
Development of a
Microcalorimetric Method for the
Study of Fermentation Processes

NATALJA KABANOVA

THESIS ON NATURAL AND EXACT SCIENCES B151



TALLINN UNIVERSITY OF TECHNOLOGY 
Faculty of Science 

Department of Chemistry 
 
Dissertation was accepted for the defence of the degree of Doctor of Philosophy 
(Chemistry) on March 7th, 2013. 
 
 
Supervisor: Professor Raivo Vilu,  
 Department of Chemistry,  
 Tallinn University of Technology (TUT) 

Reviewed by: Senior Scientist Kaarel Adamberg, 
  Department of Food Processing, 
 Tallinn University of Technology (TUT) 

Opponents: Professor Lars Wadsö, 
 Department of Building and Environmental Technology 
 Lund University, Sweden 

 Dr. Vlad T. Popa, 
 “Ilie Murgulescu” Institute of Physical Chemistry, 
 Romanian Academy, Romania 

 
Defence of the thesis: April 19th, 2013 
 
 
Declaration: 
Hereby I declare that this doctoral thesis, my original investigation and 
achievement, submitted for the doctoral degree at Tallinn University of 
Technology has not been submitted for doctoral or equivalent academic degree. 
Natalja Kabanova  
 
 
Copyright: Natalja Kabanova, 2013 
ISSN 1406-4723 
ISBN 978-9949-23-451-6 (publication) 
ISBN 978-9949-23-452-3 (PDF) 



LOODUS- JA T B151ÄPPISTEADUSED

Kalorimeetrilise meetodi väljatöötamine
fermentatsiooniprotsesside uurimiseks

NATALJA KABANOVA



  



5 

CONTENTS 

ABSTRACT ......................................................................................................... 8 

KOKKUVÕTE ................................................................................................... 10 

LIST OF PUBLICATIONS ................................................................................ 12 

LIST OF CONFERENCE PRESENTATIONS ................................................. 13 

ACKNOWLEDGEMENTS ............................................................................... 14 

ACRONYMS ..................................................................................................... 15 

 

1 LITERATURE OVERVIEW .................................................................... 16 

1.1 Description of bacterial growth ..................................................... 16 

1.1.1 Bacterial growth in liquid cultures ............................................ 16 

1.1.2 Bacterial growth in solid state matrices .................................... 18 

1.1.2.1 Colonial growth ................................................................... 18 

1.1.2.2 Inoculation rate and the distances between colonies ........... 19 

1.1.2.3 Packaging density of bacteria in the colonies ...................... 20 

1.1.2.4 Diffusion processes and gradients around the colonies ....... 21 

1.1.2.5 Agar gel - characteristics ..................................................... 21 

1.1.3 Bacterial growth in milk ........................................................... 22 

1.1.3.1 Irradiation of skim milk powder .......................................... 22 

1.2 Calorimetric method ...................................................................... 23 

1.2.1 Microcalorimetric method in studies of bacterial growth ......... 24 

1.2.1.1 Heat production ................................................................... 25 

1.2.2 Advantages of IMC ................................................................... 25 

1.2.3 Thermal activity monitor - TAM III ......................................... 26 

 

2 AIMS OF THIS DISSERTATION ............................................................ 29 

 

3 EXPERIMENTAL ..................................................................................... 30 

3.1 Bacterial cultures studied ............................................................... 30 

3.1.1 Lactococcus lactis ..................................................................... 30 



6 

3.1.2 Streptococcus thermophilus ...................................................... 30 

3.1.3 Enterococcus faecium ............................................................... 30 

3.2 Inoculum preparation ..................................................................... 31 

3.2.1 Lactococcus lactis IL1403 ........................................................ 31 

3.2.2 Streptococcus thermophilus ST12 ............................................ 31 

3.2.3 Dilution procedure .................................................................... 31 

3.3 Growth experiments ....................................................................... 32 

3.3.1 Medium composition for L. lactis cultivation .......................... 32 

3.3.2 Bacterial growth in liquid media .............................................. 32 

3.3.3 Bacterial growth in solid media ................................................ 32 

3.3.4 Bacterial growth in reconstituted milk powder ......................... 33 

3.3.5 Bacterial growth in dry pet food kibbles .................................. 33 

3.4 Analytical methods ........................................................................ 34 

3.4.1 Instrumental .............................................................................. 34 

3.4.1.1 Analysis of power-time curves – the output of the 
microcalorimeter ................................................................................... 34 

 

4 RESULTS AND DISCUSSION ................................................................ 37 

4.1 The study of the growth of Lactococcus lactis in broth  
(Publication I and II) ...................................................................................... 37 

4.1.1 Determination of heat yield coefficient YQ ............................... 37 

4.1.2 Analysis of power-time curves of bacterial growth in liquids .. 37 

4.1.2.1 Study of deceleration phase ................................................. 40 

4.2 The study of the growth of Lactococcus lactis in solid agar gels 
(Publication I and II) ...................................................................................... 42 

4.2.1 Analysis of the power-time curves of the solid-state  
growth of bacteria ...................................................................................... 42 

4.2.1.1 The study of the deceleration phase ..................................... 48 

4.2.2 The sizes and shapes of the colonies determined by  
microscopy ................................................................................................. 51 

4.2.3 The model of growth of an average individual colony of L. lactis 
in agarose gel ............................................................................................. 51 

4.3 The study of the growth of Streptococcus thermophilus in skim 
milk (Publication III and unpublished data) ................................................... 53 



7 

4.3.1 Effect of the incubation temperature ........................................ 53 

4.3.2 Effect of irradiation ................................................................... 54 

4.3.3 Effect of gel structure ............................................................... 56 

4.3.4 Effect of the inoculation rate .................................................... 58 

4.4 The study of the growth of Enterococcus faecium in dry dog food 
kibbles (Publication IV) ................................................................................. 66 

5 CONCLUSIONS ....................................................................................... 68 

 

REFERENCES ................................................................................................... 70 

 

PUBLICATION I ............................................................................................... 79 

PUBLICATION II .............................................................................................. 89 

PUBLICATION III .......................................................................................... 105 

PUBLICATION IV .......................................................................................... 119 

 

CURRICULUM VITAE .................................................................................. 127 

ELULOOKIRJELDUS ..................................................................................... 129 

 

  



8 

ABSTRACT 
 

In homogeneous liquid cultures, every bacterium grows essentially in the 
same environment, which makes the study and characterization of the growth 
processes considerably simple. However, in solid matrices bacteria grow in 
colonies and the restricted diffusion of substrates and putative toxic products etc. 
lead to different and more complex growth curves/laws than those in broth. 
Microcalorimetry is an especially useful method for the study of bacterial 
growth in solid and opaque media where the applicability of optical and other 
physical methods is limited due to the non-transparent or structured media. Since 
the heat effects are not specific, the results obtained using microcalorimetry have 
to be combined with the results of parallel measurements of the concentration of 
substrates and products, e.g. outplating, for the determination of the number of 
bacteria etc. in a series of experiments. The results of these series of parallel 
experiments make it possible to develop a more detailed interpretation of the 
growth processes and add a special meaning to the results of calorimetric 
measurements. In this study, we developed a microcalorimetric method for the 
study of bacterial growth in liquid cultures based on the use of serial dilutions, 
and further implemented the method for fermentation processes in different solid 
matrices.  

For the Lactococcus lactis IL1403 in liquid transparent CRM (Carbohydrate-
restricted medium), the heat yield coefficient YQ was determined as YQ = 
(2.58±0.44)*10-9 J cfu-1. It was shown that the exponential growth of bacteria 
was stopped when pH reached approximately 4.6 and the growth of the cultures 
ended either because of the exhaustion of glucose at lower initial glucose 
concentrations (2 g L-1), or because of the formation of lactate inhibiting the 
growth and lowering the pH value to 4.0 in the case of higher initial glucose 
concentrations (10 and 20 g L-1). When the growth of L. lactis was further 
studied in solid agar 1% gels, the changes in pH and lactic acid concentrations, 
together with the density and geometry of colonies, were identified as factors 
determining the peculiarities of bacterial growth. The data obtained, together 
with the calculated heat yield coefficient YQ (J cfu-1) and microscopic 
measurements, made it possible to analyse and describe quantitatively the 
growth of individual colonies, to develop a model distribution of colonies in a 
solid matrix and to construct the growth curve of a typical colony of L. lactis in 
1% agar gel.  

Furthermore, the microcalorimetric method was implemented for the study of 
bacterial growth in opaque liquid and solid media. The peculiarities of the 
growth of Streptococcus thermophilus ST12 were studied in reconstituted milk 
prepared from 10 kGy gamma-irradiated and non-irradiated low-heat skim milk 
powder ((irrLHSMP and LHSMP, respectively), both with and without rennet 
added. The growth of the bacteria at inoculation rates from 101 to 106 cfu mL-1 in 
10-fold increments was investigated at two different temperatures: at 35˚C and 
40˚C. The heat yield coefficient YQ = (4.45±0.15)*10-9 J cfu-1 was determined 
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for Streptococcus thermophilus ST12 growth in skim milk. The diauxic growth 
of St. thermophilus was registered in reconstituted milk prepared from LHSMP 
at both 35˚C and 40˚C. The power-time curves obtained in irrLHSMP were 
remarkably different and no diauxie was observed at 40˚C. The consumption 
profiles of the sugars measured demonstrated remarkable differences in growth 
in milk samples reconstituted from non-irradiated versus irradiated powders. It 
was shown that the growth rate of bacteria decreased in the renneted curd in 
comparison with liquid cultures, starting from a certain number of bacteria in the 
samples, in colonies. The differences in the growth of St. thermophilus in the 
liquid and solid samples were more clearly observed at lower inoculation rates, 
obtaining lower µmax values, and the shape of the calorimetric curves became 
lower and prolonged in structured samples. The microcalorimetric method was 
also successfully used to monitor the growth of probiotic bacteria Enterococcus 
faecium NCIMB10145 in the complex matrices of extruded food and feed 
products. 

It was concluded that the microcalorimetric method, in combination with 
other relevant methods, is a very powerful tool in the study of solid state 
fermentation and the growth of bacteria in various opaque media, such as milk 
and extruded products, and can be used for the optimization of industrial solid 
state fermentation processes. Calorimetric measurements are very precise and 
easy to carry out in comparison with other methods currently used. 
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KOKKUVÕTE 
 

Homogeensetes vedelates keskkondades kasvavad kõik bakterid samades 
tingimustes ning see lihtsustab oluliselt kasvuprotsesside uurimist ja 
kirjeldamist. Bakterite kasv on märksa keerulisem tahketes maatriksites, kus 
bakterid on sunnitud kasvama kolooniatena. Kolooniate kasv on mõjutatud 
substraadi ja produktide difusioonikiirustest nii kolooniate sees kui ka 
keskkonnas, samas omavad ka kolooniatevahelised interaktsioonid suurt rolli. 
Mikrokalorimeetria on tundlik käepärane meetod bakterite kasvu uurimiseks 
tahketes ja mitteläbipaistvates keskkondades – igal pool, kus bakterite kasvu 
klassikaliste mikrobioloogiliste uurimismeetodite (optiliste, väljakülvide jt.) 
kasutamine võib olla piiratud. Kalorimeetriliste kõverate paremaks 
interpreteerimiseks tuleb meetodit kasutada koos teiste meetoditega, mis 
võimaldavad jälgida tarbitud substraadi ja toodetud produktide 
kontsentratsioonide muutusi, pH muutumist ajas, bakterite arvukuse suurenemist 
jne. Paralleelkatsete andmed võimaldavad paremini aru saada bakterite 
kasvuprotsessist ja kasvu eripärasustest, detailsemalt ja rikkamalt seletada kasvu 
pidurdamismehhanisme, lisades kalorimeetrilistele andmetele detaile. Antud töö 
tähtsaimaks eesmärgiks oli mikrokalorimeetrilise meetodi väljatöötamine 
bakterite kasvu iseloomustamiseks esialgu vedelates keskkondades ning seejärel 
saadud teadmiste ja meetodite kasutamine bakterite kasvu uurimisel 
tahkefaasiliste fermentatsiooniprotsesside jooksul erinevates maatriksites. 

Piimhappebakteri Lactococcus lactis IL1403 jaoks määrati saagise-
koefitsiendi YQ väärtuseks YQ = (2.58±0.44)*10-9 J cfu-1. Nimetatud bakterite 
kultiveerimiskatsete jooksul täheldati, et eksponentsiaalne kasv lõpeb 
ligikaudselt pH=4.6 juures ja kasvu pidurdumine kultiveerimise lõpus toimub 
kas glükoosi otsalõppemise tõttu madalamatel glükoosi algkontsentratsioonidel 
(2 g L-1) või tänu kasvu inhibeerivate piimhappe koguste tootmisele ja 
kasvukeskkonna pH kahanemisele kuni väärtuseni pH=4.0 suuremate glükoosi 
algkontsentratsioonide korral (10 and 20 g L-1). L. lactis-e kasvu uuriti seejärel 
tahkes 1%-ses agari geelis ning pH ja piimhappe kontsentratsiooni muutused 
ajas koos kolooniate tiheduse ja geomeetriaga olid faktorid, mis mõjutasid 
erineva suurusega kolooniate kasvu eripära. Andmed, mis saadi kasutades 
mikrokalorimeetriat ja biokeemilisi määramismeetodeid koos mikroskopeeri-
mise andmetega, võimaldasid analüüsida ja kvantitatiivselt kirjeldada kolooniate 
kasvuprotsesse ning konstrueerida tüüpilise L. lactis-e koloonia kasvukõvera 
1%-ses agari geelis. 

Piimhappebakteri Streptococcus thermophilus ST12 kasvu uuriti kiiritamata 
ja gammakiirgusega kiiritatud piimapulbrist (lõssipulbrist) taastatud piimas. 
Nimetatud bakterite kasvu uurimisel tehti katsed kahel erineval inkubeerimis-
temperatuuril 35 ºC ja 40 ºC nii vedelas kui ka rennetiga kalgendatud piimas, 
muutes inokuleerimistihedust vahemikus 101 - 106 cfu mL-1 kümnekordse 
sammuga. Saagiskoefitsiendi YQ väärtuseks määrati Streptococcus thermophilus 
ST12 jaoks lõssipulbrist taastatud piimas YQ = (4.45±0.15)*10-9 J cfu-1. Bakterite 



11 

kahefaasilist kasvu täheldati mõlemal inkubeerimistemperatuuril. Võimsuse-aja 
kõverad, ning suhkrute tarbimise profiilid erinesid tunduvalt kiiritamata ja 
kiiritatud proovides ja kaheastmelist kasvu ei täheldatud 40 ºC juures. Bakterite 
kasvukiirus kalgendatud piimas hakkas langema alates teatud kindlast bakterite 
arvust proovis ja kolooniates. Bakterite kasvu erinevus rennetiga ja rennetita 
piimades oli kõige selgemalt nähtav väiksematel inokuleerimistihedustel 
madalamate kasvukiiruste juures. Mikrokalorimeetrilist meetodit kasutati 
edukalt probiootiliste bakterite Enterococcus faecium NCIMB10145 kasvu 
uurimisel kompleksses ekstrudeeritud loomasööda maatriksis. 

Kokkuvõtteks on välja arendatud bakterite kasvu iseärasusi põhjalikult 
kirjeldada võimaldav süsteem, mis põhineb erinevatel eksperimentaalsetel 
meetoditel, mille keskseks lüliks on mikrokalorimeetria. On näidatud, et 
kalorimeetriline meetod on käepärane, täpne ja kergesti teostatav on-line meetod 
bakterite kasvu uurimiseks mitte ainult läbipaistvates keskkondades, vaid ka 
mitteläbipaistvates vedelates ning kalgendatud piimades ja ekstrudeeritud 
toidutoodetes. 
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1 LITERATURE OVERVIEW 
1.1 Description of bacterial growth 

1.1.1 Bacterial growth in liquid cultures 

Bacterial growth takes place as a result of the growth and division of one 
bacterium into two daughter cells. The biomass growth rate is proportional to the 
biomass amount. The microbial growth is described by the first order differential 
equation: 

dX/dt = µX (1) 

in which dX/dt is the biomass growth rate, µ is the specific growth rate and X 
describes the biomass amount.  

Equation (1) can be integrated: 

X = Xoe
μt (2) 

in which X is the biomass amount at time t, X0 is the initial bacterial number and 
t is time.  

The dependence of the growth rate on the concentration of limiting substrate 
is described by a Monod equation:  

SKS

S


 max

  (3) 

in which S is the concentration of the limiting substrate, µmax (h-1) is the 
maximum specific growth rate and KS is the substrate specific constant, which 
describes the bacterial affinity to the limiting substrate. KS is the Monod 
constant, which corresponds to the concentration at which the biomass growth 
rate is one-half of its maximum value. This can be seen in the Monod equation 
by setting S equal to KS. If the substrate concentration is higher than the KS value 
((S>>KS), then bacteria in the exponential growth phase are growing at the 
maximal possible growth rate (μ = μmax). Taking into account the Monod 
equation, the typical bacterial growth curve can be constructed (See Figure 1). 

The specific growth rate µ depends, in addition to the limiting substrate 
concentration, on the process conditions (e.g., pH and temperature), the 
concentrations of non-limiting substrates and/or the metabolites formed. µ is 
positive in the case of microbial growth and negative in the case of microbial 
inactivation and the prevailing death of cells (Van Impe et al., 2005).  

Microbial growth in a single species batch culture, whether in a bioreactor or 
in a (liquid) food product, normally passes through three phases: first a lag 
phase, during which the microbial cells adapt to their new environment, 
followed by an exponential growth phase, during which the cells multiply 
exponentially, and finally a stationary phase, during which the maximum 
population density is reached (as shown in Figure 1). 

During the lag phase of the bacterial growth cycle, the synthesis of RNA, 



17 

enzymes and other molecules occurs. The lag phase duration is influenced by the 
inoculation rate (Robinson et al., 2001; Prats et al., 2006), pH (Francois et al., 
2005; Ölmez and Aran 2005), inoculation temperature (Swinnen et al., 2004; 
Francois et al., 2005; Swinnen et al., 2005; Prats et al., 2006; Ölmez and Aran 
2005), limiting substrate concentration (Ölmez and Aran 2005), the 
“physiological state” of the bacteria and the difference between the pre- and 
incubation environmental conditions (Swinnen et al. 2004). 
 

 
Figure 1. A typical growth curve of Escherichia coli K12 in a batch monoculture (by 
kind permission of Elsevier1) 
 

The lag phase is followed by the exponential growth phase, during which the 
cells multiply exponentially. The exponential phase (sometimes called the log 
phase or the logarithmic phase) is a period characterized by cell doubling. The 
number of cells produced during the exponential phase per time unit is 
proportional to the number of cells present. If growth is not limited, doubling 
will continue at a constant rate. For this type of exponential growth, plotting the 
natural logarithm of cell number against time results in a straight line. The slope 
of the growth curve is determined by the specific growth rate of the organism, 
which is a measure of the number of divisions per cell per unit time. The actual 
rate of this growth (i.e. the slope of the line in the figure) depends on the growth 
conditions. Exponential growth cannot continue indefinitely, however, because 
the medium is soon depleted of nutrients and enriched with wastes. In order to 
determine what causes the end of exponential growth – substrate concentration 
or formation of toxic products – the initial concentration of the substrate can be 
changed. If the increase in initial substrate concentration causes an increase in 
maximal bacterial concentration, then the limiting factor is the availability of the 
substrate. If the increase in the initial substrate concentration (C-source, N-

                                                 
1Reprinted from Journal of Food Microbiology, Vol. 100, van Impe JF, Poschet F, 
Geeraerd AH, Vereecken KM. Towards a novel class of predictive microbial growth 
models, Pages No. 97-105, Copyright (2005), with permission from Elsevier. 
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source, vitamins etc.) does not influence the final bacterial density, then the 
reason is most probably the formation of toxic products. The growth rate 
diminishes in the stationary phase and the density of the bacterial culture reaches 
its maximal value (Van Impe et al., 2005). 

The bacterial growth curve can be described by four parameters: 
 y0 = ln(X0), where X0 is the initial bacterial number (cfu mL-1), 
 λ, lag phase duration (h), 
 μmax = ln(2)/td, where μmax is the maximum specific growth rate (h-1) and 

td  is the minimal doubling time (h) 
 

1.1.2 Bacterial growth in solid state matrices 
In transparent liquid cultures, every bacterium grows essentially in the same 

environmental conditions, and this significantly simplifies the study and 
characterization of the growth processes. Bacterial growth in solid states is a 
much more complicated phenomenon: solid matrices force bacteria to grow in 
colonies and thus the diffusion of substrates and products, possible accumulation 
of toxic products in the colonies etc. lead to growth curves (laws) different than 
in broth. It has been reported in the literature (Wilson et al., 2002) that bacteria 
grow more slowly in structured systems than they do in broth. It has been 
proposed that growth in gelled systems is associated with additional stress on the 
organism. It has also been shown that the growth lag in solid media is longer 
than in broth (Malakar et al., 2002a). 

 
1.1.2.1 Colonial growth 

As mentioned above, the restricted movement of individual cells or groups of 
cells in solid matrices forces them to grow in separate individual colonies 
(Malakar et al., 2002a; Mitchell and Wimpenny, 1997; Wimpenny et al., 1995). 
As a rule, each colony is formed from one bacterium, and the number of 
colonies is defined by the size of the inoculum. The size of the inoculum also 
determines the spatial distribution of colonies and the distances between 
colonies (Malakar et al., 2003; Jeanson et al., 2011). According to Malakar et al. 
(2002a), the growth of bacteria in agar gel, at inoculation rates higher than 100 
cfu mL-1, is similar to that in liquid cultures, as diffusion in solid media at short 
distances is fast enough. However, at low inoculation rates – less than 100 cfu 
mL-1 - colonies are separated by long distances, they grow bigger and they 
practically do not interact “directly” through diffusion processes, but diffusion of 
growth substrates and side products (e.g. lactate) may become growth rate 
limiting factors.  

The specific growth rate of bacteria in liquid cultures depends directly on the 
concentrations of the limiting substrate and the metabolites produced in the 
media (see Section 1.1.1), but in the case of solid state fermentations (SSF) it 
may also depend on the rates of the diffusion processes (Hutkins and Nannen, 
1993; Malakar et al., 2002b; Papagianni et al., 2007; Theys et al., 2008). As 
bacterial colonies increase in size, the microgradients of substrates, products, 
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and pH occur around and within the colonies (Malakar et al., 2000; Malakar et 
al., 2002a; Malakar et al., 2003). It has been shown experimentally that, during 
the growth of colonies of lactic acid bacteria (LAB), lactic acid (LA) first 
accumulates in the centres of the colonies and afterwards diffuses into the 
environment, lowering the pH of the media and leading to a decrease in the 
growth rate and interaction of colonies, thus inhibiting bacterial growth, glucose 
(GLC) consumption rate etc. (Andersen et al., 2009; Malakar et al., 2002a; 
Malakar et al., 2003; Mercade et al., 2000; Theys et al., 2008). The highest value 
of the maximum specific growth rate in the case of L.lactis is usually observed if 
pH values are in the interval 5.5-6.6 and the critical pH value has been found to 
be 4.0. pH values lower than 5.5 negatively influence the rate of glucose 
consumption by the bacteria (Andersen et al., 2009; Mercade et al., 2000).  

It has been shown that the colonies grow exponentially until a certain size 
and then they grow linearly, with the diameter of a colony still increasing even if 
the number of viable cells in the colony remains constant (Wimpenny et al., 
1995). It was assumed that the cells in the centre of the colonies die due to 
inhibition by toxic products and low pH, or by starvation. In contrast, cells that 
are located on the surface of the colonies appear not to be affected by inhibition 
reactions and thus can divide, leading to the growth of the size of the colonies 
(Wimpenny et al., 1995). 

The solid matrices not only force cells to grow in colonies but also determine 
the shapes of the colonies, as well as peculiarities in the packing of the cells in 
them. It has been observed that at a concentration of agar around 0.65% (w v-1) 
the snowball-shaped small colonies observed at lower agar concentrations 
become small-lobed to spherical and, with a further increase in agar 
concentration, colonies become ellipsoid in shape (Mitchell and Wimpenny, 
1997; Wimpenny et al., 1995). On the other hand, colonies growing in gelatine 
(protein gel) mostly have a spherical shape. At lower gelatine concentrations 
(0.5%), colonies are not formed and bacteria grow the same way as in liquids. If 
the concentration of gelatine is increased by 1.5-3%, the colonies become rather 
big, creating a diffuse colony type. Starting with a 5% gelatine concentration in 
the medium, the borders of the colonies are clear, and the colonies become 
compact and spherical (Antwi et al. 2006).  

The (mechanical) stress exerted on growing colonies by structured systems is 
comparable with the stress by such environmental parameters as temperature, 
water activity (aw) and pH: bacteria growing under stress change their growth 
characteristics (Antwi et al., 2006; Wilson et al., 2002). 

 
1.1.2.2 Inoculation rate and the distances between 

colonies 
The distances between colonies depend on the inoculation rate. With an 

increase in inoculation rate, the distances between the colonies decrease. In the 
case of lower inoculation rates, the colonies are situated far from each other and 
thus the influence on the growth of one by another is minimal – bacteria grow as 
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individual colonies.  
For a detailed interpretation of colonial growth in structured gel, an idealised 

matrix model can be introduced. The distribution of the colonies in an idealised 
matrix is homogeneous throughout the sample. The idealised gel matrix is made 
up of identical cubes which contain a spherical colony in the centre. Each of the 
colonies has a radius of Rcol, and half of the distance between the colonies is Rbnd 
(Figure 2). Rbnd is fixed by the initial bacterial number, which means that at 
higher inoculation rates Rbnd is smaller as smaller cubes present and vice versa. 
The distance Rbnd is then one-half of the cube root of the volume of each cube, 
where X0 (cfu mL-1) is the initial inoculation density (see Equation (4)) (Malakar 
et al, 2002a). 
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Each colony starts its growth from one cell and, in time, the radius of the 
colony, Rcol, can be calculated from the number of cells present. It can be 
assumed that all of the colonies behave similarly and that the total number of 
cells in a system is the sum of the numbers of cells in every individual colony. 

 
Figure 2. Each colony is in its own space, which is divided into two regions – a zone of 
colony growth (Rcol) and a zone of living space (Rbnd) - which depends on the initial 
inoculation density (adapted from Malakar et al, 2002a). 
 

1.1.2.3 Packaging density of bacteria in the colonies 
The number of bacteria in the colony should be calculated by taking into 

account the packaging density of bacteria. It was proposed by Kepler that both in 
the case of cubic and hexagonal close packing, the densest possible sphere 
packing, the maximum density is slightly greater than 74% (see Equation (5)). 
This assertion is known as the Kepler conjecture. 

గ

√ଵ଼
ൌ 0.74048 (5) 

The Kepler conjecture is a mathematical conjecture about sphere packing in 
three-dimensional Euclidean space. It says that no arrangement of equally sized 
spheres filling a space has a greater average density than that of the cubic close-
packing and hexagonal close-packing arrangements (Hales, 1994; Hsiang, 1993). 
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1.1.2.4 Diffusion processes and gradients around the 
colonies 

With colony growth, the gradients of the redox potential, pH, substrate and 
inhibitor concentrations etc. occur in agar gel around the colonies. These 
gradients can influence the growth of bacteria in individual colonies. 
Microelectrodes, together with other methods, can be used to measure some of 
the mentioned gradients (Wimpenny et al., 1995). 

Diffusion processes play an important role during bacterial growth in 
structured media. Not only the diffusion through the matrix, but also the 
diffusion within the colony is important. With the diffusion processes, the 
substrate is transported towards the colony and the products are transported 
away from the colony. The analysis of the diffusion processes is convenient to 
observe on the basis of the growth of an individual colony in the case of 
spherical symmetry. Initially, the bacteria grow exponentially if the growth is 
not limited by the substrate concentration. The exponential growth ends when 
the substrate gradient gets smaller and diffusion starts to limit the growth. 

According to the literature (Schantz and Lauffer, 1962), diffusion in agar gel 
is similar to free diffusion in water. Salts, sugars, amino acids and other low-
molecular-weight substances give corrected values for their diffusion 
coefficients in line with published values for free diffusion. The same has been 
found to be true for proteins under conditions where the interactions with the gel 
do not occur. The diffusion coefficient of glucose in agar gel is 0.59*105 
cm2 sec -1 measured at 20C. 

 
1.1.2.5 Agar gel - characteristics 

Agar is widely used in microbiological research, as well as in food 
production. Commercially available agar includes small amounts of oligomers, 
proteins and electro-negative groups, which can influence the diffusion of 
charged molecules. Agar consists of a mixture of linear galactanes (agarose and 
agaropectine – see Figure 3). Agarose (molecular weight ~120000 Da) is a linear 
polymer that consists of units of (1→3)-β-D-galactopyranose-(1→4)-3,6-
unhydro-α-L-galactopyranose.  

In solutions, the agarose tertiary structure is considered a double helix. 
Agarose can form the grid of differently bonded helices into randomly forming 
pores. Agaropectin is a poor or non-gelling charged polysaccharide with low 
molecular weight. The structure of agaropectin resembles agarose; the difference 
is that a part of the galactosyl units is sulphated in agaropectin (Lahaye and 
Rochas, 1991). An increase in agar concentration causes a decrease in gel pore 
size. During bacterial growth in agar gel, colonies increase in size, which can 
lead to a splitting of gel matrices (Wimpenny et al., 1995; Mitchell and 
Wimpenny 1997). 
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Figure 3. A fragment of the agar chain 
 

1.1.3 Bacterial growth in milk 
Skim milk powder is among the most abundantly produced and important 

dairy products. It is used in a multitude of food applications, many of which 
require the powder to be dissolved back into an aqueous solution (Martin et al., 
2007). Milk reconstituted from this powder is frequently used for investigations 
of cheese-making processes in pilot plants (Mohamed et al., 1982; Peters, 1960; 
Wang et al., 2012; White & Ryan, 1983), as well as for studying the activity of 
starter bacteria in laboratory practice (Christopherson & Zottola, 1989), and for 
the propagation of mother starter cultures (Horrall et al., 1950). It is known that 
the milk used to grow mother and batch starters must be of the highest quality 
for consistently high starter activity. In the early days of the dairy industry, raw 
milk was used for these purposes at dairies. Considering that raw milk quality 
variations can affect the uniformity of starter activity, raw milk was replaced by 
milk reconstituted from non-fat dry milk powder of selected producers to 
improve product quality and ensure better control of the production processes 
(Whitehead et al., 1993). Most manufacturers use skim milk powder, which is 
specially screened to ensure that it is free of antibiotics as the standard medium 
for growing starter bacteria. The powder is reconstituted to milk containing 12% 
solids and heated at 85-95°C for 30-60 mins. (Ranken et al., 1997). The same 
reconstituted media is used as the standard for monitoring the acidification 
activity of LAB. 

 
1.1.3.1 Irradiation of skim milk powder 

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 et al., 2008; Farkas, 2006; 
Grolichová, Dvořák, & Musilová, 2004; Żegota & Małolepszy, 2008). Gamma 
rays emitted by the radioisotopes 60Co and 137Cs, X-rays and electron beams are 
usually used for the irradiation of foods (Chauhan et al., 2008; Farkas, 2006). It 
has been specifically shown that irradiation prevents the spoiling of dairy 
products (Bandekar et al., 1998; Ham et al., 2009b; Konteles et al., 2009). A 
level of 5 kGy is sufficient to decrease the total microflora in milk powder to the 
acceptable level (Żegota & Małolepszy, 2008). On the other hand, it has been 
shown that irradiation treatment causes physical-chemical changes in foods 
(Cieśla et al., 2004). This leads to conformational changes in proteins (De la Hoz 
& Netto, 2008; Ham et al. 2009a), modifications of amino acids (Bhattacharya et 
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al., 2000), a breakdown of the protein backbone (Davies, 2012), which 
influences the nutritional value and sensory properties of some irradiated foods 
(Grolichová et al. 2004; Żegota et al., 2008). It is known that ionizing radiation 
can lead to fragmentation, aggregation, conformational and net electrical charge 
changes, oxidation of amino acids and rupture of covalent bonds (Cho et al., 
2010; Davies, 1987; Davies, 2012; Day et al., 1957). According to Arena (1971), 
ionizing radiation also causes water molecules to lose electrons, producing H2O

+ 
and “free” solvated electrons. These products react with other water molecules 
to produce a number of reactive compounds: superoxide anion radicals (O2

-), 
hydroxyl radicals (OH˙) (Thibessard et al., 2001) and non-radical hydrogen 
peroxide (H2O2) (Davies, 1987). The reactive oxygen formed during exposure to 
gamma-irradiation can lead to the cleavage of peptide bonds (Stadtman & 
Levine, 2003). It has been shown by Ham et al. (2009a) that αs1-casein and βA1-
casein are degraded, whereas αs0-, βB-, and βA3-caseins are formed by gamma-
irradiation. Irradiation treatment may also affect the buffering capacity of milk, 
which mainly depends on the composition and distribution of minerals and 
proteins between aqueous and solid phases (Salaün et al., 2005). 

Information on irradiated milk, or reconstituted milk from irradiated milk 
powder, used as the growth media for LAB is scarce and discrepant. It was 
claimed by Chamba and Prost (1989) that the growth of thermophilic lactic acid 
starters is similar in reconstituted milk irradiated at 20 kGy and non-irradiated 
milk powder. It was shown by Favrot and Maubois (1994) that the growth rate of 
Lactococcus lactis at an inoculation rate of 106 cfu mL-1 is similar in irradiated 
and reference milk samples, whereas at a lower inoculation rate (104 cfu mL-1) 
the growth rate of the bacteria is significantly lower in reconstituted milk 
irradiated at 20 kGy from skim milk powder. Irradiation of skim milk powder 
inhibits the acidification rate of milk at both of the inoculation rates studied (106 
and 104 cfu mL-1) (Favrot & Maubois, 1994). 

The acidification activity of milk is a very important characteristic of the 
quality of dairy starters. The methods used for the quantification of the 
acidification activity of starter bacteria are usually based on measuring pH 
changes or on the determination of the accumulation of lactic acid (Zanatta & 
Basso, 1992). 

 
1.2 Calorimetric method 

Due to their irreversible nature, life processes invariably and continuously 
dissipate Gibbs energy. As this is virtually always coupled with the continuous 
production and exchange of heat, calorimeters can be readily used to monitor life 
processes. It has been shown that the generation of heat by microbial cultures 
can be used for the on-line monitoring of the growth and metabolism of cells (Yi 
et al., 2000; Gustafsson, 1991; Vandenhove, 1998; Lamprecht, 2003; Wadsö and 
Galindo, 2009). Calorimetry is especially helpful in studies of growth in opaque 
and solid media, for example where agar, gelatine etc. are used as jellifying 
agents (Mitchell et al., 2004), but it can also be successfully applied in studies of 
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spoilage processes and shelf-life determination (Wadsö and Galindo, 2009; Riva 
et al., 2001; Alklint et al., 2005; Wadso and Sjoholm, 2005; von Stockar and van 
der Wieler, 1997) - anywhere where the possibilities of optical and other 
physical methods are limited due to the properties of non-transparent media 
(Antwi et al., 2007; Wilson et al., 2002).  

As heat effects are non-specific, measurements of heat evolution should be 
combined, for richer interpretation, with the results of parallel experiments using 
such other methods as measurements of concentrations of substrates and 
products, e.g. outplating, for the determination of the number of bacteria, etc. 
(Boe and Lovrien, 1990; Menert et al., 2001). These parallel experiments make 
it possible to add special, new meanings and interpretations to the results of 
calorimetric measurements. Taking these circumstances into account, a “rich 
use” of the calorimetric method is possible after power-time curves have been 
complemented with the data of the parallel experiments mentioned above. 
Knowledge of necessary conversion, yield etc. coefficients makes it possible to 
derive a number of characteristics of the growth of bacteria from power-time 
curves. 

 
1.2.1 Microcalorimetric method in studies of bacterial 

growth 
Microcalorimetry has been used for the experimental study of bacterial 

growth for the last 50 years. The first experiments were carried out with 
Streptococcus faecalis and it was shown that the rate of heat production is 
coupled with the rate of biomass growth (Forrest and Walker, 1963). Later, the 
growth of other bacteria was studied: the growth of Escherichia coli in anaerobic 
conditions in the case of low substrate and high inoculation concentrations (Boe 
and Lovrien, 1990), the growth of Lactobacillus helveticus in different 
environmental conditions (Liu et al., 1999) etc. Further studies have elaborated 
the coupling of kinetic and thermodynamic processes (Beezer, 2001; Rong et al., 
2007; Nan et al., 2001; Maskow and Babel, 2003; Schäffer et al., 2004; Higuera-
Guisset et al., 2005; Peitzsch et al., 2008). It has been shown that calorimetry 
can provide information about different metabolic changes, such as a shift from 
one substrate/type of catabolism to another, and the occurrence of limitations 
and inhibitions (Yi et al., 2000; von Stockar and van der Wieler, 1997; 
Winkelmann et al., 2004; Yao et al., 2008). The enthalpy balance elaborated 
using calorimetric measurements can reveal the formation of unknown, 
unexpected by-products (Maskow and Babel, 2003; Yao et al., 2008), or can be 
used in studying the synthesis of intermediate products of metabolism, and their 
effect on bacterial growth (Wang et al., 2005). Calorimetric power-time curves 
can also be used as imprints of (complicated) microbial processes, as the shape 
and the number of phases of the curves depend on the composition of the 
bacterial consortia (Vandenhove, 1998), and reflect complicated patterns of 
multi-stage growth processes. 
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1.2.1.1 Heat production 
The exponential growth of a single species batch culture of bacteria is 

described by the following equation: 

dX/dt = µX (6), 

where X and µ are the concentration of biomass and the specific growth rate, 
respectively. µ is generally determined by the measurement of biomass, i.e. the 
plot of lnX vs time t. Calorimetry provides an alternative for the determination of 
specific growth rate. If the stoichiometry of the heat evolution during the growth 
reaction is constant, then the rate and the amount of biomass formed, (dX/dt) and 
(X-X0), are proportional to the rate and the amount of heat production, (dQ/dt) 
and Q, respectively. µ can be determined from calorimetric measurements as a 
plot of lnQ vs. time t. 

The biomass growth rate is proportional to the heat production rate (YQ is the 
proportional factor or heat yield coefficient): 

dX/dt = YQ * dQ/dt (7) 

Using the law of biomass exponential growth (see Equation (1)), the relation 
between µ and dQ/dt can be obtained: 

μX= YQ * dQ/dt (8) 

Using Equation (3), the following relation can be obtained: 

μ * X0 * eμt = YQ * dQ/dt (9) 

dQ/dt =1/YQ * μ * X0 * eμt  (10) 

after taking the logarithm:  

ln(dQ/dt) = C +μt (11) 

Equation (11) is a simple formula for the calculation of specific growth rate 
(Menert et al., 2001). This formula was used for the calculation of maximal 
specific growth rate in the present work. 

 
1.2.2 Advantages of IMC 

Colonial growth of bacteria in solid matrices has been previously described 
in numerous papers (Malakar et al., 2000; Malakar et al., 2002a; McKay et al., 
1997; Mitchell et al., 2004; Van Impe et al., 2004; Wimpenny et al., 1995). The 
experimental methods used for the study of SSF - measurements of OD, 
outplating, direct microscopy measurements, chromatography etc. - are quite 
cumbersome and not very informative regarding the peculiarities of growth. 
Currently more and more attention has been focused on the use of 
microcalorimetry in studying bacterial growth in opaque liquids, on surfaces and 
in solids under a wide range of conditions (Wadsö and Galindo, 2009; Braissant 
et al., 2010b). 

The calorimetric method has great advantages (Vandenhove, 1998) in 
studying solid-state fermentation processes (Beezer, 2001; Braissant et al., 
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2010a; Ma et al., 2007; Mihhalevski et al., 2011), especially if compared with 
the other methods mentioned (see also Boe and Lovrien, 1990; Menert et al., 
2001). An extensive overview of potential applications of microcalorimetry has 
been well presented by Braissant et al. (2010b), Gustafsson (1991), Lamprecht 
(2003), Vandenhove (1998) and Wadsö (2009). However, general experimental 
strategies for the detailed study of SSF that make it possible to monitor and 
describe the growth of individual (average) colonies have not been developed. 

Calorimetric power-time curves provide a lot more information about the 
peculiarities of bacterial growth and its metabolism (Lago et al., 2011; Stulova et 
al., 2011), which are difficult to obtain using conventional methods: multiauxic 
growth, the switch from one substrate to another etc. Calorimetry also provides 
an efficient alternative for the precise determination of specific growth rates (Liu 
et al., 1999). Moreover, the calorimetric method makes it possible to detect 
concentrations of bacteria in the range of 104-105 cells, which cannot be detected 
using spectrophotometry, the generally used method (Braissant et al., 2010b). 
Despite the fact that power-time curves provide a lot of information on growth, 
it is very useful to collect some additional data using other methods in parallel 
(Chen et al., 2008). 

The calorimetric method has definite advantages in comparison with other 
methods used in microbiology: (i) a microcalorimeter measures the heat 
produced by the growth of a bacterial culture, which depends not only on the 
biomass amount, but also on the amount of metabolised substrate and on the 
efficiency of carbon source utilization; (ii) a microcalorimeter provides more 
information for the calculation of the energy balance and the efficiency of 
metabolism; (iii) the growth of a bacterial culture can be continuously recorded 
with a microcalorimeter and without growth disturbance; (iv) microcalorimetric 
measurements are highly reproducible; (v) it is possible to analyse coloured and 
turbid samples, which means that the technique does not require optical 
transparency of samples and is invariant irrespective of their physical form; (vi) 
no specific sample pre-treatment or preparation is needed, as the samples are 
housed within an ampoule and monitored in situ (Gaisford et al., 2009; 
Vandenhove, 1998). 

Summarizing, it should be noted that microcalorimetry, when used in 
combination with other relevant measurements, is a very powerful instrument in 
studying quantitative detailed peculiarities of solid-state fermentations and 
growth in opaque media. 

 
1.2.3 Thermal activity monitor - TAM III 

The TAM III (Figure 4) is designed to continuously monitor a wide variety of 
processes and complex systems over a temperature range of 15–150oC. The 
TAM III maintains outstanding sensitivity because of the excellent stability of 
the thermostat (< ± 100 μK over 24h), even over long periods of time. A 
detection limit of 0.5μW and a baseline stability (over a period of 24 h) of ±0.2 
μW are characteristic of the instrument. The TAM III is operated in static 
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ampoule mode (batch process). The construction and functioning of the TAM III 
calorimeter has been previously described by Wadsö (2002). A heat flow 
calorimeter works by channelling the heat produced or consumed by a reaction 
in the sample through heat flow sensors comprised of thermoelectric modules. 
When a temperature gradient is imposed (or formed) across the thermoelectric 
module, a voltage is created in accordance with the Seebeck effect. This voltage 
is proportional to the heat flow through the thermoelectric module and hence 
proportional to the rate of heat production or consumption by the sample. One 
side of the thermoelectric module is in contact with the sample and the other is 
kept isothermal by a heat sink which is in contact with the TAM III thermostat.  

The thermostat is a liquid-based system, utilizing a mineral oil to quickly 
dissipate heat and minimize temperature gradients in the system. Efficient 
circulation of the liquid also permits precise temperature changes to be made. 
Temperature is controlled by a unique, patented regulation system. The average 
temperature fluctuation of the TAM III is better than ±10 μK over a range of 15 
to 150 °C. The drift over 24 hours is within ±100 μK. The unmatched stability of 
the TAM III thermostat contributes to a perfect environment for isothermal and 
temperature scanning measurements (minicalorimeter). The thermostat is 
controlled by the software dedicated to the TAM III: TAM Assistant™. This is 
the classical mode for microcalorimetric experiments. The liquid thermostat is 
maintained at a constant temperature for the duration of the experiment. Any 
heat generated or absorbed by the sample due to a chemical or physical process 
is continuously measured. Isothermal measurements give quantitative and 
continuous data reflecting the rate of the process under study. 

 

Figure 4. Isothermal microcalorimeter TAM III (TA Instruments, Delaware, US) 
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The TAM multicalorimeter contains six minicalorimeters (Figure 4). The 
minicalorimeter is a 3 or 4 ml microcalorimeter with a special design to reduce 
the space occupied by the calorimeter inside the thermostat. The reference is 
positioned below the sample ampoule. It is intended for use with the TAM III 
thermostat to increase the sample throughput combining with high sensitivity 
(TA Instruments).  
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2 AIMS OF THIS DISSERTATION 
 
The general aim of the present study was to develop a practical 

microcalorimetric method for the studies of bacterial growth in liquid cultures 
and during solid-state fermentation processes. Specifically, the aims were as 
follows: 

 
• to develop a method of serial dilutions for the studies of bacterial growth 

using a microcalorimeter together with other analytical methods on the basis 
of the growth of Lactococcus lactis IL1403 in transparent liquid and solid 
media 

• to compare the details of the growth of bacteria in liquid and solid cultures 
and to investigate the growth of individual bacterial colonies of different 
sizes 

• to evaluate the developed microcalorimetric method in the description of 
bacterial growth in opaque liquid and solid media (both irradiated and not 
irradiated) on the basis of the growth of Streptococcus thermophilus ST12 in 
reconstituted skim milk at different incubation temperatures and inoculation 
rates 

• to evaluate the use of the microcalorimetric method for the determination and 
analysis of the probiotic ingredient in solid matrices of extruded food 
products 
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3 EXPERIMENTAL 
3.1 Bacterial cultures studied 

3.1.1 Lactococcus lactis 

Lactococcus lactis is a spherical-shaped, non-motile, non-pathogenic, gram-
positive, facultative anaerobic lactic acid bacterium closely related to the genus 
Streptococcus. L. lactis is most commonly used for the industrial production of 
fermented dairy products, such as milk, cheese and yoghurt. Because of its 
industrial importance, it is the best-characterized lactic acid bacterium. 

The metabolic network of L. lactis can function in aerobic and anaerobic 
conditions. In anaerobic conditions, glycolysis breaks down extracellular 
carbohydrates to pyruvate, then converts pyruvate to lactic acid. The lactic acid 
that is produced during the growth of L. lactis lowers extracellular pH, thus 
negatively influencing the growth (growth rate) of the bacteria. L. lactis grows 
optimally at pH values around 6.5, and growth arrest occurs only at around pH 4. 
Although L. lactis is able to survive at low pH, the glycolysis is strongly affected 
at pH values below 5, showing a reduced rate of glucose consumption (Andersen 
et al., 2009). 

 
3.1.2 Streptococcus thermophilus 

Streptococcus thermophilus is a thermophilic spherical-shaped gram-positive, 
non-pathogenic, non-motile, non-sporulating, facultative anaerobic bacterium 
with an optimal growth rate at 45°C. It is the second most important dairy starter 
after Lactococcus lactis and is used for commercial purposes, which includes the 
production of milk, cheese and other dairy products (Hols et al., 2005; Thomas 
& Crow, 1984). It is a member of the thermophilic LAB and has traditionally 
been used in combination with Lactobacillus delbrueckii subsp. bulgaricus or 
Lactobacillus helveticus for the manufacture of yoghurt and hard “cooked” 
cheeses, respectively (e.g. Emmental, Gruyere and Grana) (Delorme, 2008). 

 
3.1.3 Enterococcus faecium 

Enterococcus faecium is a gram-positive, non-motile spherical-shaped 
bacterial, which can exist in pairs or chains of cells. The normal habitat includes 
the gastrointestinal tract of a multitude of animals but it can also be found in the 
oral cavity and vaginal tract (Huycke et al., 1998). The microbe can survive for 
long periods of time in soil, sewage and inside hospitals on a variety of surfaces 
(van Wamel et al., 2007). It can grow in temperatures ranging from 10 to 45°C, 
in basic or acidic environments, and in environments which are isotonic or 
hypertonic (Huycke et al., 1998). E. faecium can be used as a probiotic to out-
compete deleterious bacteria in the gastrointestinal tract (Kang and Lee, 2005). 

The studied strain Enterococcus faecium NCIMB10415 is registered in the 
catalogue of the “EU Community register of feed additives pursuant to 
Regulation (EC) No 1831/2003 - under a class of zootechnical additives”, under 
the number “E1707” (for dogs). 
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3.2 Inoculum preparation 
3.2.1 Lactococcus lactis IL1403 

The cultivated strain L. lactis subsp. lactis IL1403 was provided by Dr. Ogier 
from INRA (French National Institute for Agricultural Research, Jouy-en-Josas, 
France). Frozen storage cultures of L. lactis IL1403 were thawed and pre-grown 
on Petri dishes with M17 Agar (LAB M, UK) for 24 h at 35oC. One colony from 
a pre-grown Petri dish was used as the inoculum for a 10 mL culture in liquid 
M17 Broth (FLUKA) at 35°C. 1% of bacterial suspension grown overnight 
(exactly 24 hours) was used as the inoculum for the next liquid 10 mL M17 
broth culture and grown for 12-14 h, which allowed the L. lactis IL1403 bacteria 
to reach the middle of the exponential growth phase. The number of bacteria was 
determined by plating on M17 Agar and incubating for three days at 35°C, and 
the average number of bacteria in the mid-exponential culture was determined as 
(4.15±0.15)*108 cfu mL-1.  

 
3.2.2 Streptococcus thermophilus ST12 

A strain of St. thermophilus ST12, a gram-positive facultative anaerobe, was 
provided by Chr. Hansen (Denmark). Frozen cultures of St. thermophilus ST12 
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 the inoculum for 
a 10 mL culture in sterilized reconstituted skim milk (RSM) and left for 16 h to 
grow at 40°C. 1% of the pre-grown culture was used as the inoculum for the 
next 10 mL of RSM, and left for 12 h to grow. The preceding procedure was 
repeated one more time and the obtained bacterial suspension was further used 
for inoculation. The number of bacteria was determined by plating on M17 Agar 
and incubating for three days at 40°C. The final average number of bacteria in 
the inocula was (1.15±0.19)*109 cfu mL-1. 
 

3.2.3 Dilution procedure 
The inoculum needed for the experiments was prepared by diluting samples 

of the cultures that were pre-grown according to the procedure described above 
(see Sections 3.2.1 Lactococcus lactis IL1403 and 3.3.2 Streptococcus 
thermophilus ST12) in peptone water. The calculated inoculum concentrations in 
calorimetric and in parallel samples were varied from 100 to 106 cfu mL-1 with 
10-fold increments depending on the experiment and bacterial culture.  

It was important to have the correct desired number of colonies in solid 
samples as special attention was being paid to study the growth of individual 
colonies. From the practical point of view, it is quite difficult to get up to about 
three colonies, and not more, in a sample (inoculation rate 100 cfu mL -1). These 
colonies are separated from each other sufficiently and thus grow as independent 
individual colonies. The dilution procedures were developed and carefully 
implemented to assure that serial dilutions led to the desired inoculation rates. 
The exact following of the procedures of the preparation of bacterial cultures 
described above, which ensured high reproducibility at lower inoculation rates, 
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validated by the direct counting of the colonies in the samples after the 
experiments in the case of transparent agar gels, allowed us to be confident that 
the number of bacteria in samples was as assumed at inoculation rates higher 
than 102 cfu mL-1. Moreover, following the dilution procedure also allowed us to 
be confident of the final inoculum concentration in the opaque reconstituted 
skim milk samples. 
 

3.3 Growth experiments 
3.3.1 Medium composition for L. lactis cultivation 

A CRM (CRM – Carbohydrate-restricted medium) growth medium of the 
following composition was used: casitone (Difco) 20 g L-1, Tween 80 1.08 g L-1, 
sodium chloride (MERCK) 25 g L-1, magnesium sulfate 0.58 g L-1, manganese 
sulfate 0.3 g L-1, ferric sulfate 0.06 g L-1, B-vitamin solution (SIGMA) 10 ml L-1, 
and MES (2-[N-Morpholino]ethanesulfonic acid, SIGMA)  8.5 g L-1. 

 
3.3.2 Bacterial growth in liquid media 

A CRM broth for growth media was prepared in screw-capped glass bottles 
for all of the studied initial glucose concentrations (GLC 2, 3, 4, 5, 6, 7, 10 and 
20 g L-1). All solutions were sterilized by autoclaving at 121oC for 15 min. A 
definite amount (1%, v v-1) of the inoculum was added to the bottles with media 
solutions at 25°C to get the desired inoculation rate, and after that the 
suspensions were intensively stirred. 2 mL of the culture from each bottle were 
transferred into 3 mL autoclaved microcalorimetric glass ampoules and 
calorimetric experiments were run at +35°C. Bottles with residual bacterial 
suspensions were placed into a thermostat at +35°C. Glucose and lactic acid 
concentrations, pH and OD were determined in 4 mL samples; outplating was 
carried out using 100 µL samples at regular time intervals determined by the 
bacterial calorimetric growth curves. Sample solutions for the HPLC 
measurements were prepared by fixing with isopropanol in a proportion of 1:1. 
 

3.3.3 Bacterial growth in solid media 
CRM Agar for growth media was prepared in screw-capped glass bottles 

with the addition of all studied concentrations of glucose (GLC 2, 3, 4, 5, 6, 7, 8, 
10 and 20 g L-1) and agar (1%, w v-1). All solutions were sterilized by 
autoclaving at 121oC for 15 min. After the addition of a definite amount of the 
inoculum (1%, v v-1) to the flasks with media solutions at 45°C, suspensions 
were intensively stirred and then 3 mL from each flask was transferred into the 
autoclaved microcalorimetric glass ampoules. The filled ampoules were put into 
the microcalorimeter and experiments were run at 35°C. After filling the 
calorimetric ampoules, the remaining solutions were divided into 2 mL samples 
in plastic tubes and placed into the thermostat at 35°C – these were the parallels 
to the calorimetric experiments. Glucose and lactic acid concentrations and pH 
were determined at time intervals considered appropriate by bacterial 
calorimetric growth curves. Sample solutions for the HPLC measurements were 
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prepared by homogenizing the solid media in Falcon tubes with an appropriate 
amount of MilliQ water in a proportion of 1:2, and afterwards 500 µl of the 
probe was fixed with isopropanol in a proportion of 1:1. 

 
3.3.4 Bacterial growth in reconstituted milk powder 

LHSMP was irradiated in plastic Stomacher bags at a dose of 10 kGy using 
the dosimetric system GEX WinDose (Centennial, CO, USA). For the growth 
experiments, both low-heat skim milk powder (LHSMP) and irradiated low-heat 
skim milk powder (iLHSMP) were reconstituted in distilled water with thorough 
mixing for 1 h to yield a final concentration of 10% (w v-1) milk solids, and 
heated at 90˚C for 30 min. CaCl2 was added to the low-heat reconstituted skim 
milk (LHRSM) and irradiated low-heat reconstituted skim milk (iLHRSM) 
before mixing and heating. Chymosin (CHY-MAX Powder Extra) was obtained 
from Chr. Hansen (Hørsholm, Denmark). 0.2 g chymosin was dissolved in 10 ml 
MilliQ water and kept at 4°C. 100 μl of chymosin solution was added per 100 
mL of inoculated milk in the experiments with solid casein gels.  

2 mL of the culture of all of the milk samples from each bottle were 
transferred into 3 mL autoclaved microcalorimetric glass ampoules and 
calorimetric experiments were run at the chosen incubation temperature (40°C or 
35°C). After filling the calorimetric ampoules, the remaining solutions were 
divided into 1 mL samples in eppendorf centrifuge tubes and placed into the 
thermostat at the appropriate incubation temperature – these were the parallels to 
the calorimetric experiments. Glucose and lactic acid concentrations and pH 
were determined every hour for the first 9 hours of growth. Sample solutions for 
the HPLC measurements were prepared by fixing with isopropanol in a 
proportion of 1:1. 

 
3.3.5 Bacterial growth in dry pet food kibbles 

The experiments were performed with dry dog food in the form of extruded 
kibbles under the brand name ProBiotic LIVE (Bacterfield S.A., Luxembourg), 
which according to the producer contains viable probiotic bacteria Enterococcus 
faecium (NCIMB10415). The concentration of bacteria as declared on the 
packaging is 106 cfu per gram of dog food on average. Three commercially 
available dog food products differentiated by dog age (adult and senior) and by 
taste (salmon and chicken formulations) were used in the experiments: ProBiotic 
LIVE Adult Chicken & Rice (AC), ProBiotic LIVE Adult Salmon & Rice (AS) 
and ProBiotic LIVE Senior Chicken & Rice (SC). All dog food samples used in 
the experiments were initially received in hermetically closed separate 1.5 kg 
bags, with expiry date/lot. nr. 23.11.2012. All the bags were aseptically opened 
immediately before the experiments. For the experiments, dry pet food kibbles 
of different types were ground into fine particles and afterwards weighed in 
sterile plastic tubes. Samples were aseptically transferred into 3 mL autoclaved 
microcalorimetric glass ampoules. Depending on the experimental conditions, 
sterile MilliQ water, adjusted to pH=2 (dog stomach equivalent pH (Akimoto et 
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al., 2000)) or pH=7 (neutral value), was added to the ground dry pet food in a 
mass ratio of 1:1. All the solutions had been previously sterilized by autoclaving 
at 121oC for 15 min. 

In order to determine the initial bacterial concentration in the dog food 
kibbles, outplating on PCA (Scharlau, Spain) was carried out for all three pet 
food formulations. All experiments with pet food kibbles were performed at the 
fixed temperature of incubation of 37oC (the equivalent of a dog’s body 
temperature (Carlson and Griffin, 1992). 

 
3.4 Analytical methods 

3.4.1 Instrumental 
A TAM III (24-channels, TA Instruments, Delaware, USA), a type of heat 

conduction multi-channel microcalorimeter, was used to monitor the growth of 
cells. HPLC Separations Module Waters 2695 Alliance was used with a 
Refractive Index Detector 2414 and column BioRad HPX-87H Organic Acid 
Analysis Aminex Ion Exclusion Column 300 x 7.8 mm to measure glucose and 
lactate concentrations (solvent–sulfuric acid solution (2.2 mL per 1 L MilliQ 
water), flow rate 0.6 mL min-1, and an experimental temperature of 35°C). 
Optical density (for bacterial growth in a liquid state) was observed at 540 nm 
using a spectrophotometer (PHOTOMETR KFK-3, USSR). pH was detected 
with a pH meter S20 Seven Easy Mettler Toledo with an InLab 413 Mettler 
Toledo electrode. The dimensions of the colonies were measured using a Zeiss 
Axiovert 200M microscope with a Zeiss AxioCam MRc5 camera and Zeiss 
AxioVs40 V45.0.0 software. 

 
3.4.1.1 Analysis of power-time curves – the output of the 

microcalorimeter 
The curves that are the output of a microcalorimeter are called calorimetric 

thermograms or power-time curves. The power-time curve is a derivation of a 
standard bacterial growth curve in batch cultures. Calorimetric power-time 
curves (see Figure 5) can be divided into three growth phases (Figure 5(a)), 
essentially the same way as the bacterial growth curves, but with some 
reservations. Firstly, there is the lag phase, which determines the adjustment 
period during which bacterial cells adapt to the new environment and start to 
divide exponentially. The length of the lag phase was determined as shown in 
Figure 5(b). The calculation procedure was 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, besides by the physiology of the cell, by 
the level of sensitivity of the microcalorimeter. The sensitivity of a TAM III in 
the registration of heat is 7*10-4 J (0.5 µW), 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 
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population exceeds the level of the sensitivity of the instrument. It should be 
noted that this is also valid if some other physical method is used: OD etc. 
(Swinnen et al., 2004). 

 

 
Figure 5. 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 
(µmax,  h

-1) and the lag phase duration (λ, h); (c) determination of heat amounts during the 
exponential phase (Qexp, J mL-1) and during the total experiment (Qtot, J mL-1); (d) an 
integrated power-time curve: accumulated heat change over time 
 

The second phase of the power-time curve, following the lag phase, 
corresponds to the exponential growth phase, during which bacteria grow with 
the maximal growth rate μmax possible in the experimental conditions under study 
(see Figure 5). Taking into account that in the exponential growth phase the 
relationship between biomass concentration and specific growth rate may be 
described by first order kinetics and assuming that the rate of biomass formation 
is proportional to the rate of heat production, the maximum specific growth rate 
(µmax, h

-1) is measured as shown in Figure 5(b). The heat fluxes are proportional 
to the growth of cells, and the heat flows are equivalent to the growth rate 
values. The end of the exponential phase of the bacterial growth was defined in 
our data analysis by the peak of the power-time curves (see Figure 5(a)). 
According to the results obtained by plate count, the end of the exponential 
growth occurred at some time after the peak of the calorimetric curve but, 
according to the power-time curve, inhibitory processes and the decrease in the 
growth rate had obviously started already (see also Figure 5(d)). Therefore, 
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considering the exponential growth phase as ending at the peak value of the 
power-time curves is justified. The complex post-exponential growth phase that 
follows the exponential growth phase was called the deceleration phase in our 
studies, and it ended, in principle, with the full stop of the growth of bacteria, 
and the experiment (see Figure 5(a)). 

The total heat produced during the whole process of growth (Qtot, J mL-1) and 
the heat produced during the exponential growth phase (Qexp, J mL-1 - see Figure 
5(a, c)), as well as the maximum growth rate (μmax, h) and lag-phase duration (λ, 
h) (Figure 5(b)), were determined using a TAM Assistant program 
(v 0.9.1012.40, SciTech Software AB, Thermometric AB) and Microsoft Excel. 

All calorimetric experiments were performed in three parallels and the 
obtained power-time curves were normalized per millilitre in the case of the 
bacterial growth in the liquids, in the solid agar gels and in all the milk samples, 
as well as per gram in the experiments performed with the pet food. The 
averaged power-time curves of the three parallel runs were used for further 
analysis. 
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4 RESULTS AND DISCUSSION 
4.1 The study of the growth of Lactococcus lactis in broth 

(Publication I and II) 
4.1.1 Determination of heat yield coefficient YQ 

The heat yield coefficient YQ (J cfu-1) determines the amount of heat that is 
produced per one bacterium synthesized. It was calculated on the basis of the 
data of the heat produced at the end of the exponential growth phase  (Qexp, 
J mL-1) and based on the results of the plate counts carried out in parallel with 
the calorimetric measurements. For the calculation of the heat yield coefficient, 
the data were collected in different initial substrate concentrations (2, 5, 10, 20 
g L-1) and inoculation rates (102 - 106 cfu mL-1). There was no significant 
influence of either initial bacterial number or initial glucose concentration on the 
value of YQ. The value of YQ was determined to be YQ = (2.58±0.44)*10-9 J cfu-1. 
The YQ value was used for the description of the exponential phase of the liquid 
culture and also for the solid-state growth. 

 
4.1.2 Analysis of power-time curves of bacterial growth in 

liquids 
The growth of L. lactis was monitored in broth at different inoculation rates 

(102, 103, 104, 105, 106 cfu mL-1) and glucose concentrations (2, 10 and 20 g L-1). 
Changing the inoculation rate provided an opportunity to study the growth 
termination processes, together with the buffer capacity of the media. 

The data obtained at glucose concentrations of 2 g L-1 and 10 g L-1 at 
different inoculation rates (102 – 106 cfu mL-1) are shown in Figure 6. The same 
series of power-time curves were obtained for the 20 g L-1 initial concentration 
of glucose but, as they were similar to the curves obtained at 10 g L-1 glucose 
concentration, they are not separately brought out.  

As seen in Figure 6, the length of the lag phase of the growth curves was 
notably shortened in increasing the inoculum. A separate study showed that in 
the case of L. lactis the level of sensitivity of the instrument corresponds to the 
growth of approximately 105 cells per mL. This means that the growth of cells at 
inoculation rates higher than 105 cfu mL-1 is recorded from the beginning of the 
growth, after a “genuine” lag phase, and at lower inoculation rates bacterial 
growth is recorded after the number of bacteria has reached 105 cfu mL-1 after 
growth of different lengths. In agreement with this, the experimentally 
determined length of the lag phase should differ by 3.33 times generation times 
(23.33 = 10) at different inoculation rates lower than 105 cfu mL-1. Indeed, this 
was observed in our experiments (see Figure 6) (the generation times in liquid 
cultures at high inoculation rates were about 1 hour). 

The maximum growth rates μmax (Figure 7) slightly decreased from 0.56 h-1 at 
the inoculation rate of 106 cfu mL-1 to 0.44 h-1 at the inoculation rate of 102 cfu  
mL-1. The maximum values of the observed growth rates of the bacteria in the 
exponential phase at high inoculation rates coincided with the μmax value 
measured for these bacteria in liquid cultures using other (conventional) 
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methods, such as outplating and optical density measurements. The decrease of 
the μmax values at lower inoculations rates can be explained by the fact that in 
these cases we observed the growth of cultures with the same number of cells as 
in the case of high inoculation rates. However, as the cells had increased from 
the initial low numbers, they had synthesized some amount of growth inhibiting 
product – lactate – to the media of low buffering capacity, which led to the 
inhibition of the growth rate. 

 

 
Figure 6. Power-time curves describing bacterial growth in broth at different inoculation 
rates and at initial glucose concentration 2 g L-1 (A) and 10 g L-1 (B): a – inoculation rate 
– 106 cfu mL-1; b – 105 cfu mL-1; c – 104 cfu mL-1; d – 103 cfu mL-1; e – 102 cfu mL-1 

 
The maximum specific growth rate µmax (h

-1) did not notably depend on the 
initial glucose concentration (Figure 7). This result strongly indicates that the 
bacteria grew at µmax possible for current environmental conditions during the 
rapid (exponential) growth phase. 

Besides µmax, the exponential growth phase is characterized by the amount of 
heat produced by the growing cells, which is proportional to the number of 
bacteria grown. It was observed that the heat produced during the exponential 
growth phase was practically the same at a value of 0.80±0.05 J mL-1, which 
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corresponds to 3.10*108 cells at different inoculation rates and different glucose 
concentrations studied. This indicates that there was no substrate (glucose) 
limitation in the exponential phase and the termination of the exponential growth 
was caused by accumulating lactate either through direct inhibition or more 
probably through the change of the pH of the media. Essentially the same 
conclusion was drawn from the HPLC and pH measurements. 

 

 
Figure 7. The maximum specific growth rates at different initial glucose concentrations 
(2, 10, 20 g L-1) and various inoculation rates from 102 cfu mL-1 to 106 cfu mL-1 
determined for bacterial growth in broth 
 

 
Figure 8. The heat produced during the total bacterial growth in broth at different initial 
glucose concentrations (2, 10, 20 g L-1) and various inoculation rates, from 102 cfu mL-1 
to 106 cfu mL-1 

 
The total heat amounts produced by a bacterial culture at the end of growth, 

Qtot, do not greatly depend on inoculation rate, but notably depend on initial 
glucose concentration (Figure 8). The heat produced at the 2 g L-1 initial glucose 
concentration is equal at inoculation rates higher that 102 cfu mL-1. This means 
that the growth has stopped because all the available substrate is totally 
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consumed during the growth. At higher initial glucose concentrations, there is 
enough of the substrate available in the media, which leads to higher biomass 
yields and thus higher heat production. 
 

4.1.2.1 Study of deceleration phase 
In order to describe the deceleration growth phase, the growth of L. lactis 

was studied in lower substrate concentrations, from 2 g L-1 up to 10 g L-1 with a 
stepwise increase of 1 g L-1 at the 102 cfu mL-1 inoculation rate. The calorimetric 
power-time curves obtained in all of the glucose concentrations studied in broth 
are presented in Figure 9. In order to analyse the power-time curves, additional 
measurements of concentrations of glucose (GLC, g L-1) and lactic acid (LA, g 
L-1), pH and bacterial number, as well as the optical density (OD),  were carried 
out for three chosen glucose concentrations (2, 5 and 10 g L-1), and the data 
obtained are presented in Figure 10. The data of additional measurements were 
splined (Pollock, 1993). 

The power-time curves obtained in liquids in the lowest glucose 
concentration studied – 2 g L-1 – resemble symmetric (Gaussian) curves (Figure 
9). The deceleration phases of the growth curves were more prolonged in higher 
glucose concentrations than 2 g L-1 and calorimetric curves were practically 
identical in the range of 4-10 g L-1 of glucose. In the 3 g L-1 the curve coincided 
with those of the higher glucose concentrations until the 40th hour of 
fermentation, after which a quite abrupt decrease in the growth rate was 
observed. 
 

 
Figure 9. Calorimetric power-time curves of L. lactis in liquid media with different 
glucose concentrations (2, 3, 5, 6, 7 and 10 g L-1) at an inoculation rate of 102 cfu mL-1 

 
As seen in Figure 10, the end of the exponential growth phase measured on 

the power-time curves coincided with the time when the transition phase 
between the exponential and stationary growth phases started, according to the 
growth curve obtained from plate count and OD results. This fact means that it is 
experimentally justified to take the peak of the calorimetric power-time curve as 
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the end of the exponential growth phase. In fact, on the basis of the calorimetric 
curves, the time when the growth rate of the culture started to deviate from the 
maximum values could be detected more precisely in comparison with 
conventional methods. 

 

 
Figure 10. Calorimetric power–time curves together with additional measurements of the 
pH change, lactic acid (LA) production and glucose (GLC) consumption curves, changes 
in bacterial number (N) and the curves of optical density (OD) describing the growth of 
bacteria at different initial glucose concentrations of 2, 5 and 10 g L-1 in liquid cultures 
 

According to Figure 10, the pH value was about 4.5-4.6 at the end of the 
exponential growth in the glucose concentrations studied. This means that the 
reason for the stopping of the exponential growth was probably the change of the 
pH of the media at a definite level on account of the production of lactic acid. 

The heat amount produced by the end of the growth in liquid cultures at 
higher initial glucose concentrations (4-10 g L-1) was around 2.8±0.3 J mL-1, 
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which corresponds to the number of bacteria of 1.09*109 cfu mL-1 (calculated 
using the heat yield coefficient YQ). A comparison of the biomasses grown 
during the complete cultivation experiments and during the exponential growth 
phase showed that about 70% of the total was synthesized during the post-
exponential growth phase. At low initial glucose concentrations, at 2 g L-1 and 3 
g L-1, the total heat amounts produced by the cultures were lower in comparison 
with higher initial glucose concentrations. As seen in Figure 10, the profiles of 
consumed glucose, produced lactate and pH were also different at the lower 
initial glucose concentrations (2 g L-1) in comparison with the higher ones (5 and 
10 g L-1).  

The growth of the liquid culture was eventually terminated due to the 
exhaustion of the glucose in the media at 2 g L-1 and 3 g L-1. To understand the 
mechanism of the termination of growth in cultures with higher than 3 g L-1 of 
initial glucose, it should be noted that the final concentrations of lactic acid in 
the cultures did not exceed 5 g L-1, which is quite low: usually at least two times 
higher concentrations are required to notably inhibit the growth of LABs. On the 
other hand, the pH values were in the range of 4.0-4.2 at the end of cultivations, 
which could well be the reason for the termination of the growth of the cultures. 
 

4.2 The study of the growth of Lactococcus lactis in solid agar 
gels (Publication I and II) 
4.2.1 Analysis of the power-time curves of the solid-state 

growth of bacteria 
The growth of L. lactis was monitored in agar gels at different inoculation 

rates (100, 101, 102, 103, 104, 105, 106 cfu mL-1) and glucose concentrations (2, 
10, 20 g L-1). The obtained calorimetric power-time curves of the growth of the 
bacteria in solid matrices are presented in Figure 11.  

A longer lag phase, by approximately 1.4 hours, was observed in the solid-
state cultures in comparison with the liquid cultures. This can be explained by 
the differences in preparation of the cultures. Inoculating the bacteria into media 
containing agar, the temperature of the media should be high enough (higher 
than 40ºC) for good mixing, and this is stressful for microorganisms (Malakar, 
2002a), leading to the prolongation of the lag phase. There is no additional heat 
stress in the case of liquid cultures: inoculation of bacteria in broth takes place at 
room temperature. 

Maximum growth rates µmax were determined from the power-time curves as 
described in Section 3.4.1.1. In Figure 12 the intervals in which the maximum 
growth rate was constant are marked with bold black lines. Even at lower 
inoculation rates (101 and 100 cfu mL-1), the linear correlation coefficients were 
equal to R2 = 0,999 for up to 12 hours, indicating that bacteria were growing 
exponentially. 
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Figure 11. Bacterial growth monitored by calorimetric power-time curves in agar gels 
with different inoculation rates in two different glucose concentrations: (A) 2 g L-1 and 
(B) 10 g L-1 in solid agar (1%) gels: a – 106 cfu mL-1; b – 105 cfu mL-1; c – 104 cfu mL-1; 
d – 103 cfu mL-1; e – 102 cfu mL-1; f – 101 cfu mL-1; g – 100 cfu mL-1 

 
The values of the maximum growth rates measured from the power-time 

curves presented in Figure 11, and also in curves not presented in the text, are 
given in Figure 13. The values of the maximum growth rates µmax notably 
depended on the inoculation rates, but did not depend on the concentration of 
glucose in the media. It is also clear that in the case of inoculation rates of 104-
106 cfu mL-1 the μmax values of about 0.65 h-1 were slightly higher, but in the 
same range as the μmax value in broth (Figure 7). It could be concluded that no 
diffusion limitation of the growth by glucose was observed in the growth of 
small colonies in 1% agar gels. Small colonies possibly containing one 
bacterium at the beginning grew with the maximum growth rate µmax 
characterizing the bacteria in excess of glucose. The lower recorded growth rates 
µmax of the colonies at lower inoculation rates are explained by the fact that in 
these cases we monitored the growth of the bigger colonies growing in 
conditions of a higher concentration of the lactate synthesized within the 
colonies and to the bulk media during the latent period of the measurements of 
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the heat flow. A comparison of the decrease in the growth rates in liquid culture 
and in the solid state at the same low inoculation rates (lower than 103 cfu mL-1) 
showed that the decrease was more pronounced in the latter case. This can be 
explained by assuming that lactate accumulated within the colonies and thus 
inhibited the bacterial growth more efficiently than lactate equally distributed in 
the broth in the liquid cultures. 

 

 
Figure 12. The determination of maximum specific growth rate µmax (h-1) from the 
calorimetric power-time curves in solid agar gels at different inoculation rates, from 100 
to 106 cfu mL-1 with 10-fold increments. The bold solid lines show the time interval of 
the curve in which the specific growth rate was maximum and constant during the 
exponential growth phase 
 

 
Figure 13. The maximum specific growth rates at different initial glucose concentrations 
(2, 10, 20 g L-1) and various inoculation rates, from 100 cfu mL-1 to 106 cfu mL-1 in 
bacterial growth in agar gel 
 

A microcalorimeter measures the heat evolution of a sample, and this data 
can be recalculated for the growth of a culture, and eventually for the growth of 
an average colony, taking into account the sensitivity of the instrument and the 
inoculation rate. Changing the inoculation rate provides an opportunity to study 
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the growth of colonies of different sizes. The scheme of calculation of the 
numbers of bacteria at different inoculation rates is illustrated in a schematic 
drawing in Figure 14. It was possible to calculate the heats that produced during 
the growth, the numbers of bacteria in the sample and colonies etc. on the basis 
of the figure, and understand how “lower inoculation rate effects” and “colony-
effects” led to the differences in the power-time curves in solid-state growth and 
growth in liquid cultures. The total numbers of bacteria in the sample were 
calculated using microscopy (see Section 4.2.2). Microscopy was found to be 
more suitable than power-time curves for the determination of the total numbers 
of cells in average colonies at the end of the growth. However, these issues 
require further and more detailed investigations. 

 

 
Figure 14. The numbers of bacteria of different “origin” (inoculum, exponentially 
grown, and grown during the post-exponential growth phase) in samples, with cultures at 
different inoculation rates. The number of the bacteria grown in a sample was calculated 
by subtracting from the total number of bacteria, or from the number of bacteria at the 
end of the exponential phase, the number of bacteria inoculated into the sample at the 
beginning of the experiment. The number of bacteria in an average colony was 
calculated by dividing the number of bacteria grown in a sample by the inoculation rate. 
The detection limit of the instrument and the number of bacteria needed to grow until 
power-time curves could be measured are also presented 

 
A snapshot of the solid culture at the end of the exponential growth phase 

calculated on the basis of the experimental results obtained is presented in 
Table 1. Taking into account the inoculation rates, it was possible to calculate 
the distances of the colonies in idealised grids (third column). The numbers of 
bacteria in average colonies at the end of the exponential growth phase, 
calculated using YQ in different glucose concentrations and inoculation rates, are 
presented in the fifth column of Table 1. The radii of average (spherical) 
colonies at the end of exponential growth were calculated using Kepler`s 
conjecture. It should be noted that the colonies were lenticular rather than 
spherical in the agar gels, but for bigger intuitive transparency simplified 
calculations using spherical shapes of colonies were carried out.  
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Table 1. Calculated parameters describing the growth of the bacterial colonies at the end 
of the exponential growth phase at different initial glucose concentrations (2, 10, 20 
g L-1) and inoculation rates N0 (from 100 cfu mL-1 to 106 cfu mL-1): yield coefficient YXS 
(g g-1), amounts of produced heat during the exponential phase - Qexp (J mL-1), and the 
number of bacteria Nexp (cfu col-1) formed in an average colony with the radius RCOL 
(µm); RGLC (µm) is the radius of an area from which glucose was scavenged for the 
growth of an average colony 

N0, 
cfu 

mL-1 

GLC 
g L-1 

Distance 
between 
colonies, 

µm 

Qexp, 
J mL-1 

Nexp
(1),  

cfu col-1 
RCOL

(2)
 

µm 
RGLC

(3) 
µm 

YXS*10-2 

g g-1 

100 2 
10000 

0.13 4.9*107 185 5149 1.36 
10 0.36 1.4*108 263 4281 1.36 

101 
2 

4642 
0.27 1.0*107 110 3063 1.36 

10 0.35 1.4*107 142 1963 1.36 
20 0.30 1.2*107 150 1475 1.36 

102 
2 

2154 
0.62 2.4*106 68 1876 1.37 

10 0.60 2.3*106 67 1086 1.36 
20 0.57 2.2*106 66 845 1.36 

103 
2 

1000 
0.66 2.6*105 32 876 1.44 

10 0.63 2.6*105 32 510 1.45 
20 0.66 2.5*105 32 381 1.85 

104 
2 

464 
0.63 2.4*104 15 409 1.34 

10 0.61 2.3*104 14 238 1.31 
20 0.61 2.4*104 14 174 1.69 

105 
2 

215 
0.45 1.7*103 6 190 0.95 

10 0.46 1.8*103 6 109 1.02 
20 0.46 1.8*103 6 77 1.45 

106 
2 

100 
0.50 1.9*102 3 88 1.05 

10 0.48 1.9*102 3 54 0.92 
20 0.49 1.9*102 3 37 1.40 

(1) The number of bacteria was calculated using the data on the heat produced during the exponential 
growth, and the YQ value determined 

(2) Radius of an average spherical model colony calculated from an average volume of the colony, calculated 
using Kepler’s conjecture of bacterial packing in colonies, the sizes of which were measured using a 
microscope 

(3) Radius of an average spherical area from which glucose was used by an average colony – the radius was 
calculated from the volumes of glucose consumed by one colony determined using HPLC analysis 

 
Radii of the average spheres from which glucose was scavenged by average 

colonies were calculated using the HPLC data on glucose consumption. As also 
seen in Table 1, the spheres of influence of average colonies did not overlap 
heavily, which is in good agreement with the conclusion reached on the basis of 
other data that during the exponential growth phase colonies would grow 
essentially separately. 



47 

Using the data on heat amounts produced Qexp and glucose consumed, the 
values of yield coefficient YXS (g g-1) were calculated for the growth during the 
exponential phase, under conditions where there were no strong inhibitory 
effects influencing the growth. First, the bacterial number per ampoule was 
calculated on the basis of the heat amount produced during the exponential 
phase using heat yield coefficient YQ. To calculate the biomass in the sample, the 
number of bacteria was multiplied by the dry weight of one cell. The mass of a 
cell (an average cell) was obtained two different ways. Data on the volume and 
the density of the cell were used in the first method. According to the literature 
(Kokkinos et al., 1998), the size of L. lactis subsp. lactis is around 0.35 µm3 and 
multiplying it by the cell density ( ρ = 1 g cm-3) the dry weight of the cell would 
be (1.05±0.49)*10-13 g. The mass of an average cell was also experimentally 
measured in chemostat cultures of L. lactis. The concentration of the bacteria 
was determined using plate count; the dry weight of the biomass was determined 
using gravimetry. The average mass of the cells was calculated to be 
(2.08±0.54)*10-13 g, which matches well with the result of the first method. 
According to the data in Table 1, the YXS was constant irrespective of initial 
substrate concentration at inoculation rates lower than 103 cfu mL-1. With further 
inoculation rate increase in the interval of 103-106 cfu mL-1 a decrease in YXS was 
observed, which means that the bacteria in smaller colonies spilt more energy in 
comparison with bigger colonies: at higher inoculation rates in the case of faster 
growing cells more substrate was consumed to synthesize the same amount of 
biomass. The opposite trend was observed in liquid continuous culture in 
Lahtvee et al. (2011). This can be explained by assuming that L. lactis exercises 
different metabolic strategies in broth and solid-state media. 

While the heats produced (number of bacteria grown) during the exponential 
growth phase were practically the same at all glucose concentrations (Table 1), 
the total heats produced during the complete growth processes were notably 
different (Figure 15). The total amount of heat produced during the complete 
growth was in the range of 1.5-2.8 J mL-1 in practically all cases, indicating that 
most of the biomass, about 3-5 times more than by the end of the exponential 
growth phase, was synthesized during the post-exponential growth phase. 
However, there were notable differences between the glucose concentration 2 
g L-1 and other glucose concentrations studied. In the initial glucose 
concentration of 2 g L-1 the total heat produced was 1.8 J mL-1 at all inoculation 
rates, except for the lowest: 100 and 101 cfu mL-1. This supports the conclusion 
reached for liquid cultures according to which the number of bacteria at the end 
of the growth was limited by the amount of glucose present in the media, which 
is also supported by the HPLC measurements. The higher initial concentrations 
of glucose were also able to support the growth of notably higher numbers of 
cells - 2*109-4*109 bacteria per mL - producing higher amounts of heat. 
According to the HPLC data, the energy metabolism at higher initial glucose 
concentrations was changed to heterofermentative (Publication II, Table 2). The 
mechanisms leading to the change of the metabolism of the bacteria from 



48 

homofermentative to more efficient heterofermentative mechanisms ensuring the 
prolongation of the production of heat, and the prolongation of post-exponential 
growth, however, require further investigation. An uncoupling of energy 
production is the most probable factor involved in determining the peculiarities 
observed, as proposed earlier by Belaich et al., 1972, Senez, 1962 and Russel 
and Cook, 1995. 

 
Figure 15. Total heat produced during bacterial growth in 1% agar gels at different initial 
glucose concentrations (2, 10, 20 g L-1) and various inoculation rates, from 100 cfu mL-1 

to 106 cfu mL-1 

 
4.2.1.1 The study of the deceleration phase 

The calorimetric power-time curves of the growth of L. lactis in lower 
substrate concentrations, from 2 g L-1 up to 10 g L-1, with stepwise increases by 
1 g L-1 in the case of the 102 cfu mL-1 inoculation rate are presented in Figure 16. 
In order to analyse the calorimetric power-time curves, additional measurements 
of concentrations of glucose and lactic acid, as well as pH, were carried out for 
three chosen glucose concentrations (2, 5 and 10 g L-1) and the data obtained are 
presented in Figure 17. The data from additional measurements were splined 
(Pollock, 1993). 

The power-time curves obtained in liquids (Figure 9) and in solids (Figure 
17) are quite similar in shape, but some notable differences can nevertheless be 
observed. In all cases, also at 2 g L-1 glucose concentrations the post-exponential 
parts of the solid state curves were prolonged. The 2 g L-1 curve was not 
Gaussian; however, the growth of the culture was stopped earlier than in the case 
of other glucose concentrations, from 3 g L-1 and higher. This and the fact that 
the maximum heat flows Pmax (W mL-1) were remarkably lower in the solid-state 
matrices than in broth were the clear differences characterizing growth in the 
two cases studied. 

The heat produced in solid-state matrices was 1.5 times lower than in broth, 
and thus also the number of bacteria grown during the exponential growth was 
smaller: 0.55±0.02 J mL-1 and 2.12*108 cfu mL-1, respectively (Publication II, 
Table 1). However, this apparent contradiction was solved by noting that in solid 
media the pH value of 4.6 (pH was the factor terminating the exponential growth 
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in both media) was reached with a smaller amount of lactate (LA ~1.0 g L-1) 
produced than in the liquid media (~2.2 g L-1) (Figure 10 and Figure 17). One of 
the possible explanations for the lower buffering capacity of solid matrices is 
that part of the free water was bound to the gel in the solid media, and thus less 
lactic acid than in the broth was needed to acidify the environment and bring the 
pH down. Another possible assumption is that the homofermentative metabolism 
was replaced by a heterofermentative metabolism of L. lactis in the solid-state 
matrices with the formation of formate and acetate, stronger acids than lactate. 

 
Figure 16. Calorimetric power-time curves of L. lactis in media with different glucose 
concentrations (GLC, g L-1) in solid-state matrices at an inoculation rate of 102 cfu mL-1 

 
Figure 17. Calorimetric power–time curves, pH change, lactic acid production and 
glucose consumption curves describing the growth of bacteria at different initial glucose 
concentrations of 2, 5 and 10 g L-1 in solid agar gels 

0 20 40 60 80 100 120 140
0

10

20

30

40

4,0

4,5

5,0

5,5

6,0

0,0

0,5

1,0

1,5

2,0

0,0

0,5

1,0

1,5

2,0

2 g L-1

 P
, µ

W
 m

L-1

Time, h

 p
H

 G
L

C
, g

 L
-1

 L
A

, g
 L

-1

0 20 40 60 80 100 120 140
0

10

20

30

40

4,0

4,5

5,0

5,5

6,0

0

2

4

6

8

10

0

2

4

6

8

10

 P
, µ

W
 m

L
-1

Time, h

 p
H

 G
L

C
, g

 L
-1

10 g L-1

 L
A

, g
 L

-1

0 20 40 60 80 100 120 140
0

10

20

30

40

4,0

4,5

5,0

5,5

6,0

0

1

2

3

4

5

0

1

2

3

4

5

 P
, µ

W
 m

L
-1

Time, h

 p
H

 G
L

C
, g

 L
-1

5 g L-1

 L
A

, g
 L

-1



50 

However, it should be noted that no extra peaks in addition to lactic acid on 
the HPLC curves were detected. Therefore, the assumption that the smaller 
buffering capacity of agar gel was the reason for the smaller amount of biomass 
formed in the solid-state matrices seems to be more attractive than the other 
assumption. 

The total heat effects in the bacterial growth in the solid-state matrices were 
on average 1.92±0.18 J mL-1 and the number of bacteria grown in the solid 
cultures calculated using the heat yield coefficient  was  (7.41±0.38)*108 cfu  
mL-1. The total number of bacteria at the end of the growth in solid agar gels 
could also be calculated on the basis of microscopic data, using Kepler’s 
conjecture. The number of bacteria at the end of the growth in the solid state was 
(1.1±0.19)*109 cfu mL-1 forming colonies with radii of 111±6.69 µm. The 
number of the bacteria determined based on microscopy was 1.5 times higher 
than the number calculated from the power-time curves. This difference can be 
explained most probably by the less dense packing of bacterial cells in the 
colonies than assumed in the Kepler’s conjecture, which is the densest possible 
packing of spheres. But a reasonable correspondence of the calorimetric and 
microscopy data should be considered encouraging in attempts to determine 
datasets that fit with each other on the growth of bacteria in solid-state matrices. 

The profiles of consumed glucose, produced lactate and pH were also 
different at lower initial glucose concentrations (2 g L-1) in comparison with the 
higher ones (5 and 10 g L-1), as in the bacterial growth in broth. In the 2 g L-1 
glucose concentration, the substrate was completely consumed by the end of the 
growth. In the 5 g L-1 glucose concentration, more than half of the total glucose 
available initially (3.4 g L-1) was consumed and 35% of the initial glucose was 
eventually consumed at 10 g L-1 in the solid-state cultures. In the higher than 3 g 
L-1 of initial glucose concentration, the same growth inhibiting factors as in the 
liquid cultures should be mentioned: the production of growth inhibiting 
amounts of lactic acid led to extremely low environmental pH values. The fact 
that the growth of the cultures at high initial glucose concentrations (5 and 10 
g L-1) was terminated at pH=4.2 in solid-state cultures and at pH=4.0 in liquid 
showed that this was most probably due to the fact that even the lower amounts 
of lactic acid produced by the bacteria within the colonies was sufficient to stop 
the growth. It is necessary here to assume that the diffusion of lactic acid inside 
the colonies was a notably slower process than in water, which allowed higher 
local accumulation of lactic acid and the inhibition of growth at bulk pH higher 
(pH=4.2) than in the broth (pH=4.0), where there were no diffusion limitations. 
This conclusion is in agreement with the data in the literature (Andersen et al., 
2009; Mercade et al., 2000). 

For homofermentative bacteria such as L. lactis, it is common to produce 
lactic acid from consumed glucose in a ratio of 1:1 (gram per gram). During the 
growth of bacteria in the solid-state matrices, the metabolism of the bacteria was 
most probably changed to more efficient heterofermentative mechanisms, as the 
concentrations of the produced lactic acid made up approximately half of the 
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consumed glucose amounts. According to the literature (Papagianni et al., 2007), 
homofermentative metabolism in anaerobic cultures occurs on substrates 
supporting rapid growth in which a significant amount of glucose is in the 
medium and a mixed acid fermentation occurs when growth rates are low. We 
observed the shift in the change in growth from the liquid to the solid-state 
culture. 

 
4.2.2 The sizes and shapes of the colonies determined by 

microscopy  
The lenticular shape of the colonies could be visually well observed starting 

at 104 cfu mL-1 and with a further decrease in the colony number in the samples 
(Publication II, Figure 9). The shape of the colonies was barely observable at 
higher than 104 cfu mL-1 inoculation rates using 10-fold magnification but, 
taking into account the structure of the agar gel, it could be assumed that the 
colonies were also lenticular in these conditions. According to Pernodet (1997), 
the sizes of agar gel pores are around 350 - 400 nm in agar concentrations of 1% 
(w v-1). When bacteria started to multiply in the solid media, they formed 
colonies in the pores of the agar gel overcoming the resistance of the media by 
breaking the bonds between the chains of polysaccharides and thus “enlarging” 
the pores. It could be assumed that the colonies grew lenticular-shaped as a 
result of the agar structure as it was easier to break the bonds between the chains 
and form lenticular colonies than to stretch the inter-chain bonding, and form 
spherical colonies. 

The size of the average colony varied from 17 µm at the highest inoculation 
rate of 106 cfu mL-1 to 2200 µm  at the inoculation rate of 100 cfu mL-1. The sizes 
of the colonies, determined by microscopy, were used for the calculation of the 
numbers of cells in the colonies at the end of the growth (Figure 14). The 
standard deviation of colony sizes was high at low inoculation rates of 100-101 

cfu mL-1 and vice versa. A limited number of colonies (less than 10-20) could 
have been orientated in solid samples differently, and this led to the differences 
in the sizes and the distances between the colonies, which in turn also influenced 
the size of the colonies. At higher inoculation rates, the colonies were evenly 
distributed throughout the matrix in the sample and thus their dimensions were 
less variable. The same circumstances determined the variability of the power-
time curves. In higher inoculation rates (number of colonies higher than 102), the 
differences “averaged out” and in these conditions the reproducibility of the 
microcalorimetric method was (very) high: σ = 0.37 µW. 

 
4.2.3 The model of growth of an average individual colony of 

L. lactis in agarose gel  
A model of the changes in the specific growth rate of individual (average) 

colonies of different sizes using data on maximum specific growth rates µmax 
(Figure 13) and on the numbers of bacteria, both at the beginning and at the end 
of the exponential growth phase, in different growth conditions (Figure 14) was 
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developed (see Figure 18). The average colony grew exponentially until the 
number of bacteria reached approximately 105, and the radius of the average 
colony was 46 µm. The growth rate of bigger colonies, containing 105-108 cells, 
decreased due to the accumulation of lactic acid, leading to the lowering of pH. 
The growth of bacteria inside the colonies was restricted and the size of the 
colony increased due to the division of the bacteria on the surface of the colony 
(McKay et al., 1997). The power-time curves of the growth of bacteria in big 
colonies at the inoculation rates of 100 and 101 cfu mL-1 were observed in the 
microcalorimeter under conditions where the number of bacteria in a colony 
reached 104 -105 and lactate started inhibiting the growth. This explains the 
lower growth rates and heat productions at 100 and 101 cfu mL-1 in comparison 
with higher inoculation rates (Figure 14 and Figure 16). 

 

 
Figure 18. The growth of an averaged colony of L. lactis in agar gel constructed on the 
basis of the data obtained from the analysis of the calorimetric power-time curves. Solid 
lines show the µmax values and the ranges of colony sizes where these values were 
measured: a – 100 cfu mL-1; b – 101 cfu mL-1 c – 102 cfu mL-1; d – 103 cfu mL-1;  
e – 104 cfu mL-1; f – 105 cfu mL-1; g – 106 cfu mL-1. The broken line is a constructed 
growth curve of an average colony of L. lactis in solid agar gel 
 

Similar results were obtained by Malakar et al. (2002a), who showed that 
mass transfer limitations can be significant in the development of bacterial 
colonies in solid systems if the colonies contain about 105 or more cells. The 
growth of smaller colonies, containing less than 105 cells, in solid matrices at 
higher inoculation rates than 102 cfu mL-1 is similar to the growth in broth 
cultures: small colonies have sizes at which mass transfer limitations are not 
significant. 
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4.3 The study of the growth of Streptococcus thermophilus in 
skim milk (Publication III and unpublished data) 

The developed microcalorimetric method was applied for the studies of the 
growth of Streptococcus thermophilus ST12 in different environmental 
conditions. During the experiments, the growth of bacteria was monitored at two 
different temperatures: the more appropriate for the growth of thermophilic 
bacteria 40C, and the lower temperature of 35C. Additionally, the low heat 
skim milk powder (LHSMP) was irradiated at a dose of 10 kGy and the growth 
of ST12 was then observed both in milk reconstituted from irradiated and non-
irradiated low heat skim milk powders (irrRSM and RSM, respectively). All of 
the experiments were performed both in liquid and in renneted skim milk 
samples at different inoculation rates, from 101 cfu mL-1 up to 106 cfu mL-1 with 
10-fold increments. The influence of all the mentioned parameters on the growth 
of Streptococcus thermophilus ST12, using the microcalorimetric method, is 
described in the following four subtopics. 

 
4.3.1 Effect of the incubation temperature 

The growth of Streptococcus thermophilus ST12 was studied at two different 
incubation temperatures – 40C and 35C – at an inoculation rate of 105 
cfu mL-1 (Figure 19). The higher monitored temperature – 40C – is more 
appropriate for the growth of studied thermophilic bacteria and the lower one – 
35C – could obviously negatively influence the growth of St. thermophilus. The 
power-time curves 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 was in agreement 
with the results reported in the literature for Lactococcus lactis (Juillard et al., 
1995; Letort et al., 2002) and can be explained by the fact that oligopeptides, and 
presumably also free amino acids, were the main sources of nitrogen during the 
first exponential growth phase, whereas peptides 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 
St. thermophilus was studied in the cited papers; however, Juillard et al. (1995) 
found that the transport of oligopeptides in these two bacteria is probably 
similar. 

The power-time curves in RSM at both incubation temperatures retained the 
two-stage growth pattern, but at a lower incubation temperature both of the 
growth stages were shifted further in time. The maximum specific growth rates 
were lower in the 35C incubation temperature in comparison with the results 
obtained at 40C during both exponential phases. During the first exponential 
growth phase and the second exponential growth phase at 35C, the µmax reached 
values of 1.28±0.0 h-1 and 0.90±0.01 h-1 respectively. At the more suitable 
incubation temperature for the growth of St. thermophilus of 40C, the µmax were 
higher at the values of 1.85±0.05 h-1 and 1.18±0.00 h-1 respectively, during both 
of the previously mentioned exponential phases. According to the results of the 
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heat production obtained by the processing of the calorimetric growth curves, 
the slower growing bacterial cultures produced more heat and thus more biomass 
(2.27±0.02 J mL-1 and (5.10±0.02)*108 cfu mL-1 respectively). At the higher 
incubation temperature, the heat effect during the exponential phase was 
2.10±0.01 J mL-1, which corresponds to (4.73±0.01)*108 cfu mL-1. The biomass 
amount was calculated on the basis of the heat yield coefficient YQ determined 
for the growth of St. thermophilus ST12 in RSM. YQ (J cfu-1) was calculated by 
dividing the heat amounts produced by the end of the exponential growth phase 
with the number of bacteria formed by that time. The number of bacteria was 
determined by outplating. The heat yield coefficient was determined during a 
separate experiment at 40C at different inoculation rates. YQ was equal to 
(4.45±0.15) *10-9 J cfu-1 for the growing St. thermophilus ST12 bacteria in the 
skim milk samples. The differences in total heat amounts produced during the 
bacterial growth at both incubation temperatures were not significant. 

 

 
Figure 19. Calorimetric power-time curves of St. thermophilus ST12 in RSM at two 
different growth temperatures – 35C and 40C – at an inoculation rate of 105 cfu mL-1 

 
4.3.2 Effect of irradiation 

The growth of St. thermophilus ST12 was studied in irrLHSMP at two 
different incubation temperatures, 40C and 35C, at an inoculation rate of 105 
cfu mL-1 and the results were compared with those obtained in RSM (see Section 
4.3.1) The irrLHSMP was yellowish in colour and had a pronounced off-flavour 
compared with LHSMP. 

The power-time curves were notably different in the case of ST12 growth in 
RSM and irrRSM (Figure 19 and Figure 20, respectively). According to our 
data, 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 at 40C. The 
calorimetric power-time curves of ST12 were found to be affected by the 
incubation temperature, and the multiphase growth curve was observed in 
irrRSM at 35°C. 
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Figure 20. Calorimetric power-time curves of Streptococcus thermophilus ST12 in 
irradiated RSM at two different growth temperatures – 35C and 40C – at an 
inoculation rate of 105 cfu mL-1 

 
The maximum specific growth rates (µmax) of bacteria in the single 

exponential growth phase in irrRSM were close to the values of the first fast 
exponential growth phase in RSM (Table 2). The same tendency was true for the 
lower 35C incubation temperature. The heat amounts produced both at the end 
of exponential growth and at the end of the total growth were higher at the lower 
incubation temperature studied in both RSM and irrRSM (see Table 2). These 
results lead to the conclusion that slower growing bacterial culture at lower than 
the appropriate growth temperatures are connected with biomass production. 

Notable differences were observed in the acidification profiles of the 
reconstituted milk samples studied depending on irradiation (Figure 21). The 
same tendency of the pH changes also occurred at the lower incubation 
temperature of 35C. As shown in Figure 21, the calorimetric power-time curves 
provided a lot more information about the peculiarities of the growth of bacterial 
culture in comparison with the pH curves obtained, revealing, for example, the 
diauxic growth of ST12 in RSM. At the same time, the pH curves provided 
additional information useful for the interpretation of the calorimetric growth 
curves. 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). 
The total free amino acids (Stulova et al. 2013) were substantially different in 
RSM and irrRSM; this could indicate that initially the samples also differed in 
terms of buffering capacity. The pH of the RSM and irrRSM milk samples 
decreased slowly up to 4 h of fermentation and then more rapidly in the irrRSM 
samples. However, the pH was higher than 6.0 during the whole exponential 
growth phase, which was a clear indication that acidification was not the reason 
for the termination of the exponential growth. A notable 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, these values were also clearly higher than the 
pH usually observed at the end of the growth of the St. thermophilus: 4.0-4.2 
(Zanatta & Basso, 1992).  
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Figure 21. Calorimetric power-time curves and the pH curves of St. thermophilus ST12 
in non-irradiated and irradiated RSM at 40˚C, at an inoculation rate of 105 cfu mL-1 

 
Table 2. Calculated parameters describing the growth of the St. thermophilus in RSM 
and irrRSM at two different incubation temperatures, 40C and 35C, at an inoculation 
rate of 105 cfu mL-1 

Milk Temp. 
1st µmax, 

h-1 
2st µmax, 

h-1 
Qexp,  J 
mL-1 

Nexp, *108

cfu mL-1 
Qtot, J 
mL-1 

RSM 
40°C 1.85 1.18 2.10 4.73 7.21 

35°C 1.28 0.90 2.27 5.10 7.55 

irrRSM 
40°C 1.68 - 2.09 4.70 6.94 

35°C 1.27 0.38 2.77 6.23 7.30 
- no second peak 

 
4.3.3 Effect of gel structure 

The calorimetric power-time curves of the growth of ST12 in liquid, as well 
as renneted RSM and irrRSM, at an inoculation rate of 105 cfu ml-1 at both 
incubation temperatures (40°C and 35°C) are presented in Figure 22. The data 
that was obtained by processing the calorimetric curves is presented in Table 3. 
There were notable differences in the profiles of the power-time curves of all the 
renneted RSM samples. The power-time curves in the solid state samples 
obtained the two-stage growth pattern even in the case of irrRSM+rennet at 
40°C. It is interesting to note that the μmax decreased in all renneted RSM 
samples, starting from a certain number of the bacteria in the samples (this is 
marked with a circle in Figure 22) – the point on the calorimetric curves at 
which the growth curve obtained in liquid RSM samples started to diverge from 
the growth curve obtained in the samples of RSM with an addition of rennet. 
The number of bacteria (calculated with YQ) in the described point was higher 
when the less negative treatment was applied to the samples: lower than 
appropriate incubation temperature, and the irradiation of skim milk powder. 
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The numbers of bacteria in non-irradiated RSM at 40C, irradiated RSM at 
40C, non-irradiated RSM at 35C and irradiated RSM at 35C were 7.43*107 
cfu  mL-1, 4.30*107 cfu  mL-1, 3.95*107 cfu  mL-1 and 1.96*107 cfu mL-1 
respectively. The negative effect on the growth of St. thermophilus in samples 
with an addition of rennet was more pronounced when decreasing the 
temperature, in comparison with the irradiation effect. 

 

 
Figure 22. Power-time curves describing the growth of St. thermophilus ST12 at a 105 
cfu mL-1 inoculation rate and under different environmental conditions: (A) non-
irradiated RSM at 40C; (B) non-irradiated RSM at 35C; (C) irradiated RSM at 40C; 
(B) irradiated RSM at 35C 
 
Table 3. Calculated parameters describing the growth of the St. thermophilus in RSM 
and irrRSM with an addition of rennet at two different incubation temperatures, 40C 
and 35C, at an inoculation rate of 105 cfu mL-1 

Milk Temp. 
1st µmax, 

h-1 
2st µmax, 

h-1 
Qexp, 

J mL-1 
Nexp, *108 
cfu mL-1 

Qtot, 
J mL-1 

RSM + 
rennet 

40°C 2.11 1.06 2.36 5.30 6.92 

35°C 1.27 0.81 2.22 4.99 6.74 

irrRSM + 
rennet 

40°C 1.73 0.56 2.07 4.66 6.76 

35°C 1.40 0.44 2.36 5.30 6.88 
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Comparing Table 2 and Table 3, it is clear that the formation of the gelled 
structure negatively influenced the total heat production, whereas the maximum 
growth rate and the heat production during both exponential growth phases were 
not greatly influenced. However, the lag phase between the first and the second 
exponential growth phases was more pronounced and lengthy in the solid RSM 
samples, which leads to the conclusion that the adaptation of bacterial culture to 
a new substrate, or in other words a switch from one substrate to another, is 
more complicated during the solid state growth. Diffusion limitations may 
provide one possible reason for this. 

 
4.3.4 Effect of the inoculation rate 

The calorimetric power-time curves of ST12 were obtained in RSM and 
irrRSM at different inoculation rates in the range of 106 to 101 cfu mL-1 (Figure 
23). 

 
Figure 23. Calorimetric power-time curves of St. thermophilus ST12 in non-irradiated 
RSM (A) and irradiated RSM (B) at 40C at different inoculation rates: a) 106 cfu mL-1; 
b) 105 cfu mL-1; c) 104 cfu mL-1; d) 103 cfu mL-1; e) 102 cfu mL-1 and f) 101 cfu mL-1 

 
The diauxic growth of ST12 at an inoculation rate of 105 cfu mL-1 observed 

in RSM and the disappearance of diauxie in irrRSM were seen at all inoculation 
rates studied. The power-time curves were strikingly similar at all inoculation 
rates studied. This was not the case in our earlier studies with LAB in 
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transparent media (Publication II), and this cannot be considered a trivial 
difference. It can be explained if we assume that the reconstituted milk had 
higher buffering capacity in comparison with the solid state matrices of agar. 

As expected from the similarity of the power-time curves, and as shown in 
the data presented in Table 4, the maximum growth rates µmax of the first 
exponential phase were practically the same at different inoculation rates, 
ranging from 106 to 102 cfu mL-1, but differed in the two media, with 
significantly lower values in irrRSM than in RSM. 

The amount of heat produced during the exponential phases at inoculation 
rates from 106 to 102 cfu mL-1 was roughly the same in RSM and irrRSM, which 
means that the numbers of bacteria grown during the fast growth phases should 
have been rather similar in both media studied. However, these numbers were 
statistically different, according to the data in Table 4. The amount of heat 
produced during the whole studied growth period of the bacteria was unrelated 
to the inoculation rate and was almost the same in RSM and irrRSM. The 
average Qtot was 7.21±0.09 J mL-1 and 6.98±0.10 J mL-1, in RSM and irrRSM, 
respectively. Using the value YQ = (4.45±0.15)*10-9 J cfu-1 the total numbers of 
bacteria (Ntot) grown during the whole process were calculated from Qtot and 
were (1.62±0.02)*109 and (1.57±0.02)*109 cfu mL-1 in RSM and irrRSM, 
respectively. 

To elucidate the mechanisms terminating the exponential growth and the 
growth of the cultures, additional measurements of carbohydrates and organic 
acids were carried out (Figure 24). According to the results obtained, practically 
all of the lactose was hydrolysed by the end of the exponential phases in RSM, 
except for at the inoculation rate of 101 cfu mL-1. Glucose and galactose are 
formed from lactose during fermentation, glucose is consumed and lactate is 
synthesized simultaneously by bacteria. The mentioned balance was not 
maintained during the bacterial growth in our experiments: there were less than 
the expected amounts of galactose present. The error levels are rather small, 
indicating that the deviations from the expected amounts of galactose were not 
caused by measurement errors. The noticed imbalance can be explained by the 
fact that not all of the possible products involved were measured – 
polysaccharides in particular - and also not all growth by-products were 
determined. About 10-20 mmol L-1 of glucose was utilized and about 20 mmol 
L-1 of lactic acid was formed by the end of the exponential phases for the 
inoculation rates of 103 – 106 cfu mL-1 in RSM. The patterns of the 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-1 of lactose was hydrolysed 
during the active growth phase of the bacteria in irrRSM, less than 15 mmol L-1 
of the glucose and of galactose was utilized by the bacteria, and about 10 mmol 
L-1 of lactic acid was formed. These data indicate that irradiation of the skim 
milk powder led to the deterioration of the lactose hydrolysis processes by the 
bacteria. As the bacteria were obviously not irradiated, the deterioration may be 
explained by the changes in the state of the lactose (Adachi, 1962) in irrRSM. 
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Table 4. St. thermophilus ST12 growth parameters in RSM and in irrRSM at 40˚C. 
Meansa of maximum specific growth rate (μmax, h

-1) in the first and second exponential 
growth phases, the heat produced during the exponential phase (Qexp, J mL-1), the 
number of bacteria at the end of the exponential growth phase (Nexp, cfu mL-1), the total 
heat produced during the whole fermentation (Qtot, J mL-1) and the lag phase duration (λ, 
h) obtained from the microcalorimetric curves at different inoculation rates N0 (cfu mL-1) 

Milk 
N0, 
cfu 

mL-1 

µmax, h
-1 

Qexp,  
J mL-1 

Qtot,  
J mL-1 

Nexp, ×10 8 , 
cfu mL-1 λ, h 1st exp. 

ph. 
2nd exp. 

ph 

R
S

M
 

10 6 1.88aA 1.05aA 2.00aA 7.12aA 4.50aA 0.02aA 

10 5 1.85aA 1.18bA 2.10bA 7.21aA 4.73bA 0.98bA 

10 4 1.91aA 1.17bA 2.11bA 7.12aA 4.74bA 2.08cA 

10 3 1.85aA 1.14bA 1.97aA 7.24aA 4.42aA 3.05dA 

10 2 1.83aA 1.13bA 2.00aA 7.23aA 4.50aA 4.07eA 

10 1 1.61bA 1.01cA 2.26cA 7.36aA 5.08cA 4.98fA 

ir
rR

S
M

 

10 6 1.72abB - 1.82aB 6.83aA 4.09aB 0.13aA 

10 5 1.68abB - 2.09bcA 6.94aA 4.71bcA 1.00bA 

10 4 1.78aB - 2.10bcA 6.96aB 4.71bcA 2.29cB 

10 3 1.72abB - 2.05cA 6.98aB 4.60bA 3.38dB 

10 2 1.66bB - 2.17bdB 7.00aA 4.88cB 4.43eA 

10 1 1.46cAB - 2.25dA 7.14aA 5.05cA 5.47fB 

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

The pH was practically the same – 6.31±0.01 and 6.24±0.01 – at the end of 
the exponential phases in RSM and irrRSM, respectively. Taking into account 
that practically the same amounts of heat (numbers of bacteria) were produced 
during the exponential growth phase, the equality of the pH at the end of the 
exponential growth phase can be considered an indication that pH was the factor 
terminating the fast growth. However, the high values of pH observed did not 
support this conclusion. 

It should be noted that the heat effect (Qexp) and numbers of grown bacteria 
(Nexp) were 10-20% higher at the inoculation rate of 101 than those at the other 
inoculation rates. 10-15% lower values of μmax at the lowest inoculation rate of 
101 cfu mL-1 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. The lactic acid concentration in the cultures at the 
beginning of the measurable power-time curves was highest at the lowest 
inoculation rate used (101 cfu mL-1), and it decreased with the increase in the 
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inocula – 102 cfu mL-1 and higher. Taking into account the high similarity of the 
power-time curves at all inoculation rates studied, the conclusion can be reached 
that only the highest lactic acid concentrations at the lowest inoculation rate used 
(101 cfu mL-1) influenced the growth characteristics of the bacteria in the range 
of 105 – 109 bacteria per mL. 
 

 
Figure 24. Comparison of lactose (A, E), glucose (B, F), galactose (C, G) and lactic acid 
(D, H) profiles during the growth of St. thermophilus ST12 in RSM (A, B, C, D) and 
irrRSM (E, F, G, H) at different inoculation rates (cfu mL-1): 106 (●), 105 (○), 104 ( ), 
103 ( ), 102 ( ), 101 ( ) 
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The low inoculation rate effects can be explained assuming that the diffusion 
processes of the substrates, and the bacteria in the milk were most probably not 
as intensive as in the other liquids studied (solutions of gelatine and agar). The 
same reasoning can be used to explain the lower µmax values in irrRSM than in 
RSM. The effects of irradiation described in Section 4.3.2 could have led to the 
somewhat slower diffusion processes in the irrRSM in comparison with RSM. 

The growth of St. thermophilus ST12 was also monitored in renneted RSM 
and irrRSM at different inoculation rates in the range of 106 to 101 cfu mL-1 with 
10-fold increments. The experiments were performed at different incubation 
temperatures: 35C and 40C. The calorimetric power-time curves obtained 
during the experiments are presented in Figure 25. The power-time curves 
recorded were processed and the numerical results are shown in Table 5.  

The calorimetric curves obtained during the experiments with the renneted 
samples (Figure 25) differed a lot from the curves obtained in the RSM and 
irrRSM samples without an addition of rennet (Figure 23). The peaks of the 
power-time curves mostly became lower and more prolonged with the 
inoculation rate decrease from 106 to 101 cfu mL-1. A similar tendency was 
observed during our previous studies of agar gels (Publication II). The results 
(Table 5) showed that the values of Pmax (the maximum power value obtained at 
the highest peak of the calorimetric curve) measured in renneted RSM and 
irrRSM at different inoculation rates differed significantly from each other 
(p<0.05) at both of the incubation temperatures studied. This was not the case 
with our previous study (Publication III), where the Pmax of the power-time 
curves of ST12 in RSM at different inoculation rates were similar. However, the 
only difference was observed in non-irradiated renneted RSM at 35C, where the 
height of the peaks was almost the same regardless of the inoculation rate. The 
exact reason for this phenomenon can not be explained at the moment, but the 
answer should be searched for, taking into account the non-specific for the 
growth of St. thermophilus incubation temperature. 

The calorimetric power-time curves of growth of the ST12 in renneted RSM 
and irrRSM at 40°C are presented in Figure 25 (A) and (C), respectively. 
According to our data, the first exponential growth phase of ST12 in renneted 
RSM was shorter and the calculated μmax was higher than in the second phase. As 
shown in the data presented in Table 5, the maximum growth rates of the first 
exponential phase (μmax1) were practically the same at different inoculation rates, 
ranging from 106 to 103 cfu mL-1, but different in different media. The μmax1 of 
the bacterial culture at 102 – 101 cfu mL-1 was considerably lower. The 
maximum specific growth rate of the second exponential phase decreased with 
the inoculation rate decrease in all of the conditions studied. The same tendency 
in the shapes of power-time curves and the changes in maximum specific growth 
rates depending on initial bacterial number were observed during the 
fermentation of ST12 in renneted RSM and irrRSM at 35°C (Figure 25 (B) and 
(D)). 
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Figure 25. Calorimetric power-time curves of St. thermophilus ST12 in renneted milk 
curd at different inoculation rates (a) 106 cfu mL-1; b) 105 cfu mL-1; c) 104 cfu mL-1; d) 
103 cfu mL-1; e) 102 cfu mL-1 and f) 101 cfu mL-1) and different environmental 
conditions: (A) non-irradiated RSM at 40C; (B) non-irradiated RSM at 35C; (C) 
irradiated RSM at 40C; (D) irradiated RSM at 35C  

 
The lower recorded growth rates µmax can be explained by taking into account 

the fact that in the renneted samples bacteria grew in separate colonies, as in the 
agar gels. At lower inoculation rates, we monitored the growth of the bigger 
colonies growing in conditions of higher concentration of the lactate synthesized 
locally within the colonies and to the bulk media during the latent period of 
measurements of the heat flow (taking into account the level of sensitivity of the 
instrument – 105 cfu mL-1 – Publication II). Lactate accumulated within the 
colonies and thus inhibited the bacterial growth more efficiently than lactate 
equally distributed in liquid cultures. Besides the local accumulation of toxic 
products that led to local pH decrease, the diffusion limitations of the substrate 
through the matrix and within the colony could have negatively influenced the 
growth rate. A slightly longer lag phase (λ) was observed in renneted RSM 
samples in comparison with liquids, and the longest lag phase was observed at 
the lowest inoculation rate of 101 cfu mL-1 in both media studied. Fermentation 
at a lower temperature led to the prolongation of the lag phase of the growth 
(Table 5). There was no strict dependence of heat produced during the 
exponential growth phase on inoculation rate (except the lowest one studied, 101 
cfu mL-1) and the incubation temperature in renneted milk samples. The number 
of bacteria produced by the end of the exponential phase could be calculated on 
the basis of Qexp (J mL-1) using YQ. By dividing the number of bacteria obtained 
by the inoculation rate, the number of bacteria per colony was calculated. 
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Table 5. Parameters describing St. thermophilus ST12 growth in renneted RSM and in 
renneted irrRSM at different incubation temperatures, 40C and 35C: meansa of the 
maximum specific growth rate (μmax, h-1), lag phase duration (λ), maximum heat flow 
(Pmax, µW), the heat produced during the exponential phase (Qexp, J mL-1), and the total 
heat produced (Qtot, J mL-1) at different inoculation rates N0 (cfu mL-1) 

 Milk N0, 
cfu mL-1 

µmax, h
-1

Qexp,  

J mL-1 
Qtot,  

J mL-1 Pmax, µW λ, h 1st 
exp.ph 

2nd 
exp.ph 

40
°C

 

RSM 

10 6 1.89abA 1.00aA 2.41aA 7.02aA 240.7abA 0.04aA 

10 5 2.11aA 1.06aA 2.36aA 6.92aA 260.3aA 1.15bA 

10 4 1.89abA 0.94aA 2.26aA 6.89aA 247.3aA 1.96cA 

10 3 1.88abA 0.93aA 2.28aA 7.12aA 222.7bA 2.97dA 

10 2 1.67bA 0.49bA 2.45aA 7.35aA 177.9cA 3.87eA 

10 1 1.12cA - 1.37bA 6.47aA 78.8dA 4.64fA 

irrRS
M 

10 6 1.70aB 0.65aB 2.08aB 6.88aAB 409.7aB 0.05aA 

10 5 1.73aAB 0.56bcB 2.07aB 6.76bA 364.5bB 1.06bA 

10 4 1.75aB 0.55bB 2.06aA 6.78bA 345.6bB 2.29cB 

10 3 1.82aA 0.61acB 1.79bB 6.58bB 288.3cB 3.51dB 

10 2 1.42bB - 1.86bA 6.62bA 167.7dB 4.26eB 

10 1 0.84cB - 1.59cA 6.06bA 116.0eA 4.69fA 

35
°C

 

RSM 

10 6 1.37aC 0.88aC 2.15aB 6.53aB 107.8aC 0.34aB 

10 5 1.27bB 0.81bC 2.22aA 6.74aA 108.1aC 1.45bA 

10 4 1.32cC 0.67cBC 2.28aA 6.73aA 101.1aC 3.20cC 

10 3 1.27bB 0.62cB 2.34aC 6.91aAC 107.01aC 4.36dC 

10 2 1.09dC 0.32dB 2.57aA 7.84bA 125.81aC 5.72eC 

10 1 0.68eC - 3.89aB 8.09bB 104.54aA 6.56fB 

irrRS
M 

10 6 1.42aC 0.49aD 2.74aC 7.25aA 281.76aD 0.35aB 

10 5 1.40aB 0.44bD 2.36bA 6.88aA 190.95bD 1.42bA 

10 4 1.41aD 0.43bC 2.31bA 6.78aA 175.36bD 2.73cD 

10 3 1.37aB 0.34cC 2.22bD 6.89aC 148.09bD 3.94dD 

10 2 1.00bC - 2.15bcA 6.43aA 93.40cD 5.17eD 

10 1 0.46cD - 1.89cA 6.78aA 84.49cA 6.27fC 

a Different superscript lower case letters (a, b, c, d, e, f) mark significant differences at 
p<0.05 (ANOVA, followed by Fischer΄s LSD test) between the data of the samples at 
different inoculation rates. Different superscript capital letters (A, B, C, D) denote 
significant differences between the inoculation rates of different environmental 
conditions 

 
On the basis of the calculation method used in Publication II, the radii of the 

average colonies at different inoculation rates could be obtained. With the 
inoculation rate increase from 101 cfu mL-1 up to 106 cfu mL-1 the radii of the 
colonies formed decreased from an average of 206.7±33.7 µm up to 4.5±0.2 µm 
at the end of the exponential phase in all of the renneted samples. The radii of 
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the colonies did not significantly depend on the irradiation effect and incubation 
temperature except when there were up to 10 colonies per mL in the sample (101 
cfu mL-1). The amounts of heat produced during the total growth (Qtot) at all 
inoculation rates were practically the same in RSM and irrRSM at both 
incubation temperatures, even at the lowest inoculation rate studied. This 
indicates that the numbers of bacteria formed during the fermentation were 
almost the same in both media. The radii of the colonies formed increased up to 
6.7±0.1 µm at the highest inoculation rate studied (106 cfu mL-1) and up to 
308.3±12.9 µm at the lowest inocula concentration (101 cfu mL-1). 

Notable differences were observed in the acidification profiles during the 
growth of St. thermophilus in milk. The initial pH of the RSM (6.48±0.01) was 
slightly higher than that of the irrRSM (6.43±0.01). It should be noted that the 
acidification in irradiated samples depended not only on temperature, but also on 
the growth media used, renneted or liquid RSM. In the non-irradiated milk, the 
final pH of the renneted samples was the same as in the liquid samples, and a 
lower pH at the values of 5.67±0.08 was obtained at the higher incubation 
temperature. The final pH value, equal for all initial bacterial numbers studied at 
the lower temperature, was 6.34±0.09. A different situation was observed in 
irradiated RSM samples where the final pH depended on the inoculation rate, 
obtaining the highest value of 5.37±0.01 in the lowest inoculum at 40C and the 
value of 6.20±0.01 at 35C. With the inoculation rate increase, the final pH 
decreased. This phenomenon can be explained by taking into consideration the 
amounts of lactic acid produced during the same time of growth. At the lower 
incubation temperature, not only considerably lower amounts of lactate were 
produced, but also lower amounts of lactose were hydrolysed and lower amounts 
of glucose and galactose were produced in comparison with the higher 
incubation temperature. The profiles of glucose consumption were more 
significantly dependent on the inoculation rate in comparison with the curves 
obtained at 40C, revealing slower substrate consumption rates as well.  

The addition of rennet did not significantly influence the profiles of sugar 
metabolism in non-irradiated samples and they were comparable to those 
obtained in liquid milk samples (Figure 24). The only interesting feature is that 
the glucose, galactose and lactate production curves started to deviate from that 
obtained in liquid RSM from the moment that almost coincided with the time on 
the calorimetric curves when the curves obtained in liquid and solid milk 
samples started to “deviate” from each other also (Figure 22). 

All of the results obtained in the case of bacterial growth in the solid irrRSM 
and RSM samples should be analysed and explained by taking into account the 
fact that bacteria grew in colonies in renneted milk samples and thus all the 
bacteria could have been in different conditions, influenced by the diffusion 
limitation of substrates and products within the colonies and through the matrix. 
The colonial growth in the opaque solid states should be more thoroughly 
analysed and explained in future studies. 
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4.4 The study of the growth of Enterococcus faecium in dry 
dog food kibbles (Publication IV) 

The power-time curves of the growth of E. faecium NCIMB10415 in 
different formulations of dog food kibbles (Adult Chicken (AC), Adult Salmon 
(AS) and Senior Chicken (SC)) in dry samples and in moisturised samples at two 
different pH values are presented in Figure 26. All three formulations of 
ProBiotic LIVE dog food (AC, AS and SC), enriched with probiotic bacteria of 
Enterococcus faecium (NCIMB10415), had the same initial average bacterial 
count (2.86±0.53)*106 cfu g-1 confirmed by outplating of the samples on a PCA. 
This confirms the claim by the producer of the average E. faecium load of 106 
cfu per gram in the product. 

 

 
Figure 26. Power-time curves of the growth of probiotic bacteria in three different dog 
food formulations: dry and moisturised samples (AC, AS and SC) at two different pH 
values (pH=2 and pH=7) 

 
At first sight, the calorimetric curves of the bacterial growth at the lower pH 

value pH=2, which is the pH level in the stomach of dogs (Akimoto et al., 2000), 
differ a lot in comparison with the growth curves obtained at neutral pH. The 
power-time curves were processed and the data on the main bacterial growth 
describing parameters are presented in Table 6.  

According to Table 6, the maximal specific growth rate (μmax, h
-1) of the E. 

faecium bacteria was practically the same at low and neutral pH levels 
(0.52±0.06 h-1 and 0.54±0.05 h-1 respectively). A slight increase in the lag phase 
duration in bacterial growth at pH=2 in comparison with the growth at pH=7 
was observed ((4.9±0.2 hours and 3.9±0.7 hours, respectively). The prolongation 
of the lag phase at the lower studied pH values can be explained by the acidic 
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stress effect on the probiotic bacteria (Ölmez and Aran, 2005). 
 
Table 6. Parameters describing bacterial growth of three dog food formulations (AC, AS, 
SC) at two different pH levels (pH=2 and pH=7), obtained from the processed power-
time curves 

   λ, h µmax, h
-1 Qexp, J g-1 Nexp, cfu g-1 Qtot, J g-1 Ntot, cfu g-1 

pH 2 
AC 4.94 0.45 14.28 5.53*109 37.09 1.44*1010 

AS 5.08 0.53 13.89 5.38*109 32.18 1.25*1010 

SC 4.68 0.58 12.85 4.97*109 32.37 1.25*1010 

pH 7 
AC 3.54 0.50 17.24 6.67*109 41.62 1.61*1010 

AS 4.73 0.60 15.52 6.01*109 34.45 1.33*1010 

SC 3.42 0.51 13.21 5.11*109 31.68 1.23*1010 

 
The average heat produced during the exponential phase (Qexp, J g-1) at the 

neutral pH was 15.33±0.90 J g-1 and 13.67±0.74 J g-1 in the acidic pH condition. 
Using the YQ value 2.58±0.44*10-9 J cfu-1 determined for Lactococcus lactis 
IL1403 (Publication II), the number of bacteria grown during the exponential 
growth was calculated (Table 6). The estimates of biomass obtained can be 
considered reliable, as the values of YQ were practically the same in different 
studies: 5.53*10-8 J cfu-1 for soil samples (Kimura & Takahashi, 1985), and 
4.22*10-9 J cfu-1 and 3.4*10-8 J cfu-1 for Staphylococcus aureus and E. coli, 
respectively (Bayne-Jones & Rhees, 1929). The total heat produced during the 
entire period of thermodynamic activity (Qtot, J g-1) did not depend on the 
environmental pH. The numbers of bacteria grown during the exponential 
growth phase (Nexp, cfu g-1) and bacteria grown during the complete growth (Ntot, 
cfu g-1) achieved the same levels of 109 and 1010 cfu g-1, respectively, at both 
studied pH values. 

The Enterococcus faecium bacteria present in the dog food of ProBiotic 
LIVE formulations showed strong metabolic activity in the case of the addition 
of MilliQ with low acidic pH value. 
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5 CONCLUSIONS 
 

A microcalorimetric standardized complex method of serial dilutions for the 
study of bacterial growth was developed and successfully implemented in 
various environmental conditions and media. The data obtained showed that 
microcalorimetry is a prospective and sensitive method and its use, together with 
other relevant measurements, is a powerful tool in studying quantitative detailed 
peculiarities of the growth of anaerobic bacteria in solid and opaque media, and 
even in such complicated matrices as extruded feed or food products.  

The main results of the study are as follows:  
 experimental procedures for serial dilutions were developed and 

implemented to assure that serial dilutions lead to the desired 
inoculation rates; furthermore, the growth of the colonies of different 
sizes was thoroughly studied 

 calculation methods for the analysis of power-time curves obtained 
were developed and validated 

 the level of sensitivity of the instrument was determined in terms of 
the number of bacteria produced, which turned out to be 105 
cfu mL-1, and this was used in the interpretation and description of 
colonial growth 

 the heat yield coefficient YQ values were determined for the studied 
bacterial species and used for the calculation of bacterial numbers 
produced at different times 

 complex experimental procedures, in addition to calorimetric power-
time curves, including parallel measurements of sugars, metabolites, 
amino acids etc., were developed and validated in different liquid and 
solid-state media 

 microscopy was used for the study of colony growth in transparent 
solid-state media, and the change in the number of bacteria in 
individual colonies was evaluated using Kepler’s conjecture as the 
reference mode of the packing of spherical cells; the data obtained by 
microscopy was in good agreement with the results of the 
calorimetric measurements 

 
In detail, the conclusions from this dissertation can be divided into three 

sections related to the studied bacterial species: 
I. Conclusions reached for the growth of Lactococcus lactis IL1403 

a. µmax does not depend on initial glucose concentration, but notably 
depends on inoculation rate, obtaining smaller values at lower inocula 
concentrations both in liquids and solids. The lower µmax values at lower 
inoculation rates in agar gels were due to local lactate accumulation within the 
colonies and thus more efficient inhibition of bacterial growth. 

b. The decrease in pH was the reason for the termination of the exponential 
growth of the bacterial cultures. 
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c. At low glucose concentration (2 g L-1), the growth was stopped as the 
substrate was totally consumed. At higher than 3 g L-1 glucose concentrations in 
liquid cultures, the growth was stopped because of critically low pH (pH = 4.0) 
and the accumulation of lactate in the environment. In agar gels the growth was 
stopped at higher bulk pH = 4.2 at the end of the cultivation presumably due to 
the lactic acid diffusion limitations within the colonies. 

d. The metabolism of the bacteria was changed to more efficient 
heterofermentative “mode” in solid-state matrices in comparison with the 
bacterial growth in broth. 

e. The length of the lag phase increased with the decrease in inoculation 
rate and in the changing of the environment from a liquid to solid state. 

f. A model of the changes in the specific rate of average colony growth 
from one cell to approximately108 cells was developed. 

 
II. Conclusions reached for the growth of Streptococcus thermophilus 

ST12 
a. Fermentation at the lower temperature and the addition of rennet, as well 

as the decrease in inoculation rate, led to the prolongation of the lag phase. 
b. The growth of St. thermophilus ST12 in irrRSM resulted in differences 

in the acidification profile and sugar metabolism, and substantial differences in 
the fermentation curve patterns in comparison with the data obtained in the RSM 
samples. 

c. In all of the renneted RSM samples, μmax decreased, starting from a 
certain number of the bacteria in the samples, in comparison with the liquid 
RSM samples.  

d. The power-time curves were similar at all inoculation rates studied in the 
liquid RSM due to the high buffer capacity of the milk, but became lower and 
more prolonged with the inoculation rate decrease from 106 to 101 cfu mL-1 in 
the renneted milk samples. 

 
III.  A conclusion reached for the growth of E. faecium NCIMB10145 

a. The microcalorimetric method was successfully implemented in the 
observation of the growth of probiotic bacteria in extruded food and feed 
products. 
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(��� ����#	$����
��	�f�5��	
�����������#�	����������#�	����
m'��
�
��������������	��		��##������	�
*����	�$5��5��������5�#	$����	�����	�
�������g3�����*�������
*�o��
���*]̀ �̀hm3������	�
���������	� #	$����
�����������
���	���)�
��f���	�
	��5��
�2�����f#�	��

�
��#��	�2#�����	�����	�
g3	5����*3	���
*� ������*a�b]sv����
*a�r̀s���f����m*]̀a]s�5����6���*a�bch�
$����
�����	���	��#��������	�
������f	�����)���	�
��������������gl5��
�	#5��
	�� �	��	��*a�b�h���#�	#�f���	�	��	�5��
�������������
gq	�����*"������*�.��
���*a�̂ h̀m'��5���������
	��5��������2��
�����$����$�
�
���
��������	�f�	$��f
�������������
��������
ml	�
������f�5����$�����������)������	�
����������5�����	�����	�
����������)���*��$����5�
������#��������������	�
���������	�
�������#	$���	�
�������#�	�����
�	���#�	)��f#�	���������������	��������	���	�	��5�#�	2�����	�#�	��

�
g�5���5���*1���
*�(������*a��chm(�������#	$���*$5��5�

#�������
��������	��
����5�����
����	���2����	���
*�
�
���
�5�
��������������	�f�	$��f
���������2���������	��	���	���f�5������n����	�����)���	�41�m/5�#	$����
���	�
��������	�����	�������fa]�
	���
���5�������b̂��̂ kl�	�c̀�r̀ ���g6�����*.���*������*a���hm'��������	�5�
�����	����	���#�	
#����)����5�	�	f��	��
����		�
��������
��������$��5������� ��t�����	��5�������	���*�������	���*���
��
	��#�	#�����
	�
	��#�	����
gl5��5��*.����*,�����
���#��5�*���$�*]̀ b̀s�����
*]̀ r̀si�	���5	)�*o)	0���*�3�
��	)�*]̀ j̀s���f	���3��	��#
��*]̀ b̀hm+l	���
#	����f���5	�m/��m!�c�]r]̀]bcamA��9� 9LL������\�����m
���	)�������m��*�����
���	)����5		m�	�g'm(���	)�hm

�������������� ����¡����¢£�¤�¥��¢£���£�¦�¥�£�'��������	���o����_	�����§�̈ ¥���©�ª�«�¬�­®®® �̄��� ��¥̄£�ª°��£���°�±��¥²§

�̀̂b2r�jr³́�
����	��������u]̀acv����
5����"�
�)���4��m5��#!³³�pm�	�m	�f³àmàar³-m������-m]̀acm̀]m̀̀ j
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