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Abstract In a majority of environments, microbes live as

interacting communities. Microbial communities are com-

posed of a mix of microbes with often unknown functions.

Polymicrobial diseases represent the clinical and patho-

logical manifestations induced by the presence of multiple

infectious agents. These diseases are difficult to diagnose

and treat and usually are more severe than monomicrobial

infections. The interaction relationship between Entero-

coccus faecalis and Escherichia coli was researched using

a Calvet calorimeter. Three mixtures of both bacteria were

prepared in the following proportions: 20 ? 80 % (0.2 mL

E. faecalis ? 0.8 mL E. coli), 50 ? 50 % (0.5 mL

E. faecalis ? 0.5 mL E. coli) and 80 ? 20 % (0.8 mL

E. faecalis ? 0.2 mL E. coli). Experiments were carried

out at concentration of 106 CFU mL-1 and a constant

temperature of 309.65 K. The differences in shape of graph

of E. faecalis, E. coli and their mixtures were compared.

Also, the thermokinetic parameters such as detection time

(td), growth constant (k), generation time (G) and the

amount of heat released (Q) were calculated.
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Introduction

Microorganisms are rarely found isolated in nature but

rather exist as a part of a community [1]. Microbial com-

munities can live almost anywhere and contain different

types of organisms (bacteria, fungi, viruses and parasites).

Abundance and diversity of microbes are controlled by the

resources (food) and conditions (temperature, pH, oxygen

concentration, etc.) that exist in the environment [2].

Microbial interactions often determine the state of the

habitat in which they live. When these habitats are located

on the human body, these interactions can affect health and

cause disease [3].

Polymicrobial diseases represent the clinical and

pathologic manifestations induced by the presence of

multiple microorganisms. These are serious diseases whose

aetiologic agents are sometimes difficult to diagnose and

treat. They are often called complex infections, compli-

cated infections, dual infections, mixed infections, sec-

ondary infections, co-infections, synergistic infections,

concurrent infections or polymicrobial infections. The

multiple aetiologies often induce a characteristic set of

clinical signs and lesions referred to as ‘‘complexes’’ or

syndromes [4]. The most common types of these infections

include oral cavity (odontogenic infections), abdominal

abscess or secondary peritonitis, solid organ abscesses

(brain, liver, lungs), chronic infections (sinusitis, mas-

toiditis, otitis media), skin and soft tissue infections (dia-

betic foot wound, cellulitis, necrotic fasciitis) and

bacteraemia [5–7].

Polymicrobial infections are being recognised with

increasing frequency. In these infections, the presence of

one microorganism generates a niche for other pathogenic

microorganisms to colonise, one microorganism predis-

poses the host to colonisation by other microorganisms, or
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two or more non-pathogenic microorganisms together

cause disease. Microbial interference can occur between

potential pathogens or between probiotic organisms and

pathogens [6]. These infections are often worse than

monomicrobial infections, because it can modify the clin-

ical course of the disease and increased its severity,

affecting the selection of antimicrobial therapy, especially

when it comes to pathogens that commonly exhibit

antimicrobial resistance [3].

Polymicrobial diseases are difficult to reproduce and to

study. In vivo and in vitro models are often used to study

specific microbial interactions or parameters associated

with infection and disease [4]. In the last few years, there

have been several studies that try to understand the

mechanism of these interactions through the development

of in vivo models and biochemical or molecular techniques

to study microbial communities [8–13].

Growth is an essential response to the physico-chemical

environment by microorganisms. They can grow under a

variety of physical, chemical and nutritional conditions [14].

Metabolism is a complex process involving numerous

anabolic (synthesis of cell constituents and metabolites) and

catabolic (breakdown of cell constituents and metabolites)

reactions [1]. These reactions involve an increase in the size

of organisms and an increase in their number. However,

whatever the balance between these two process, the net

effect is an increase in the total mass (biomass) on the culture

medium [15].

Microcalorimetry is a technique that is based on the

measurement of heat flow as a result of bacterial metabo-

lism [16], which can be applied to detect bacterial growth

in a few hours, even from samples with a low concentra-

tion, e.g. 10 CFU mL-1 [17, 18].

However, most of the published reports focused on the

study of a single microorganism [17–23]; few studies tried

to research the relationship between two microorganisms

using the microcalorimetry [24–28].

In this study, we have used the microcalorimetry as a

tool to investigate how two different bacteria interact. We

believe that this technique could complement other

methods.

Enterococcus faecalis is a Gram-positive cocci, typi-

cally arranged in pairs and shorts chains. This organism is

found in the large intestine in high concentrations and in

the genitourinary tract. It is an important pathogen in

hospitalised patients; indeed, it is one of the common

causes of infections acquired in the hospital (nosocomial

infection). E. faecalis produce diseases as urinary tract

infections, peritonitis, wound infections and bacteremia

with or without endocarditis [15, 29].

Escherichia coli is a facultative anaerobic, motile,

Gram-negative rod that exists singly or in pairs. This

bacterium is the most inhabitant common in the

gastrointestinal tract. E. coli possesses a broad range of

virulence factors. It is associated with a variety of diseases,

including gastroenteritis and extraintestinal diseases, such

as bacteremia, urinary tract infections, neonatal meningitis

and intraabdominal infections [15, 29].

Materials and methods

Bacterial strains and sample preparation

The bacteria were supplied by the American Type Culture

Collection (ATCC): E. faecalis (ATCC 29212) and E. coli

(ATCC 25922). These bacterial strains were streaked onto

blood agar plates and incubated at 309.65 K for 24 h. The

blood agar plates with multiple bacterial colonies were then

used to prepare a bacterial suspension with 0.9 % saline

solution, whose concentration was adjusted to the corre-

sponding 0.5 on the McFarland scale, using optical den-

sitometer. This solution was then used to prepare further

dilutions with the sterile saline to obtain final concentra-

tions of 106 CFU mL-1. The inoculum concentration was

confirmed using the plate count method. Later, mixtures of

both bacteria were prepared in the following proportions:

20 ? 80 % (0.2 mL E. faecalis ? 0.8 mL E. coli),

50 ? 50 % (0.5 mL E. faecalis ? 0.5 mL E. coli) and

80 ? 20 % (0.8 mL E. faecalis ? 0.2 mL E. coli).

Experimental equipment and data collection

The microcalorimetric bacterial growth curves were

obtained using Calvet microcalorimeter equipment. This

device allows operation in the absence of vapour phase and

is equipped with two screw-capped stainless steel cells of

approximately 10 cm3. One of these cells contains the ref-

erence solution, named the reference cell, and the other one

the sample, named the experimental cell. A Philips PM2535

multimeter and a data acquisition system were linked to the

microcalorimeter. Calibration was performed electrically

using a Setaram EJP30 stabilized current source. The pre-

cision in calorimetric signal was ±1 lV [30].

The external media of the calorimeter were maintained

at a constant temperature of 309.65 K. The reference cell

was filled with 7 mL of culture medium ? 1 mL of sterile

saline, while the experimental cell was injected with 7 mL

of culture medium. The culture medium used was a liquid

enriched with soybean–casein [28]. Both cells were intro-

duced, from the upper part of the calorimeter in the internal

thermopile chamber through two cylindrical holes aligned

in parallel. The large distance that separates the cells from

the entrance ensures the minimisation of heat flow to the

exterior. The system is then allowed to stabilise during 2 h,

740 C. Vazquez et al.

123



after which 1 mL of the sample is introduced into the

experimental cell.

The experiment was also carried out with a sample not

containing any bacteria (control). All the experiments were

realised in triplicate.

The reference cell and the experimental cell were

cleaned and sterilised by autoclaving before using (20 min

at 394.15 K).

Data were collected using the data collection and pro-

cessing system, at intervals of 20 s, throughout the duration

of the experiment.

Results

The difference in voltage generated between the experi-

mental and reference cells over time allowed us to obtain

the exothermic growth curves of E. faecalis, E. coli and

their mixtures at 106 CFU mL-1.

The graph of E. faecalis (Fig. 1) presented a unique

energetic phase in which stand out four peaks of electro-

motive force, and the signal is recorded for about 6 h,

returning to baseline levels after this time. The curve of

E. coli (Fig. 2) had two metabolic phases, the first with

greater energy, but shorter duration, followed by a period

of latency that preceded a second period of lower energy

that is prolonged over time.

When we compare the curves of E. faecalis, E. coli and

their mixtures (Fig. 3a, b, c), two metabolic phases are

observed: a first peak with higher energy and shorter

duration and a second peak of lower energy and longer

duration that becomes less intense as decreasing the

amount of E. coli in the sample. In graphs 80 % E. fae-

calis ? 20 % E. coli (Fig. 3a) and 50 % E. coli ? 50 % E.

faecalis (Fig. 3b), a small peak adjacent to the peak of

greater intensity than the recording time can be attributed

to E. faecalis. However, in curve of 20 % E. fae-

calis ? 80 % E. coli (Fig. 3c) only the growth profile of

E. coli is observed.

We determine the value of the maximum voltage (Vmax)

and the time of its registration (tmax) in the curves of E.

faecalis, E. coli and their mixtures in different proportions.

Although we cannot establish a quantitative proportionality

relationship of the maximum peaks and their appearance

time between pure cultures and their mixtures, all experi-

ments show a maximum peak before 5 h (Table 1).

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

E. coli and their mixtures is presented in Table 1. As can be

seen, the sample 20 % E. faecalis ? 80 % E. coli has a td
shorter than 80 % E. faecalis ? 20 % E. coli, because the

td of E. coli is approximately half that of E. faecalis. In all

curves, growth can be detected in less than 4 h.

In general, microorganisms grow and divide up to a

maximum during the logarithmic stage. In this phase of the

growth curve, we fitted the data to an exponential equation

that can be expressed as [31, 32]:

nt ¼ n0 � ek�t ð1Þ

where n0 is the number of bacteria at time 0, nt is the

number of bacteria at time t, and k is the growth constant.

If Pw is the thermal power of each cell, then:

nt � Pw ¼ n0 � Pw � ek�t ð2Þ

Taking into account that P0 and Pt are the energies

released at onset and at time t, respectively:

Pt ¼ P0 � ek�t ð3Þ
lnPt ¼ lnP0 þ kt ð4Þ
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Fig. 1 Graphical representation of voltage versus time for the E.

faecalis at 106 UFC mL-1
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Fig. 2 Graphical representation of voltage versus time for the E. coli

at 106 UFC mL-1
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Thus, the growth constant (k) can be obtained by

selecting two points from the exponential phase of a bac-

terial growth curve.

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

population to duplicate its number and is expressed as:

G ¼ ðln 2Þ
k

ð5Þ

Table 2 summarises the values of k and G of single

microorganisms and their mixtures. As can been observed,

E. faecalis has a lower k and greater G than E. coli. This

would explain that the samples 50 % E. faecalis ? 50 %

E. coli and 80 % E. faecalis ? 20 % E. coli have a lower

k and greater G than the sample 20 % E. faecalis ? 80 %

E. coli. In all cases, the fitting equation in the exponential

phase presented correlation coefficients (R2) higher than

0.9865, 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) is the area, calculated by the trapezoidal

method, and K represents a constant whose value is

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

calibration performed by the Joule effect on the equipment.

Also, we have compared the amount of heat exchanged

by E. faecalis, E. coli and their mixtures during the first

24 h (Q24). In Table 3, the Q24 by E. faecalis is approxi-

mately three times less than E. coli, because the metabolic

activity of E. faecalis is shorter than E. coli. However, the

mixture 50 % E. faecalis ? 50 % E. coli had a higher Q24

than expected, due to the interaction between both bacteria.

Discussion

In this study, we have investigated the interaction rela-

tionship between two pathogenic bacteria, E. faecalis and

E. coli, which are important microorganisms responsible
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Fig. 3 Graphical representation of voltage versus time for E. faecalis

and E. coli at 106 UFC mL-1 for the different mixtures studied:

a 80 % E. faecalis ? 20 % E. coli; b 50 % E. faecalis ? 50 %

E. coli; and c 20 % E. faecalis ? 80 % E. coli

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

registration of maximum peak (tmax) of E. faecalis, E. coli and the

mixed microorganisms at 106 CFU mL-1

Microorganism td/h tmax/h Vmax/lV

E. faecalis 3.05 6.13 58

E. coli 1.71 6.37 110

20 % E. faecalis ? 80 % E. coli 0.53 4.60 84

50 % E. faecalis ? 50 % E. coli 0.60 3.81 98

80 % E. faecalis ? 20 % E. coli 0.86 4.56 99

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

correlation (R2) obtained from the voltage–time curves of E. faecalis,

E. coli and the mixed microorganisms at 106 CFU mL-1

Microorganism k/h-1 G/h R2

E. faecalis 1.35 0.51 0.9955

E. coli 1.55 0.44 0.9982

20 % E. faecalis ? 80 % E. coli 1.57 0.44 0.9895

50 % E. faecalis ? 50 % E. coli 1.51 0.46 0.9911

80 % E. faecalis ? 20 % E. coli 1.53 0.45 0.9865

742 C. Vazquez et al.

123



for infectious diseases. Microcalorimetry proved to be an

excellent tool for the detection and study of polymicrobial

bacterial infections. Also, we were allowed us obtain the

voltage–time curves of single microorganisms and their

mixtures in three different proportions. From growth

curves, we could calculate the thermokinetic parameters to

assess the interaction between E. faecalis and E. coli.

When we mixed both bacteria, we could observe that in the

curves 80 % E. faecalis ? 20 % E. coli (Fig. 3a) and 50 %

E. faecalis ? 50 % E. coli (Fig. 3b), presented a first peak

of high intensity characteristic of growth curve of E. coli

(Fig. 2). Next to this, second one appears less intense than

its recording time can be attributed to E. faecalis. Finally,

the graph 20 % E. faecalis ? 80 % E. coli (Fig. 3c) is very

similar to the E. coli (Fig. 2), because of its higher per-

centage in the sample; therefore, the growth of E. faecalis

was not observable.

In relation to this work, our group had previously pub-

lished different studies about the mechanism of interaction

between E. faecalis and Klebsiella pneumoniae [25] and E.

faecalis and Pseudomonas aeruginosa [28].

In case of E. faecalis and K. pneumoniae, the results

revealed that when E. faecalis and K. pneumoniae were

mixed, in the graphs of 20 % E. faecalis ? 80 % K. pneu-

moniae and 50 % E. faecalis ? 50 % K. pneumoniae, the

characteristic growth ofE. faecaliswas not present, due toK.

pneumoniae being completely inhibited its growth. In the

sample 80 % E. faecalis ? 20 % K. pneumoniae, we could

observe in the first part of the curve the characteristic growth

of E. faecalis, while the second phase was similar to the

curve of K. pneumoniae. This is because 80 % of the sample

was Enterococci, predominantly its growth profile [25].

However, in the study of E. faecalis and P. aeruginosa,

when both pathogens were put together, in the curves 20 %

E. faecalis ? 80 % P. aeruginosa and 50 % E. fae-

calis ? 50 % P. aeruginosa, we could identify the char-

acteristic growth profile of P. aeruginosa during the

duration of the experiment. However, in both cases, even at

low rates of E. faecalis in the sample, the growth profile of

P. aeruginosa is modified. Perhaps this is because E. fae-

calis can use nutrients more effectively or its growth is not

completely inhibited by Pseudomonas. In the case of

sample of 80 % E. faecalis ? 20 % P. aeruginosa, the

growth profiles of both bacteria can be identified clearly. In

the first stretch, we could observe the growth curve of E.

faecalis, with three peaks of voltage, which signal was

recorded during the first 10 h of the experiment, and the

second stretch where an increase in potential is maintained

for the duration of the experiment is characteristic of

Pseudomonas [28].

Conclusions

Microcalorimetry has allowed us to study bacterial growth

of mixtures of E. faecalis and other bacteria (E. coli, K.

pneumoniae and P. aeruginosa) from the heat generated by

its metabolism. Also, this technique allows us to obtain in a

few hours the voltage–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 released (Q).

Microcalorimetric investigations of interaction rela-

tionships between two bacteria are interesting, because it

could complement other methods to research how bacteria

behave in microbial communities and establish antibiotic

treatment strategies in a more rapid and effective way.
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