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Abstract In the last few years there has been a

growing interest in microcalorimetric investigations of

microbial processes. Microcalorimetry is a technique

based on heat output of bacterial metabolism which can

be applied to detect bacterial growth in a few hours.

However, there are few studies that attempt to investi-

gate the interactions between two or more bacteria. In

this study, we researched the interaction relationship of

Enterococcus faecalis and Klebsiella pneumoniae, which

are important pathogens responsible for infections in

humans. The measures were carried out using a Calvet

microcalorimeter, that contains two stainless steel cells

of approximately 10 cm3 (reference and experimental).

Experiments were carried out at concentration of

103 CFU mL-1 and a constant temperature of 309.65

K. The differences in shape of the heat flow-time curves

of E. faecalis and K. pneumoniae and their mixtures

were compared. Curves of E. faecalis and K. pneumo-

niae and their mixtures were analyzed mathematically

allowing to calculate thermokinetic parameters such as

growth constant (k), generation time (G), detection time

(td) and the amount of heat released (Q). The results

revealed that when E. faecalis and K. pneumoniae were

put together in the same proportion, the growth character

of E. faecalis was not present, due to the inhibitory

effects of K. pneumoniae on E. faecalis. Microcalori-

metric investigations of microbial interactions is possible

and promising.
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Introduction

Enterococcus faecalis

The members of the genus Enterococcus are Gram-positive

cocci, catalase-negative and facultative anaerobes that

occur singly or are arranged in pairs or as short chains. E.

faecalis is one of the few pathogenic species to humans in

the genus Enterococcus.

The enterococci are predominantly inhabitants of the

gastrointestinal tract and are less commonly found in other

sites, such as in the genitourinary tract, the oral cavity, and

skin, especially in the perineal area. They act as opportu-

nistic agents, causing a variety of infections in humans.

They most commonly infect the urinary tract, bloodstream,

endocardium, burn and surgical site wounds, catheters, and

other implanted medical device.

They are one of the most frequent causes of nosocomial

infections. Because, elderly patients with serious underly-

ing diseases and immunocompromised patients who have

been hospitalized for prolonged periods, treated with

invasive devices, and/or received broad-spectrum antimi-

crobial therapy are at higher risk to acquire enterococcal

infections [1].
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Industrielles, Université de Pau et des Pays de l’Adour, Rue Jules

Ferry, 64075 Pau, France

e-mail: lidia.martinezcasas@univ-pau.fr

123

J Therm Anal Calorim (2013) 113:1415–1420

DOI 10.1007/s10973-013-3287-9



Klebsiella pneumoniae

The genus Klebsiella is classified in the family Entero-

bacteriaceae. They are Gram-negative rods, nonmotile,

oxidase-negative and facultative anaerobes. Klebsiella

pneumoniae contain a large polysaccharide capsule, which

gives rise to large mucoid colonies.

Klebsiella is carried in the nasopharynx and the bowel;

however, feces are arguably the most significant source of

patient infections.

K. pneumoniae may cause a primary lobar pneumonia

community-acquired. Also, this microorganism produces

wound infections, soft tissue and urinary tract [1, 2].

Biomedical applications of microcalorimetry

Microcalorimetry has been used as an analytical tool in

microbiology for a long time. However, in the last few

years microcalorimetric investigations of microbial pro-

cesses are becoming increasingly popular [3].

This technique is very interesting in microbial research,

because of the fast-growing nature of microorganisms and

the resultant exuberant amount of heat that is soon pro-

duced [4]. Therefore, microcalorimetry can be used to

continuously measure of the associated heat production

with the metabolism which occurs during the life cycle of a

bacterial culture [5]. The results obtained are shown as heat

flow versus time curves that are characteristic of each

bacterium behaving like a ‘‘thermal fingerprint’’ [6, 7].

In the medical field, it has been employed as an excellent

tool for rapid detection of bacterial growth within hours.

Recent studies have shown the contribution of microcalori-

metry in the early diagnosis of infections or microorganism

contamination. It has been employed for detection of the

contamination of platelets by different bacteria [8]; bacterial

meningitis in cerebrospinal fluid of rats [9]; identification of

enterobacteria [6], E. faecalis [10] and Pseudomonas aeru-

ginosa [11] in a culture medium; slow-growing bacteria such

as mycobacteria and especially Mycobacterium tuberculosis

in culture [12, 13] and urinary tract pathogens in sterile urine

[14] or artificial urine [15]. Similarly, it is also possible to

determine inhibitory effects and/or the minimal inhibitory

concentration for different antimicrobial compounds

[16, 17] and antibiotics within hours [18–20]. In addition,

calorimetry can allow rapid discrimination of medically

important microorganisms, for example the rapid differen-

tiation between methicillin-resistant Staphylococcus aureus

(MRSA) and methicillin-susceptible Staphylococcus aureus

(MSSA) [21, 22]. Also, the microcalorimetry has been used

for study on the antimicrobial properties of silver-containing

wound dressings [23].

However, previous reports mainly focused on the study

of a single microorganism, few studies have tried to

investigate the interactions of two or more microorganisms

using the microcalorimetry [24]. In this paper, we study the

growth curves of E. faecalis, K. pneumoniae and their

mixtures in different proportions using a Calvet microcal-

orimeter. The differences in shape of the heat flow-time

curves and thermokinetic parameters of single microor-

ganisms and their mixtures were compared. The interaction

relationship between E. faecalis and K. pneumoniae was

analyzed.

Materials and methods

Sample preparation

We have used E. faecalis from the American Type Culture

Collection (ATCC 29212) and K. pneumoniae from the

Spanish Type Culture Collection (CECT 144).

Samples were inoculated on blood agar plates and incu-

bated at 309.65 K in an incubator for 24 h. The blood agar

plates with multiple bacterial colonies were then used to

prepare a bacterial suspension with 0.9 % saline solution. This

concentration was adjusted to the corresponding of 0.5 on the

McFarland scale using a Densichek� optical densitometer and

diluting with 0.9 % saline solution to obtain final concentra-

tion of 103 CFU mL-1. Below, mixtures of both bacteria were

prepared in the following proportions: 50 ? 50 % (0.5 mL E.

faecalis ? 0.5 mL K. pneumoniae), 20 ? 80 % (0.2 mL E.

faecalis ? 0.8 mL K. pneumoniae) and 80 ? 20 % (0.8 mL

E. faecalis ? 0.2 mL K. pneumoniae).

The culture medium used was a liquid enriched with

digested soy-casein.

Experimental equipment

The measures were carried out using a Calvet microcalo-

rimeter [25] equipped with a device allowing operation in

the absence of vapor phase, and having two Teflon� screw

capped stainless steel cells of approximately 10 cm3

(sample and reference). A Philips PM2535 multimeter and a

data acquisition system were linked to the microcalorime-

ter. Calibration was performed electrically using a Setaram

EJP30 stabilized current source. The precision in calori-

metric signal was ±1 lV. Further details about the exper-

imental method of operation have been published [26].

Experimental setup and data collection

The external environment of the calorimeter was main-

tained at a constant temperature of 309.65 K. The reference

cell was injected with 7 mL of culture medium ? 1 mL of

saline while the experimental cell was injected with just
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7 mL of culture medium (Fig. 1). Both cells were then

introduced through two cylindrical holes aligned in paral-

lel, which extended from the upper part of the microcalo-

rimeter to the internal thermopile chamber. The large

distance that separates the cells from the entrance permits

minimization of heat flow to the exterior. The system is

allowed to stabilize for about 2 h, after which 1 mL of the

sample is introduced into the experimental cell [6, 10, 11].

The experiment was also carried out with a sample not

containing any bacteria (control).

Data were collected using the data collection and pro-

cessing system, at intervals of 15 s, throughout the duration

of the experiment.

Results

By plotting heat voltage difference versus time between the

experimental cell and the reference cell, we are able to

obtain the exothermic growth curves of E. faecalis, K.

pneumoniae and their mixtures at 103 CFU mL-1.

The curve of E. faecalis (Fig. 2) has a unique energetic

phase in which stand out three peaks of electromotive

force, and the signal is recorded for about 10 h, returning to

baseline levels after this time. The curve of K. pneumoniae

(Fig. 3) presents a first phase characteristic, which after the

trace peak is a plateau prior to a steep drop to very low

levels, on the order of 10 lV. After this point, there is an

exponential increase of the heat flow, without reaching a

peak during the time it takes to complete the experiment.

When we compare the curves of E. faecalis, K. pneu-

moniae and their mixtures, we can see that graphs of 50 %

E. faecalis ? 50 % K. pneumoniae (Fig. 4a) and 20 % E.

faecalis ? 80 % K. pneumoniae (Fig. 4b) have a similar

profile to the curve of K. pneumoniae (Fig. 3), with a

maximum peak after which there is a small plateau before

falling to very low levels, approximately of 10 lV. From

this point the heat flow increases through the duration of

the experiment. However, in the case of curve 80 % E.

faecalis ? 20 % K. pneumoniae (Fig. 4c) having a first

phase with two peaks with a shape similar to the graph of

E. faecalis (Fig. 2) and a second phase similar to the curve

K. pneumoniae (Fig. 3), in which after the second peak

occurs a decrease of potential up to 10 lV, after which the

potential is increased with the duration of the experience.

We have treated the data mathematically, fitting them to

exponential equations in ascending and descending phases

of each peak of electromotive force and to polynomial-type

equations in the areas of higher activity of the curve.

From the polynomial equations, by the first derivative

we determinate the value of the maximum voltage peak

(Vmax) and the time of it registration (tmax) in the thermo-

grams of E. faecalis, K. pneumoniae and their mixtures.

Although we cannot establish a relationship of propor-

tionality of the maximum peaks and their appearance time

between pure cultures and their mixtures, all experiments

show a maximum peak before 10 h (Table 1).

The detection time of the signal (td) of E. faecalis,

K. pneumoniae and their mixtures are shown in Table 1. As

can be observed the sample 80 % E. faecalis ? 20 %

K. pneumoniae has a td less than 50 % E. faecalis ? 50 %

K. pneumoniae and 20 % E. faecalis ? 80 % K. pneumo-

niae. Perhaps this could be because E. faecalis has a lower

Test solution

Culture medium Culture medium
+

physiological
saline solution

Fig. 1 Schematic diagram of the Calvet microcalorimeter internal
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Fig. 2 Calorimetric heat flow versus time for the E. faecalis
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Fig. 3 Calorimetric heat flow versus time for the K. pneumoniae
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td K. pneumoniae. In all curves growth can be detected in

less than 7 h.

In the logarithmic phase of the growth curve, we

adjusted the data to an exponential equation. At this stage

of the growth curve, microbial proliferation can be

expressed as:

nt ¼ n0 � ek�t ð1Þ

where n0 is the number of cells at onset (time 0), nt the number

of cells at time t, and k the growth constant [6, 10, 11].

If we consider Pw as energy released by each cell, then it

leads to the following equation:

nt � Pw ¼ n0 � Pw � ek�t ð2Þ

Taking into account that P0 is the energy released at

onset and Pt is the energy released at time t:

Pt ¼ P0 � ek�t ð3Þ

ln Pt ¼ ln P0 þ k � t ð4Þ

The generation time (G) is defined as the time taken by a

population to double in size, and is expressed as:

G ¼ In 2ð Þ
k

ð5Þ

Table 2 shows the parameters k and G of single

microorganisms and their mixtures. As can been

observed, K. pneumoniae has a k lower and G greater

than E. faecalis. Therefore, this would explain that the

mixtures 50 % E. faecalis ? 50 % K. pneumoniae and

20 % E. faecalis ? 80 % K. pneumoniae have k lower and

G greater than the mixture 80 % E. faecalis ? 20 % K.

pneumoniae. All correlation coefficients (R2) were larger

than 0.966, indicating a good linear relationship.

From the curve, we can also calculate the amount of heat

released (Q) over the culture time:

Q ¼ K � A ð6Þ

where A (lV h) represents the area, calculated by the

trapezoidal method, and K is a constant, value,

24.8 J lV-1 h-1, of which was calculated from the electric

calibration performed by the Joule effect on the equipment.

In Table 3, we have compared the values of heat

released by microorganisms and their mixtures during the
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Fig. 4 Calorimetric heat flow versus time for E. faecalis and K.

pneumoniae at the different mixtures: a 50 % E. faecalis ? 50 % K.

pneumoniae; b 20 % E. faecalis ? 80 % K. pneumoniae and c 80 %

E. faecalis ? 20 % K. pneumoniae

Table 1 Detection time (td), maximum voltage peak (Vmax) and time

registration of maximum peak (tmax) of E. faecalis, K. pneumoniae

and the mixed microorganisms at 103 CFU mL-1

Microorganism td/h Vmax/lV tmax/h

E. faecalis 3.63 53 6.37

K. pneumoniae 4.86 66 7.98

50 % E. faecalis ? 50 % K. pneumoniae 5.94 63 8.36

20 % E. faecalis ? 80 % K. pneumoniae 6.48 54 9.76

80 % E. faecalis ? 20 % K. pneumoniae 5.88 59 8.42

Table 2 Growth constant (k), generation time (G) and coefficient

correlation (R2) obtained form the heat flow-time curves of E. fae-

calis, K. pneumoniae and the mixed microorganisms at

103 CFU mL-1

Microorganisms k/h-1 G/h R2

E. faecalis 1.41 0.49 0.991

K. pneumoniae 1.19 0.58 0.997

50 % E. faecalis ? 50 % K. pneumoniae 1.23 0.56 0.986

20 % E. faecalis ? 80 % K. pneumoniae 1.13 0.61 0.987

80 % E. faecalis ? 20 % K. pneumoniae 1.36 0.51 0.966
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first 24 h (Q24). As was observed, the Q24 by E. faecalis is

approximately half that of K. pneumoniae, because the total

life period of E. faecalis is shorter than K. pneumoniae.

Therefore, the mixtures 50 % E. faecalis ? 50 %

K. pneumoniae and 20 % E. faecalis ? 80 % K. pneumo-

niae produce a greater amount of heat than the mixture

80 % E. faecalis ? 20 % K. pneumoniae.

Discussion

Microcalorimetry has proven to be an excellent tool for

rapid detection of bacterial growth; however, there are few

studies that attempt to investigate the interactions between

two or more bacteria.

In this paper, we have studied the growth curves of E.

faecalis, K. pneumoniae and their mixtures in different

proportions, which are important pathogens responsible for

infections in humans.

We have prepared three samples mixing of both bacteria

in the following proportions: 50 ? 50 % (0.5 mL E. fae-

calis ? 0.5 mL K. pneumoniae), 20 ? 80 % (0.2 mL E.

faecalis ? 0.8 mL K. pneumoniae), and 80 ? 20 %

(0.8 mL E. faecalis ? 0.2 mL K. pneumoniae). The mea-

sures were carried out using a Calvet microcalorimeter.

Then, we have compared and analyzed the differences in

shape of the heat flow-time curves of single microorgan-

isms and their mixtures in different proportions.

We have found that the heat flow-time curve of 50 % E.

faecalis ? 50 % K. pneumoniae (Fig. 4a) is very similar

with the K. pneumoniae (Fig. 3), and significantly different

from that of E. faecalis (Fig. 2). The possible reason might

be that K. pneumoniae has inhibited the growth of E. fae-

calis, so the characteristic behavior of E. faecalis could not

be observed. The curve of 20 % E. faecalis ? 80 % K.

pneumoniae (Fig. 4b) has a similar profile to the curve of

K. pneumoniae (Fig. 3), because of this higher percentage

in the sample, the growth character of E. faecalis was not

observable. Finally, the curve 80 % E. faecalis ? 20 % K.

pneumoniae (Fig. 4c) has a first phase shape like the graph

of E. faecalis (Fig. 2) and a second phase similar to the

curve K. pneumoniae (Fig. 3). That is because there is

80 % of the sample of E. faecalis, predominating its

growth profile. Also, its signal was recorded for about the

first 10 h, from the moment the signal of K. pneumoniae

was recorded until the completion of the experiment.

We treated mathematically growth curves and calcu-

lated quickly and easily the growth constant (k) and gen-

eration time (G) of E. faecalis, K. pneumoniae and their

mixtures. In our study, we have seen that the mixtures

50 % E. faecalis ? 50 % K. pneumoniae and 20 % E.

faecalis ? 80 % K. pneumoniae have k lower and

G greater than the mixture 80 % E. faecalis ? 20 % K.

pneumoniae. This is probably because in the samples 50 %

E. faecalis ? 50 % K. pneumoniae and 20 % E. faecal-

is ? 80 % K. pneumoniae, K. pneumoniae inhibits the

growth of E. faecalis, and therefore they present growth

rates slower and longer than the sample 80 % E. faecal-

is ? 20 % K. pneumoniae. As can be seen, K. pneumoniae

behaves as a dominant bacterium, which is shown in the

sample 50 % E. faecalis ? 50 % K. pneumoniae, pre-

dominating its growth profile. However, in the case of

80 % E. faecalis ? 20 % K. pneumoniae, this is due to

80 % of the sample being E. faecalis, resulting in a dom-

inant growth profile.

Also, we quantified the amount of heat released (Q24) of

E. faecalis, K. pneumoniae and their mixtures during the

first 24 h. This parameter is important because it allows us

to know the heat output of microorganisms and their

mixtures in different proportions. In our study, we have

observed the Q24 by E. faecalis is approximately half that

of K. pneumoniae. When E. faecalis and K. pneumoniae

were mixed, the values of Q24 for these mixed microor-

ganisms were larger than of E. faecalis and K. pneumoniae

(except for the mixture 80 % E. faecalis ? 20 % K.

pneumoniae that was smaller), which could be due to the

interaction of both bacteria. Perhaps this could be

explained because K. pneumoniae produces some type of

substance that inhibits the growth of E. faecalis, a fact

shown in samples containing 50 % and 80 % of

K. pneumoniae.

Conclusions

The experiments here presented show that the microcal-

orimetry is a diagnostic technique that allows studying the

behavior of mixed E. faecalis and K. pneumoniae and

obtaining in a few hours, the heat flow-time curves a real-

time and thermokinetic parameters such as the growth

constant (k), generation time (G), detection time (td), and

the amount of heat exchanged (Q). In our study, we have

seen that when E. faecalis and K. pneumoniae were put

together in the same proportion (50 % E. faecalis ? 50 %

Table 3 Area under the curve (AUC24) and heat (Q24) of E. faecalis,

K. pneumoniae and the mixed microorganisms at 103 CFU mL-1

during 24 h

Microorganisms AUC24/lV h Q24/J

E. faecalis 175.48 4.106

K. pneumoniae 385.74 9.026

50 % E. faecalis ? 50 % K. pneumoniae 391.56 9.162

20 % E. faecalis ? 80 % K. pneumoniae 395.10 9.245

80 % E. faecalis ? 20 % K. pneumoniae 352.97 8.259
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K. pneumoniae), the growth character of E. faecalis not

present, possibly due to the inhibitory effect of K. pneu-

moniae on E. faecalis. However, it is necessary that more

in depth studies be done to know in detail this mechanism.

Microcalorimetric investigations of interaction rela-

tionships between bacteria is possible and opens up the

possibilities of new studies, for example, to investigate the

relationships between different microorganisms (fungi,

bacteria, viruses), to study the behavior of two or more

bacterial species in the presence of different antimicrobial

substances or antibiotics.
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