consumption should have a 3-month geo-
metric mean SCC of <400 000 cells mI™" and plate
count at 30°C less than 100 000 CFU ml™' [Regulation
(EC) No 853/2004]. In Estonia, the milk received by
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dairy plants is classified in three quality categories
according to TBC and SCC: premium class with TBC
not exceeding 50 000 CFU ml™' and SCC <300 000
cells ml™'; extra class with TBC <100 000 CFU ml™" and
SCC <400 000 cells ml™" and first class with TBC
<200 000 CFU ml™" and SCC <600 000 cells ml™" (Esto-
nian Ministry of Agriculture 2008).

Lactic acid bacteria (LAB) are widely distributed in the
nature and considered generally as indigenous microflora
of raw milk. Representatives of genera Lactobacillus, Lac-
tococcus, Pediococcus and Leuconostoc are usually found in
milk. Decrease in LAB together with other contaminating
bacteria in raw milk should be considered probably the
most significant change of the milk quality caused by the
technological progress (Guessas and Kihal 2004).

It has been shown that more than 50% of psychro-
trophs in refrigerated raw milk at the first day of storage
belong to the genus Pseudomonas, with Pseudomonas
fluorescens being the predominant species (Lafarge et al.
2004). Psychrotrophic (Gram-negative) bacteria can pro-
duce heat-stable proteases and lipases that are potentially
harmful for technological quality of milk. Significant lev-
els of extracellular enzymes and the consequent defects in
end products generally appear when bacterial counts
exceed 10° CFU ml™' (Kumaresan et al. 2007). Con-
versely, it has been shown that heat-stable proteases pro-
duced by even low numbers of Ps. fluorescens could
activate the plasmin system in milk and accelerate prote-
olysis in cheese (Frohbieter et al. 2005). Until recently,
the bacterial community of raw milk was described only
by classical microbiological methods (Ercolini ef al.
2009). Modern DNA-based techniques have provided new
possibilities for bacterial identification and taxonomy. For
example, ribotyping has been widely used for identifying
Gram-negative bacteria isolated from milk or dairy prod-
ucts (Martins et al. 2006).

Aerobic spore-forming bacteria (ASFB) belonging to
the genus Bacillus are frequently present in raw milk.
Their spores survive pasteurization, germinate, outgrow,
and they have been linked to spoilage of raw and pasteur-
ized milk and dairy products such as fermented and ultra
heat treated (UHT) milk (McGuiggan et al. 2002; Coore-
vits et al. 2008). The increased aerobic spore concentra-
tion in farm tank milk during the spring and summer
months has been associated with the contamination of
teats with soil during grazing (Vissers et al. 2007). During
the housing period, the teats can be contaminated by fae-
ces, feed and bedding material: hay and dust have been
considered important sources of contamination in winter
(Magnusson et al. 2007; Christiansson et al. 1999).

The aim of the current study was to investigate micro-
bial quality of farm bulk-tank raw milk produced in Esto-
nia during years 2004-2007 and to identify the
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predominant bacterial groups: LAB and technologically
potentially harmful psychrotrophic and spore-forming
bacteria. These data can help dairy farms to improve milk
quality as well as dairies to select milk for different appli-
cations — either drinking milk or products made with
starter cultures like yoghurt, quark and cheese.

Materials and methods

Sampling

A total of 970 bulk-tank raw milk samples were collected
from 131 farms at geographically different locations in
Estonia by licensed milk haulers between February 2004
and June 2007. Samples were also taken from dairy silos
in the same days. The samples were held on ice until
arrival to the laboratory, and all microbiological analyses
were performed within 36 h from sampling.

Enumeration of micro-organisms

The numbers of LAB, psychrotrophic bacteria and meso-
philic ASFB were determined by plate count method.
Milk samples were diluted according to the IDF standard
(Anon. 1996). LAB were enumerated on De Man, Rogosa
and Sharpe agar (MRS) — inoculated plates were incu-
bated at 30°C for 72 h. Samples for the determination of
psychrotrophic bacteria count (PBC) were spread on plate
count agar (PCA), and plates were incubated at 7°C for
7 days (IDF Standard 101A:1991). For the enumeration
of mesophilic ASFB, aliquots of milk were heated at 80°C
for 10 min, cooled in ice bath, plated on PCA supple-
mented with 0-1% skim milk powder (Kalev Paide Toot-
mine AS, Paide, Estonia) and incubated at 30°C for 72 h.

State milk quality control analysis

For regular milk quality control, all collected samples were
analysed for TBC using BactoScan (FOSS Analytical A/S,
Hillerod, Denmark) and SCC using Fossomatic (FOSS
Analytical A/S) in the Laboratory of Animal Breeding (Tar-
tu, Estonia) according to the supplier’s manual.

Characterization of psychrotrophic bacteria

Selected isolates from psychrotrophic agar plates were
identified at species level by PCR-ribotyping, and their
lipolytic and proteolytic activity and pigment production
were determined.

Lipolytic activity. Lipolytic activity was tested by agar
diffusion assay in tributyrin agar (1-0% tributyrin, 0-5%
peptone, 0:3% yeast extract, 14% agar) at 30°C for
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3 days. Colonies surrounded by clear zones were identi-
fied as lipolytic isolates.

Proteolytic activity. Proteolytic activity was estimated by
agar diffusion assay using skim milk agar (10% skim milk
powder, 0-5% peptone, 1-5% agar) incubated at 7°C for
14 days and at 25°C for 7 days. The presence of clear
zones around the colonies was indicative of proteolysis.

Production of fluorescent pigments. Psychrotrophic bacteria
with proteolytic activity were further examined for fluo-
rescent pigment production using King B medium
(20-0 g I"! proteose peptone, 10-0 g 17! glycerol, 1-5 g 1™
K,HPO,, 15 ¢ 1! MgSO, x 7 H,0, 150 g ! agar), and
colony fluorescence was confirmed under UV light
(260 nm).

DNA extraction. DNA was extracted using PureLink Geno-
mic DNA Purification kit (Invitrogen, Carlsbad, CA, USA)
or using method described by Scarpellini et al. (2004).
Bacterial suspension (200 ul) was boiled in MilliQ
(ODggo = 0-6; Millipore SAS, Molsheim, France) for
10 min in Eppendorf tubes. The tubes were cooled on ice
and centrifuged (20 000 g for 10 min at 5°C); the
supernatants were kept on ice or —20°C. One microlitre of
template DNA suspension was used for each reaction.

PCR-ribotyping. PCR-ribotyping uses PCR to amplify the
165-23S intergenic spacer region of the bacterial rRNA
operon. DNA amplification was performed using the
primer set 23SR7 (5-GGTACTTAGATGTTTCAGTTC-3")
and 16SR2  (5-TTGTACACACCGCCCGTCA-3") as
described by Wang and Jayarao (2001). All PCRs were per-
formed in total volume of 25 ul containing 50-100 ng of
bacterial genomic DNA solution, 2-5 ul of 10x PCR buffer,
100 pmol I"! of each dNTP, 25 ul of MgCl,, 1-25 ul of
each primer, 0-1 pl of Taq DNA polymerase (5 U ul™") and
15 ul of distilled water. Each PCR cycle consisted of 95°C
for 1 min, 52°C for 1 min and 75°C for 1 min. A total of
25 cycles were run in thermocycler (Biorad DNA Engine
Thermal Cycler; BioRad, Hercules, CA). The amplified
DNA was electrophoresed in a 2% agarose gel containing
15 ug ml™" ethidium bromide using 1x TAE buffer at
90 V for 1'5 h. The amplified DNA was visualized and pho-
tographed using Healthcare Image Quant 400 system. Pseu-
domonas fluorescens Live A506 and Pseudomonas putida
Live KT 2701 were used as reference strains (Institute of
Molecular and Cell Biology, University of Tartu).

Statistical evaluation of results

Statistical analyses were performed on 604 of 970 raw
milk samples. Three hundred and sixty-six samples were
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excluded from correlation analyses because one or more
of the microbiological parameters were not available.
Results expressed as CFU ml™" were converted to decimal
logs. The logl0 transformed SCC and bacterial counts
[LABC, PBC and aerobic spore-forming bacteria count
(ASFBC)] in samples from each farm were averaged and
subjected to correlation coefficient analysis. Linear regres-
sion was calculated using Microsoft Excel software. All
correlation coefficients remained below 0-5.

Results

The results of the microbiological studies of bulk-tank
raw milk samples are presented in Table 1. Distribution
of bacterial counts in the samples is shown in Fig. 1. In
119 (91%) of 131 farms, the TBC of the milk samples did
not exceed 50 000 CFU ml™', attesting that the milk was
of good quality. During the period 2004-2007, the TBC
of the bulk-tank raw milk showed a clear declining ten-
dency (Table 2).

Lactic acid bacteria count (LABC)

Mean LABC in bulk-tank raw milk samples collected from
separate farms varied roughly from 10* to10> CFU ml™
with the mean value of all analysed bulk-milk samples of
76 x 10° CFU ml™! (Table 1). Mean LABC in the milk of
separate farms <10* CFU ml™" was obtained in 102 farms
(78%). Our study showed that LAB were the dominant
bacterial group only in 24 farms (18% of total).

LABC in bulk-tank raw milk decreased in 21 farms
(16%) during observed time period, while in three farms,
it decreased even more than 20 times; in 13 farms (10%),
LABC increased. LABC of 60 farms (46%) was fairly

Table 1 Overall mean and boundary values of microbiological param-
eters and SCCs found in bulk-tank raw milk from separate farms from
2004 to 2007 (CFU mI™")

Parameter Mean Min* Max* Standardf
LABC 7600 210 145 000 (=)

PBC 10 000 424 64 000 (-)
ASFBC 131 5 836 (=)

TBC 27 000 5000 143 000 100 000
ScC 277 000 129 000 514 500 400 000

TBC, total bacterial count; SCC, somatic cell count; PBC, psychro-
trophic bacteria count; LABC, lactic acid bacteria count; ASFBC, aero-
bic spore-forming bacteria count; (-), No standard established.
*Boundary values are given as mean values of LABC, PBC, ASFBC,
TBC and SCC established for separate farms through the studied per-
iod.

+Current regulatory limit for TBC (CFU mlI™") and SCC (cells mI™") in
EU (EEC, 1992, Council Directive 92/46/EEC).
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Table 2 Annual trend for the mean values of microbiological parameters (LABC, PBC, ASFBC, TBC) of bulk-tank raw milk samples from farms

and storage silos at dairy plant (CFU ml™")

LABC PBC ASFBC TBC
Raw milk Raw milk Raw milk Raw milk
Year Dairy farm storage silos Dairy farm storage silos Dairy farm storage silos Dairy farm storage silos
2004 23700 66 800 22 000 135 500 5197 627 36 500 35 000
2005 9070 6200 6400 25 600 73 138 22 500 101 500
2006 8750 4600 13 600 68 700 434 214 23700 54 000
2007 8650 10 400 10 600 12 600 135 132 21 000 44 000

TBC, total bacterial count; PBC, psychrotrophic bacteria count; LABC, lactic acid bacteria count; ASFBC, aerobic spore-forming bacteria count.

constant, and counts in 37 farms (28%) changed essen-
tially randomly 1-2 log units.

The highest mean annual LABC level calculated on the
basis of individual bulk-tank raw milk samples was
observed in 2004 (Table 2); high LABC was determined
mainly during the spring months (March-May) (Fig. 2).
Mean LABC level was lower in 2005 compared to 2004,
with the maximum values observed in November
(7:8 x 10° CFU ml™"), what is possibly attributed to two
farms with maximum values of 31 x 10°-62 x 10°
CFU ml™" and three farms with values of 9-0 x 10*-1-0
x 10° CFU ml™". Annual mean value of LABC decreased
during observed time period approx. 2-3 times from
2-4 x 10* CFU ml™" in 2004 to below 10* CFU ml™" in
2007 (Table 2).

686

Psychrotrophic bacteria count (PBC)

Mean PBC in bulk-tank raw milk samples from separate
farms ranged from 4-2 x 10> to 64 x 10" CFU ml™" with
the overall mean value of 10* CFU ml™" (Table 1). Mean
PBC in milk of separate farms <10* CFU ml™" was
observed in 91 farms (69%).

The numbers of psychrotrophic bacteria decreased in
23 farms (18%) during the study period, among them
three farms showed a decrease in PBC more than 20
times, while a slight increase in PBC was reported in 13
(10%). PBC of milk from 52 farms (40%)
remained fairly constant: considerable fluctuation
(1-2 log units) in PBC was observed in 43 farms (33%)
during the 4-year period.

farms

© 2010 The Authors

Letters in Applied Microbiology 51, 683-690 © 2010 The Society for Applied Microbiology



I. Stulova et al.

Log (CFU mlI™")

Microbiological quality of raw milk in Estonia

Figure 2 Monthly changes in the microbial
counts in bulk-tank raw milk expressed as log
CFU mi™": (@) lactic acid bacteria count, (O)
psychrotrophic bacteria count, (0J) aerobic
spore-forming bacteria count, (M) total bacte-
rial count. Monthly values are means of all
samples analysed in each month.
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The highest annual mean of PBC (2-2 X 10* CFU ml™)
was found in 2004 (Table 2), and the lowest annual mean
(64 x 10> CFU ml™!) was determined in 2005, with the
lowest monthly mean value of 765 CFU ml™' in April
(Fig. 2). An increase in PBC over 10* CFU ml™" was
observed again in 2006; relatively high PBC in January
was caused by four bulk-tank raw milk samples from sep-
arate farms with high PBC over 10° CFU ml™" (Fig. 2).
The annual trend in PBC during 2004-2007 was not con-
sistent, but a general tendency for PBC was decreasing
with time (Table 2).

Based on the morphology of the colonies, more than
1000 randomly selected Gram-negative psychrotrophic
isolates from bulk-tank raw milk samples were examined.
From those, 120 representative isolates were further char-
acterized for proteolytic and lipolytic activities. Lipolytic
activity was not detected in any of the selected isolates,
while 80 were proteolytically active both at room temper-
ature and in the refrigerator at 7°C. Among them, 60
isolates produced fluorescent pigment. According to
PCR-ribotyping patterns, Ps. fluorescens was the dominat-
ing psychrotrophic species in bulk-tank raw milk from
Estonian farms and in dairy silos.

Aerobic spore-forming bacteria count (ASFBC)

The mean numbers of ASFB in bulk-tank raw milk sam-
ples collected from separate farms varied from 5 to 836
CFU ml™" with the overall mean value of 131 CFU ml™".
ASFBC remained always below 100 CFU ml™" in 70 farms
(53%); among them, 30 farms (23% of total) had ASFB
mean values under or equal to 49 CFU ml™". ASFBC was
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in range 100499 CFU ml™" in 57 farms (44%). Signifi-
cantly high ASFB levels (over 500 CFU ml™") were deter-
mined in four farms (Fig. 1).

A decrease in ASFBC in bulk-tank raw milk samples
was observed in 23 farms (18%), during the study period,
while in seven farms, the decrease in ASFBC was more
than ten times. ASFBC was fairly constant in 32 farms
(24% of total) and unstable in 76 farms (58%).

The highest annual mean of ASFBC (52 x 10°
CFU ml™) was observed in 2004 (Table 2). From April
to May 2004, the monthly mean of ASFBC in farm bulk-
tank milk was remarkably high (Fig. 2), which could pos-
sibly be attributed to one farm with maximum value of
10° CFU ml™" in April and five farms with maximum val-
ues of 10°-10° CFU ml™! in May. In 2005, the mean
annual ASFBC in milk samples was low (73 CFU ml™).
An increase in ASFBC was observed in 2006
(434 CFU ml™"); relatively high numbers in January can
be attributed to two farms with high ASFBC near
10* CFU ml™"). Twelve farms showed high ASFBC
(=1000 CFU ml™) steadily during winter months.

Total bacterial count (TBC) and somatic cell count
(SCC)

During the period 2004-2007, mean TBC in farm bulk-
tank raw milk from separate farms ranged from 5-0 x 10°
to 14 x 10> CFU ml™" with the mean value of 27 x 10*
CFU ml™" (Table 1). Sixty-seven farms of 131 (51%) had
TBC <2:0 x 10* CFU ml™!, while TBC greater than of
100 000 CFU ml™" was detected only in three farms.
Across all 4 years, the highest values of TBC were
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recorded in June and the lowest values in November. The
maximum annual mean value of TBC (36 x 10*
CFU ml™") was observed in 2004. Generally, high TBC
was found mainly during the spring months (March to
May) (Fig. 2). During 4 years, TBC of the raw milk
decreased clearly in 35 farms (27%); among them, six
farms showed decrease in TBC more than 20 times. A
slight increase in TBC was reported in 11 farms (8%).
TBC was relatively stable in 34 farms (26%) throughout
the study period, and it changed randomly in 51 farms
(39%).

Mean SCC in farm bulk-tank raw milk samples from
separate farms was in the range from 129 000 to
514 500 cells ml™'. Mean SCC of eight farms tested was
>400 000 cells ml™" but the majority of samples (93%)
remained below this level, yielding an average SCC of
277 000 cells mlI™"  for all bulk-tank milk samples
(Table 1). In general, the farm milk contained the highest
SCCs in June, the lowest in November and December
(Fig. 2). Seventeen of 131 farms examined (13%) had
SCC <200 000 cells ml™'. SCCs between 200 000 and
400 000 cells ml™" were detected in 106 farms (81%). In
seven farms (5%), the average SCC was constantly high:
400 000-499 999 cells ml™" and in one farm, it exceeded
500 000 cells ml™". A decrease of 2-3 times in SCC in 31
farms (24%) and an increase in 14 farms (11%) were
observed during 4-year period. The SCC level was stable
in 31 farms (24%) and changed randomly in 55 farms
(39%).

Discussion

The main priority of the Estonian agriculture is milk pro-
duction. During the recent years, farmers and dairy enter-
prises have made considerable investments to increase
milk production and improve milk quality. Most of the
milk in Estonia is produced in relatively big dairy farms:
about 55% of milk is supplied by farms keeping 100-600
cows, 26% of milk is produced by farms with over 600
cows (Estonian Dairy Association 2007). Farm bulk-tank
raw milk is refrigerated quickly below 4°C after milking
and collected by large refrigerated trucks mostly on the
following day. Distances for transportation from farm to
dairy plant are 100 km on average. Milk storage time
comprises two distinct periods: in the bulk-milk tank at
farm and in the dairy silo. Microbiological quality of raw
milk is usually evaluated by TBC and SCC.

The microbial counts determined once a week in farm
bulk-tank raw milk samples with Bactoscan showed that
TBC in Estonian farm milk have decreased about ten times
during the last decades — from nearly 500 000 CFU ml ™"
in average in 1990 (T-M. Laht, personal communication)
to nearly 5000-10 000 CFU ml™" in 2004-2007 according
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to our data. Milk also contains a certain level of somatic
cells, and frequently their content and effects on milk
quality are considered together with the bacterial contami-
nation. If there is a bacterial infection, tissue damage or
other inflammation processes affecting the mammary tis-
sue, the SCC in milk increases abruptly (Gargouri et al.
2008). SCC in the majority of analysed bulk-tank raw milk
samples did not exceed the internationally recommended
limits. Several studies have implicated high SCC as a caus-
ative factor of the reduced shelf life of fluid milk (Berry
et al. 2006) as well as reduced cheese quality (Barbano
et al. 1991), lower cheese yield, increased fat and casein
loss in whey and compromised sensory quality (Ma et al.
2000). According to TBC and SCC content and the classi-
fication of milk quality by Estonian Ministry of Agricul-
ture, 94% of the analysed farm bulk-tank raw milk
samples belonged to extra class (among them 65% to pre-
mium class) and 6% to class 1.

In Europe, PBC of raw milk should not exceed
50 000 CFU ml™" (Cempirkova and Mikulova 2009).
Lipolytic and proteolytic activities, supported by psychro-
trophic bacteria, are considered insignificant at PBC
lower than 10° CFU ml™ (Cempirkova and Mikulova
2009). In the present study, PBC remained below
50 000 CFU ml™" in the majority of milk samples (98%).
According to molecular analyses, genus Pseudomonas spp.
was the dominating spoilage flora in farm bulk-tank raw
milk with Ps. fluorescens as the prevailing species, as also
shown by Lafarge et al. (2004). Controlling the content
of psychrotrophic bacteria is very important because
these bacteria are able to produce heat-stable extracellular
proteases, as well as lipases. Proteases are associated with
bitterness in milk, gelation of UHT sterilized milk and
reduced yield of soft cheese (Hantsis-Zacharov and Halp-
ern 2007). Lipases, by hydrolysing triglycerides, cause fla-
vour defects associated with fat breakdown in cream,
butter, cheese and UHT products (Hantsis-Zacharov and
Halpern 2007). Compared to farm bulk-tank raw milk,
the PBC in dairy plant storage silos was higher (Table 2).
The increased PBC in dairy plant storage silos may be
caused by contamination during transportation and/or
storage of raw milk at low temperatures for 2-3 days
before processing.

Spore-forming micro-organisms have a special position
among total microflora of raw milk with regard to their
ability to survive pasteurization and subsequently to
propagate in final products (Foltys and Kirchnerova
2006). Barbano et al. (2006) stated that spores are typi-
cally present in low numbers in raw milk. The numbers
of ASFB found in bulk-tank raw milk in our study were
generally higher (mean of 131 CFU ml™") than reported
by Boor et al. (1998), with mean of 49 CFU ml~'. ASFB
were found in raw milk samples from all farms during
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the whole studied period. The counts of ASFB from raw
milk storage silos showed great variations over sampling
days (from 9 to 4:5 x 10° CFU ml™).

LABC in farm bulk-tank raw milk has decreased during
the past decade about 20 times in Estonia (P. Elias, per-
sonal communication). Content of LAB in raw milk has
decreased possibly because of improved hygiene of milk
production and rapid cooling of milk after milking. LAB
could be considered as normal microflora of raw milk.
Taking into account relatively high levels of psychro-
trophic bacteria in milk, unfavourable proportion
between LAB and technologically harmful microflora
could be expected.

Today, the first selection of milk in dairies is based on
express and routine microbiological methods; however,
the analyses of specific microbial groups performed in the
present study are rather time and labour consuming for a
dairy plant. The results of the present study have helped
dairies in Estonia to choose milk for specific products.
For example, we found one farm that produced milk with
the highest average SCC (53 X 10° cells ml™!), with the
highest average TBC level (7-5x 10° CFU ml™") and
highest average PBC level (2-4 x 10°> CFU ml™"). Microbi-
ological and somatic cells parameters in the samples from
this farm were higher than the critical level defined for
farm bulk-tank raw milk. Another farm in analysed set
produced milk with high average PBC (1-5x 10°
CFU ml™") and with the highest average ASFBC (over
700 CFU ml™"), exceeding the permissible hygienic limit
for PBC and ASFBC. Both of these farms were excluded
from the supply chain.

In conclusion, the results of the current study clearly
indicate good microbiological quality of raw milk pro-
duced in Estonia: in average 94% of the raw milk satisfies
the requirements of international and Estonian standards.
However, LABC tends to decrease and was found rela-
tively stable over time only in 24 (18%) farms studied.
Generally, content of psychrotrophic organisms did not
exceed established international limits. Pseudomonas spp.
was the dominating spoilage flora in Estonian farm milk
with Ps. fluorescens as the prevailing species. Although
milk selection for different products in dairies is based on
express and routine microbiological methods, proportions
of different microbial groups may differ between raw milk
samples with similar TBC numbers. Our study gives
information about stability of the microbiological quality
and content of technologically important bacterial groups
in raw bulk-tank milk from individual farms that can be
used by dairy plants for the better selection of milk for
specific products. Milk from dairy farms producing con-
stantly high bacteriological quality milk (low PBC, AS-
FBC, SCC and higher LABC) is preferred for the
production of fermented dairy products and cheese.

© 2010 The Authors
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