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Francisella tularensis is a gram-negative facultative intracellular bacterium that resists harsh environments. Several outbreaks of
tularemia are linked to the consumption and contact with spring water. The number of F. tularensis in some waters is high,
while in others, this bacterium does not survive. Except organic compounds, metals could be important for the survival of F.
tularensis in water. Some Francisella strains showed the association with amoeba, which may act as the environmental reservoir.
This study was aimed at following the role of metal ions and/or amoeba in the existence and replication of F. novicida in spring
waters by growth kinetics, acquisition of metals, and ultrastructural analyses of bacteria. The bacteria showed a longer survival
in water with higher initial concentrations of Mn and Zn. Although Mn and Zn were necessary for the survival of F. novicida,
the results also showed that the bacterium does not grow in water with high levels of Zn. In contrast, high levels of Mn did not
have such a negative effect on the survival of this bacterium in water. In addition, while F. novicida benefits presence of amoeba
in spring water, the number of amoebae is decreasing in a coculture model with F. novicida.

1. Introduction

Francisella tularensis is a highly infectious gram-negative
bacterium and a causative agent of the disease tularemia in
humans and animals. The genus Francisella contains five
species: F. tularensis, F. philomiragia, F. hispaniensis, F. noa-
tunensis, and F. novicida [1]. Two subspecies of F. tularensis,
tularensis (type A) and holarctica (type B), cause most of the
illness in humans. While F. novicida is avirulent in immuno-
competent humans, it is highly virulent in experimental mice
[1]. A new species of Francisella related to the water environ-
ment has been discovered using a PCR-based identification
[2]. F. salina and F. uligins have been isolated from seawater,
while F. guangzhouensis and F. frigiditurris were found

within cooling towers [2]. F. adeliensis survives within ciliate
Euplotes petzi [3].

Tularemia is a bacterial zoonotic disease, widespread in
the northern hemisphere, and mostly occurring in forest
and mountain regions where it affects a wide range of mam-
mals [4]. More than 300 wild and domestic animal species
worldwide have been infected with F. tularensis [5]. Human
infections usually occur by direct contact with animals, insect
bites, and ingestion of contaminated food and water or
through various aquatic activities such as swimming or fish-
ing [6]. Reservoirs of bacteria vary depending on climate,
geographical region, and the presence of animals. While in
Scandinavia, the bacterium is spread by mosquitoes, in
Southern Europe, environmental water is an essential niche
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in the transmission of the disease to humans [2]. A number
of recent studies suggested a long-term survival of F. tularen-
sis in different natural aquatic environments, such as natural
spring waters, brackish waters, and salt waters [2, 7].

Free-living amoebae, including Acanthamoebae castella-
nii, Dictyostelium discoideum, Hartmannella vermiformis,
and Naegleria gruberi, are ubiquitous organisms within soil
and water environments [8]. In the natural waters, they are
considered not only a contaminant but also a source of
microorganisms pathogenic for humans [8, 9]. It has been
shown that within the intracellular milieu of amoebae, path-
ogens are protected from environmental conditions and dis-
infectants, making their survival and dissemination more
effective [9]. These pathogens are resistant to phagocytosis by
amoebae and survive within protozoa by differentmechanisms,
including Mycobacterium spp., Coxiella burnetii, Francisella
tularensis, Legionella pneumophila, Listeria monocytogenes,
Helicobacter pylori, and Yersinia pestis [9].

Previous studies have shown that Francisella species are
able to penetrate and multiply within H. vermiformis, A. cas-
tellanii, and Dictyostelium discoideum [10–12]. Within H.
vermiformis trophozoites, F. novicida is localized and repli-
cated within vacuoles [12]. Survival of Francisella within
amoebal cysts for several weeks could be of great importance
for a long-term persistence of Francisella spp. within the
water environment and transmission to other reservoirs in
the nature [13]. The fine-tuning between bacteria and proto-
zoa is needed to be able to resist harsh environmental condi-
tions in water.

It is interesting that some spring waters in the southern
part of Europe are more often contaminated with F. tularensis,
whereas from other waters, the bacterium has never been iso-
lated. In the last two decades, tularemia cases connected with
drinking water have been reported in Kosovo, Turkey, Bul-
garia, Macedonia, Georgia, Italy, Germany, Norway, and Swe-
den [2, 13]. Probably, the greatest part in the existence of
Francisella in certain waters is related to the environmental
features, as well as the biochemical characteristics of the water.

The ability of bacteria to survive and replicate in specific
environmental conditions depends also on their capacity to
adapt to some limited nutrition factors in their surroundings.
The high abundance of nutrients together with the presence
of nanoflagellates favors the survival of F. tularensis subsp.
holarctica in lake waters [14]. It has also been shown that F.
tularensis subsp. holarctica enters a viable but nonculturable
(VBNC) state after 5 days in coculture with protozoa. Inter-
estingly, the bacterium loses its virulence over time, being
present in these waters regardless of nutrients and ciliate
presence [14], and does not manifest virulence in mice in a
VBNC state [15].

As with other pathogens, F. tularensis utilizes different
nutrients, such as transition metals, from its host. Transition
metals, such as iron, zinc, and manganese, have proved to be
essential for bacterial survival and replication due to their
role as structural components of enzymes, storage proteins,
and transcription factors [16, 17]. Metal ions are indispens-
able to bacteria not only for metabolic processes but also
for its virulence [17]. It has also been shown that F. tularensis
subsp. tularensis type A survives much better in brackish

water than in freshwater [7]. Previous research demonstrated
that the salinity of brackish water increases the mobility and
overall concentration of metals such as Cd, Cu, and Ni [18].

The ΔfslE mutant of F. tularensis LVS, defective in iron
acquisition systems, is unable to grow within macrophages
and is attenuated in virulence, suggesting that the acquisition
of this metal plays a crucial role in intracellular growth [19].
Availability of zinc has been shown to be necessary for the
survival of different bacteria; however, the excess of zinc
can also have a toxic influence [20]. Maintaining zinc homeo-
stasis is especially important for intracellular pathogens,
including the genus Francisella, since host cells have multiple
mechanisms for controlling free zinc levels intracellularly
[20]. Furthermore, manganese also plays a significant role
in the adaptation of pathogenic bacteria to the human host
[21]. Pathogens utilize manganese as a key nutrient to resist
the effects of host-mediated oxidative stress; hence, the dele-
tion of manganese import systems compromises the viru-
lence and viability of some bacteria [21].

In this study, factors contributing to F. novicida survival
within the water samples were investigated by using organic
(amoeba) and inorganic sources (metal ions). The water sam-
ples were chosen based on different concentrations of metal
ions. Water sample 1 was collected from the largest perma-
nent karst spring in Croatia, with high initial concentrations
of Mn. Water sample 2, with low concentration of Mn, was
collected from the artificial lake, which is the main ground-
water source on the island in Croatia. However, the initial
concentrations of Zn ions were similar in both water samples.

The results of this study showed that the survival of
Francisella in water environment depends on the concentra-
tion of amoebae and metal ions. The lower or higher concen-
trations could be the dead end for Francisella in the water
environment.

2. Materials and Methods

2.1. Bacterial Strain, Amoebal Strain, and Water Samples. F.
novicida U112 was obtained from Anders Sjöstedt (University
of Umeå, Sweden) and was grown on Buffered Charcoal-Yeast
Extract (BCYE) agar at 37°C and 5% CO2 atmosphere for
48 hours.

A. castellanii was obtained from the American Type
Culture Collection, 30234. The amoebae were grown in a
medium 30234 at 25°C.

Water sample 1 was collected from one of the largest per-
manent karst springs in Croatia, Zvir II. Its discharge capac-
ity varies between 0.9 and 7.5m3/s and is supplying Rijeka’s
residents with water. Water sample 2 was collected from
the Ponikve artificial lake, which is the main groundwater
source on the island of Krk, the largest island in Croatia.

2.2. Growth Kinetics of F. novicida in Water Samples. To
determine the growth kinetics of F. novicida in spring water,
bacteria were added to the water samples at a concentration
of 107CFU/ml and incubated for 10 days at room tempera-
ture. After 1, 3, 5, 8, and 10 days, the bacterial number in
water was determined by plating the serial dilutions on BCYE
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agar. Experiments were performed in triplicate and repeated
three times.

2.3. Influence of Different Concentrations of Manganese and
Zinc on the Growth Kinetics of F. novicida in Water. For test-
ing the influence of different transition metals on the growth
kinetics of F. novicida, zinc (ZnSO4 × 6H2O) and manganese
(MgCl2 × 4H2O) ions were added in ultrapure water at dif-
ferent concentrations (0.1μM, 0.8μM, 0.1mM, 0.5mM,
and 1.0mM), followed by inoculation of the bacteria at a con-
centration of 107CFU/ml. The experiments were done at
room temperature. At days 1, 2, 3, 4, and 5 after the inocula-
tion of bacteria, the CFU/milliliter of F. novicida was deter-
mined by plating the serial dilutions on BCYE agar at 37°C.
Within this experiment, we used ultrapure sterile water due
to the minimal concentration of transition metals. The
growth kinetics of bacteria in ultrapure water without metal
ions was considered as control. Experiments were performed
in triplicate and repeated three times.

2.4. Coculture of F. novicida and A. castellanii in Water
Samples. F. novicida and A. castellaniiwere coinoculated with
water samples and incubated at room temperature for 30
days. Bacteria and amoeba were added to water samples at
a concentration of 107F. novicida/ml in a coculture with
106A. castellanii/ml. Water samples with addition of 107F.
novicida/ml without amoebae, and 106A. castellanii/ml with-
out bacteria were used as a control. Growth kinetics of bacte-
ria and amoeba were followed every five days for a period of
30 days. The number of F. novicida at each time point was
determined by plating serial dilutions on BCYE agar plates
as described in the previous section.

In order to determine the number of amoeba cells, at each
time point, 1ml of water sample was transferred to a 24-well
plate and left for 2 h at room temperature to allow amoeba to
adhere. It was followed by analysing the samples using light
microscopy. Amoeba cells were counted, and representative
images were taken by an Olympus microscope to study the
morphology of the cells. All experiments were performed in
triplicate and repeated three times.

2.5. Bacterial Morphology Observation by TEM. Transmis-
sion electron microscopy (TEM) analysis was performed to
evaluate the morphology and structure of bacteria during
the incubation period within water samples. Bacteria were
prepared for TEM by negative staining. Bacterial suspension
was applied to the carbon-coated 200-mesh copper grid for
2min and drowned off from the edge of the grid with filter
paper. After that, the grid was stained using 10μl of 2%
phosphotungstic acid for 1min and again drained on the
filter paper. The grid was placed directly into the grid box
and allowed to air-dry before observation. By electron
microscopy (Jeol Electron Microscope JEM1011, Japan), we
observed the morphology of the bacteria, including their size,
shape, and density. Ten fields for each sample were randomly
photographed. Experiments were performed in triplicate and
repeated three times.

2.6. Determination of Manganese and Zinc Concentrations in
Water Samples. Before inoculation of the bacteria and/or

amoeba, the initial concentrations of transition metals Zn
and Mn were determined in all water samples using an
atomic spectrometer (AAS Perkin Elmer Analyst 200, SAD
2003). After the observed period of incubation, the samples
were autoclaved. The bacteria were further removed by filtra-
tion, and the soluble concentration of remaining metal ions
was determined again by an atomic spectrometer. Analyses
were performed according to the standards accepted by the
Croatian Standards Institute (HRN ISO standards), HRN
ISO 15586:2008 for iron and manganese, and HRN ISO
8288:1998 for zinc. Experiments were performed in triplicate
and repeated three times.

2.7. Statistics. Statistical analyses were performed using Sta-
tistica (StatSoft) software version 12 or with GraphPad Prism
version 6.0 software. In all cases, the Student t-test p < 0:05
was accepted as significantly different from the control sam-
ple and was denoted by ∗ in comparison to the control.

3. Results and Discussion

3.1. Important Role of Mn in the Survival of F. novicida in
Water. While in Sweden and Finland tularemia is mainly
transmitted by mosquito bites, human tularemia in Turkey,
Kosovo, Bulgaria, and Macedonia is strongly connected to
drinking water [2]. Knowledge of Francisella persistence
within the aquatic environments is limited, largely because
it is difficult to study bacteria in their natural environments.
However, it is important to elucidate the mechanisms of
long-term survival of this bacterium in natural ecosystems.
Recent studies showed that seroprevalence in the human
population is positively correlated with living near the coast-
line, including salt waters, brackish waters, and natural
spring waters; however, the mechanisms of long-term sur-
vival of this bacterium in the water environment have still
not been elucidated [2]. The temperature influences the
survival of Francisella in water; however, the presence of
different metal ions seems to be of critical importance for
bacterial pathogenesis [20]. Studies by Berrada and Telford
showed that the salinity of brackish water may be an impor-
tant factor for the stability of F. tularensis subsp. tularensis in
a water environment for a longer period in a cultivable form
[7]. Brackish high-nutrient conditions, such as sulfur-
containing compounds, and the presence of protozoa favor
the survival of F. tularensis subsp. holarctica in lake water [14].

Transition metals are involved in a wide range of crucial
biological processes and therefore are essential for the
survival of microorganisms [22]. Defects in the bacterium’s
ability to utilize metal ions and using it for its metabolism
usually lead to avirulence [16, 22]. However, the excess of
metal ions can have a toxic effect on bacteria; hence, it is
important for pathogens to ensure that the metal uptake
and availability are in balance with the physiological needs
[16, 23]. Upon phagocytosis, phagocytes limit intravacuolar
bacterial growth either by restriction of essential metal ions
or by accumulating some metals to intoxicating concentra-
tions [17]. However, some bacteria have developed special
strategies to survive the excess of metal ions in the environ-
ment as well as inside the phagocytic cells [17, 24]. Microbial
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pathogens typically possess several tightly regulated metal
transporters for the acquisition of metal ions such as iron,
zinc, manganese, and copper, allowing them to adapt to
changing environment conditions [25–27].

This study was aimed at determining if natural waters
could serve as a medium for long-term survival of Francisella
in the environment and the role of certain metal ions in
this process.

To determine if the growth kinetics of F. novicida in nat-
ural spring waters depends upon transition metals such as
Mn and Zn, we used two spring water samples, which highly
differ from each other regarding the initial concentrations of
metal ions, water sample 1 with high initial concentration of
these metal ions and water sample 2 with low concentration
of metals, especially manganese. The bacterium was inocu-
lated in water samples at the concentration of 107CFU/ml.
At 1, 3, 5, 8, and 10 days after the inoculation of bacteria,
water samples were plated on BCYE agar to determine the
number of F. novicida. To determine which metal ions bacte-
ria utilize for survival and growth, we measured the concen-
trations of Mn and Zn ions in both water samples before and
10 days after the inoculation of bacteria.

In water sample 1, where the initial levels of Mn ions were
significantly higher, the number of bacteria was slightly
decreased during 10 days of incubation; however, at day 10,
we still detected 106 bacteria per ml. The initial concentration
of Mn ions in water sample 1 was 0.6μM and decreased to
0.036μM (Figure 1(a)) (Student t-test, p < 0:05), while the
concentration of Zn ions in this water sample was 0.550μM
and decreased to 0.199μM after the observation period
(Student t-test, p < 0:05) (Figure 2(b)). We can conclude that
during the observation period, the bacteria utilized high
levels of Mn and Zn.

In contrast, F. novicida showed much lower ability to
survive in water sample 2, where the initial concentrations
of Mn were extremely low. In this water sample, the initial
concentration of Mn ions was <0.00546μM and did not
change during the observation time (Figure 2(b)) (Student
t-test, p > 0:05), while the initial concentration of Zn ions in
this water sample was 0.550μM and decreased to 0.077μM
after growth of bacteria (Student t-test, p < 0:05) (Figure 2(b)).

The initial concentration of Zn ions was similar in both
water samples, and bacteria utilized this metal during the
10-day incubation. We could speculate that while Mn is
required for bacterial survival in water, the presence of Zn
is not sufficient for it.

3.2. The Fine-Tuning of Manganese and Zinc Ions Results in
the Survival of F. novicida in Water. The ability of Francisella
to scavenge nutrients from the environment has proved to be
essential for bacterial survival and replication in nature as
well as in their host cells. Metal ions are required in many
biological processes. However, it is well known that some
transition metals, such as zinc, copper, silver, gold, and cad-
mium, can be used as antimicrobial agents, depending on
their concentration [28]. To determine the precise concen-
trations of metal ions for promoting F. novicida growth,
in vitro studies were done. The Mn and Zn ions were added
into ultrapure sterile water at the concentrations of 0.1μM,

0.8μM, 0.1mM, 0.5mM, and 1.0mM, which were above or
below their normal concentrations in water. It was followed
by inoculation of bacteria at a concentration of 107 CFU/ml.
Ultrapure water without metal ions was used as a control.

Surprisingly, the increased or decreased concentrations
of Mn ions in water samples did not result in a significant
change of F. novicida growth in the water. There was no sta-
tistical difference in the growth kinetics of F. novicida within
water samples containing different concentrations of Mn
ions (Student t-test, p > 0:05) (Figure 1(a)). Within all water
samples, the bacterial count was slowly decreasing from an
initial concentration of 107CFU/ml to approximately
105CFU/ml during the 5 days of observation (Student
t-test, p > 0:05) (Figure 1(a)). This indicates that Francisella
can tolerate a wide range of manganese ions to survive and
replicate.

In contrast, we observed that the growth kinetics of F.
novicida in water is dependent on Zn concentration. Bacteria
showed the best growth in the water samples with the
addition of Zn ions in a concentration of 0.1μM and
0.8μM (Student t-test, p > 0:05) (Figure 1(b)). In those water
samples, bacterial counts declined just for 1 log during 5 days
of experiment. In the water samples with 0.1mM concentra-
tion of Zn, bacteria showed similar growth kinetics; however,
during the 5 days, the bacterial count declined from the ini-
tial 107CFU/ml to 104CFU/ml (Student t-test, p > 0:05)
(Figure 1(b)). Interestingly, the concentration of 0.5mM
and 1mM of Zn ions inhibited the growth of F. novicida
and after 4 days, we could not cultivate F. novicida on agar
(Student t-test, p < 0:05) (Figure 1(b)).

These findings suggest that for metabolic function, Fran-
cisella needs exact concentration of Zn ions, while it is more
tolerant for Mn ions in the environment. The misbalance of
the concentration of Zn and Mn in water could trigger the
bacteria to induce the VBNC state. In addition, our results
also showed that in high levels of Zn in the water, bacteria
did not grow on the agar plate. It is possible that the bacte-
rium enters the VBNC state but it is still to be determined
if the resuscitation from the VBNC state could be achieved
by changing the concentration of Zn ions. In contrast, high
levels of Mn did not have such a negative effect on the sur-
vival of this bacterium, showing that F. novicida possesses
mechanisms of adaptation to the microenvironment with
excess of this transition metal. Based on the results from
water sample 1, it could be concluded that manganese is nec-
essary to support the growth of this unique bacterium.

3.3. Francisella Benefits from Coculture with A. castellanii
within Water Samples. It has been suggested that amoebal
passage is a prerequisite for the development of some bacte-
rial virulence factors including adaptation to life in the
eukaryotic hosts [29, 30]. Mechanisms allowing bacteria to
escape from phagocytosis by amoebae are believed to be sim-
ilar to the mechanisms used by bacteria to evade a similar fate
by macrophages [31]. This is not the case for F. novicida. In
amoeba, the bacterium is replicating in the vacuole, while
in mammalian cells, Francisella is replicating in the cytosol.
It has been shown that intracellular growth in A. castellanii
enhances intracellular replication of L. pneumophila within
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monocytes and increases virulence in mice [32]. Interest-
ingly, our group and the others showed that after growing
in amoeba or being in the VBNC state, Francisella loses its
virulence [14, 33]. It could be that other factors are important
for its fitness, for example, the availability of nutrients in the
surroundings such as different metal ions.

To further investigate the influence of amoebae and/or
metal ions in supporting the survival of F. novicida in water,
additional studies were performed. Within the coculture
experiment, the numbers of bacteria and amoebae were
determined every 5 days, during 30 days of experiment. As
a control, water samples without bacteria or amoeba were
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Figure 1: Influence of different concentrations of manganese and zinc on the growth kinetics of F. novicida in water samples 1 (a) and 2 (b).
Zinc and manganese ions were added in ultrapure water at different concentrations (0.1μM, 0.8 μM, 0.1mM, 0.5mM, and 1.0mM), followed
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growth kinetics of bacteria in ultrapure water without metal ions was considered as control. Experiments were performed in triplicate and
repeated three times. Student t-test, ∗p < 0:05 was accepted as significantly different from the control sample.
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Figure 2: Growth kinetics of F. novicida in water samples 1 and 2 (a) and the concentrations of manganese and zinc in the water samples
during a 10 days of incubation (b). (a) To determine the growth kinetics of F. novicida, bacteria were added to the water samples at a
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atomic spectrometer. Experiments were performed in triplicate and repeated three times. Student t-test, ∗p < 0:05 was accepted as
significantly different from control samples without addition of bacteria.
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used in this study. In both water samples, we observed very
similar relationships between bacteria and amoebae. In both
tested coculture models with amoebae, F. novicida showed
enhanced survival compared to water samples without amoe-
bae (Figures 3(a) and 3(b)). Within the coculture, bacterial
counts were slowly decreasing from the initial 107CFU/ml,
and the bacterial numbers were constantly around 1-fold
higher in comparison to samples without amoebae, where
the numbers of F. novicida declined more progressively (Stu-
dent t-test, p < 0:05) (Figures 3(a) and 3(b)). Moreover, in the
coculture models, F. novicida survived for 30 days, while in
the control samples without amoeba, the bacterium was not
detectable after 25 days of observation. Furthermore, the
number of A. castellanii was also followed every 5 days. In
both coculture models, the amoebal count was decreased
from 106CFU/ml, and after 20 days of incubation, we were
not able to detect amoeba in the water samples. The counts
of amoebae were constantly around 0.5-fold higher in a con-
trol water sample without bacteria (Student t-test, p < 0:05)
(Figures 3(c) and 3(d)).

In parallel, the morphology of bacteria and amoebae was
followed by TEM and light microscopy, respectively. In the
coculture experiment with the presence of amoebae, 90% of

the bacteria were roundly shaped, showing well-preserved
cell structures with a smooth and intact cell wall (Student
t-test, p < 0:05) (Figures 4(a) and 4(b)). In contrast, multi-
ple morphological changes of F. novicida were observed after
incubation of bacteria in the control water samples 1 and 2
without the addition of amoebae (Figures 4(a) and 4(b)).
Around 80% of bacteria showed a bacillar shape with highly
undefined cell wall. Disorganized cytoplasm separated from
the cell wall, with multiple clumping, was noticed in 70% of
bacteria cultivated without amoebae (Student t-test, p < 0:05)
(Figures 4(a) and 4(b)).

The morphology of amoeba was also followed during 20
days of incubation. During the first 15 days of coculture, in
all tested water samples, more than 60% of amoebae were
present in a trophozoite form (Student t-test, p > 0:05)
(Figures 4(c) and 4(d)). However, after 20 days, we observed
that within coculture models with bacteria, amoebae were in
a resistant form termed cysts (68% in water sample 1 and
64% in water sample 2), while in a control sample without
bacteria, the majority of amoebae were still in a vegetative
form of trophozoites, and significantly lower percent of amoe-
bae were forming cysts (35% in water sample 1 and 33% in
water sample 2) (Student t-test, p < 0:05) (Figures 4(c) and
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Figure 3: The growth kinetics of F. novicida in water samples 1 (a) and 2 (b) as well as A. castellanii in water samples 1 (c) and 2 (d) during a
coincubation. F. novicida and A. castellanii were coincubated in water samples at room temperature for 30 days. Growth kinetics of bacteria
and amoeba were followed every five days in a period of 30 days. Water samples with addition of F. novicida without amoebae and A.
castellanii without bacteria were used as a control. The number of F. novicida at each time point was determined by plating serial dilutions
on BCYE agar plates. Amoeba cells were counted using light microscopy. Experiments were performed in triplicate and repeated three
times. Student t-test, ∗p < 0:05 was accepted as significantly different from the control sample.
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4(d)). These results are in consistence with the amoebal counts
which showed that the presence of F. novicida in water is not
beneficial for A. castellanii.

Our results are consistent with a previous study by El-Etr
et al. showing that the virulent type A strain of F. tularensis is
able to block lysosomal fusion inA. castellanii and survives in
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Figure 4: Morphology of F. novicida (a, b) and A. castellanii (c, d) was followed during the coincubation. (a) TEM analysis was performed to
evaluate the morphology and structure of bacteria. Bacteria were negatively stained using 2% phosphotungstic acid. Representative images
were acquired using a JEOL transmission electron microscope. Ten fields for each sample were randomly photographed. (b) By electron
microscopy, we observed and described the morphology of bacteria, including their size, shape, and density. (c) The morphology of A.
castellanii cells was observed using light microscopy. Representative images were acquired using an Olympus light microscope. Ten fields
for each sample were randomly photographed. (d) By light microscopy, we observed and described the morphology of the amoebae
including the percentage of amoeba cells present in a form of cysts. All experiments were performed in triplicate and repeated three times.
Student t-test, ∗p < 0:05 were accepted as significantly different from the control sample.
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A. castellanii cysts for at least 3-week postinfection. More-
over, they showed that the induction of rapid amoeba encyst-
ment is essential for the survival of F. tularensis [34]. We can
assume that once inside the amoeba, the bacteria somehow
trigger the encystation process which enables nutrient acqui-
sition and protection from environmental conditions.

3.4. Consumption of Metal Ions during the Coculture. The
concentrations of metal ions in the water samples were deter-
mined before and 20 days after the inoculation of bacteria
and/or amoebae (Figure 5).

The initial concentration of manganese in control water
sample 1 was 0.6μMas well as at day 20 (Figure 5(a)). In con-
trast, at 20 days after inoculation of bacteria, the concentra-
tion of Mn declined to 0.43μM (Student t-test, p < 0:05),
indicating the consumption of this metal ion by the bacte-
rium. Surprisingly, the concentrations of Mn ions were even
higher after 20 days of coculture of bacteria and amoeba
(0.72μM) (Student t-test, p < 0:05). Similar results were
obtained when only amoeba was inoculated in water samples
(0.68μM) (Student t-test, p < 0:05) (Figure 5(a)). The initial
concentration of Zn ions in water sample 1 was 0.5μM.How-
ever, after inoculation of F. novicida, it declined to 0.25μM

(Student t-test, p < 0:05). The presence of amoebae alone in
water sample 1 resulted in the decreasing concentration of
Zn in this water sample to 0.4μM (Student t-test, p < 0:05)
(Figure 5(b)). Finally, after 20 days of bacterium and amoeba
coculture, we detected a significantly elevated Zn concentra-
tion of 0.8μM (Student t-test, p < 0:05) (Figure 5(b)).

In water sample 2, the initial concentrations of manga-
nese were extremely low (0.0005μM) and did not change
during a 20-day incubation of F. novicida (Student t-test,
p < 0:05) (Figure 5(c)). Interestingly, we observed significantly
elevated levels of Mn ions after 20 days of coculture of
bacteria with amoeba (0.0007μM) (Student t-test, p < 0:05)
or amoeba alone (0.00069μM) (Student t-test, p < 0:05)
(Figure 5(c)). The initial concentration of Zn ions in water
sample 2 was 0.5μM and declined to 0.17μM in a sample
containing just F. novicida (Student t-test, p < 0:05)
(Figure 5(d)). Interestingly, in water sample 2, with amoeba,
the concentration of Zn increased to 2.8μM after 20 days
(Student t-test, p < 0:05) (Figure 5(d)). After 20 days of bacte-
rium and amoeba coculture, the concentration of Zn ions was
also elevated in comparison to a control water sample without
bacteria and/or amoeba (1.2μM) (Student t-test, p < 0:05)
(Figure 5(d)).
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Figure 5: Determination of the concentration of manganese and zinc in water samples 1 (a, b) as well as in water sample 2 (c, d) after a
coincubation. Before inoculation of the bacteria and/or amoeba, the initial concentrations of transition metals Zn and Mn were
determined in all water samples using an atomic spectrometer (AAS, Perkin Elmer Analyst 200, SAD 2003). Analyses were performed
according to the standards accepted by the Croatian Standards Institute. Water samples without addition of metal ions were used as a
control. All experiments were performed in triplicate and repeated three times. Student t-test, ∗p < 0:05 was accepted as significantly
different from control samples without addition of bacteria.
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Consistent with the previously described results
(Figures 2 and 1), we can conclude that F. novicida utilizes
Mn and Zn ions within water sample 1, as well as Zn ions
in water sample 2. We can conclude that F. novicida utilizes
transition metals Mn and Zn for survival within water. Inter-
estingly, within both coculture water samples, as well as in
water samples containing just A. castellanii, we detected
elevated concentrations of metal ions Mn and Zn after the
incubation period of 20 days.

Also, in macrophages, amoebae develop complex mecha-
nisms to regulate the import, export, and storage of transition
metals and they are known to accumulate metals within
intracellular organelles [22, 35]. It has also been reported that
M. tuberculosis infection triggers the accumulation of Zn
within the macrophage phagosomes [36]. It might be possi-
ble that at certain conditions, or after cell death, these metal
ions are released back to water. This could explain the ele-
vated concentrations of Mn and Zn within the water samples
with the addition of A. castellanii in a period of 20 days after
inoculation, as well as the enhanced bacterial number and
viability of F. novicida.

It has been shown that calcium, magnesium, and polyva-
lent metals play an important role in the formation of
biofilms within the water environment [37]. Removal of cal-
cium and magnesium metal ions from water created an envi-
ronment that inhibits biofilm formation [37–39]. Within a
biofilm matrix, a variety of additional microorganisms take
up residence, including different bacteria and protozoa [40].
This becomes a good hunting area for phagocytic amoeba
species which are able to engulf bacteria. Inside amoeba,
Francisella is able to replicate and persist for a long period
of time. One may conclude that transition metals support
the persistence of amoeba within the water environment
and thereby are a contributing factor for the growth of intra-
cellular bacteria, such as Francisella.

4. Conclusions

Based on our results we can conclude that transition metals
Mn and Zn are required for survival and growth of F. novicida
in the water environment. In addition, high levels of Zn
showed to be toxic for Francisella, while high concentrations
of Mn do not have a negative effect on a survival of this bacte-
rium. These findings suggest that for metabolic function,
Francisella needs an exact concentration of Zn ions, while
being more tolerant for Mn ions in the environment. Further,
results from this study suggest that the presence of amoebae in
natural waters enhances survival of F. novicida, while the pres-
ence of bacteria in water is not beneficial for amoeba.
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