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Transmission of Francisella tularensis, the etiologic agent of tularemia, has been
associated with various water sources. Survival of many waterborne pathogens within
free-living amoeba (FLA) is well documented; however, the role of amoebae in the
environmental persistence of F. fularensis is unclear. In this study, axenic FLA cultures
of Acanthamoeba castellanii, Acanthamoeba polyphaga, and Vermamoeba vermiformis
were each inoculated with virulent strains of F. tularensis (Types A and B), the
attenuated live vaccine strain, and Francisella novicida. Experimental parameters
included low and high multiplicity of infection and incubation temperatures of 25 and
30 °C for 0-10 days. Francisella spp. survival was enhanced by the presence of FLA;
however, bacterial growth and protozoa infectivity were not observed. In contrast, co-
infections of A. polyphaga and Legionella pneumophila, used as an amoeba pathogen
control, resulted in bacterial proliferation, cytopathic effects, and amoebal lysis. Collec-
tively, even though short-term incubation with FLA was beneficial, the long-term effects
on Francisella survival are unknown, especially given the expenditure of available
amoebal derived nutrients and the fastidious nature of Francisella spp. These
factors have clear implications for the role of FLA in Francisella environmental
persistence.

Keywords: host, parasite, endosymbiont, environmental persistence,
co-cultures, Francisella, Legionella, Acanthamoeba, Vermamoeba

Introduction

Francisella tularensis is the causative agent of the bacterial zoonotic
disease, tularemia, and is designated as a Tier 1 select agent due to its low
infectious dose, aerosol transmission as a route of infection, and previous
bioweapon development [1]. F. tularensis (Ft) is divided into three subspecies:
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tularensis (Type A), holarctica (Type B), and mediasiatica with the classification
of Francisella novicida (Fn), as either a fourth subspecies or separate species,
currently debated [2, 3]. Each Ft subspecies and Fn vary in both pathogenicity
and geographic distribution with the major routes of transmission being
inhalation of contaminated dust and aerosols, bites by infected vectors, contact
with infected animals, or ingestion of contaminated food and water (reviewed
in [4]).

The environmental reservoir for Francisella spp. has not been established;
however, persistence within aquatic environments is likely given that Francisella
contamination of water has been associated with subsequent human infections.
Contaminated surface, well, and domestic rural water, as well as community water
supplies with unchlorinated or inadequate treatment processes, have all been
implicated as the sources of Francisella outbreaks ([5-7] and reviewed in [8]).
More recently, two separate cases of Ft Type B and Fn bacteremia resulted from near
drowning in seawater and an outbreak of Fn bacteremia within a correctional
facility was associated with the use of contaminated ice [9—11]. Collectively, these
suggest that the persistence in aquatic environments may be important in Francisella
ecology.

The ability of Francisella spp. to survive within natural water sources is
further supported by the isolation of Ft Type A, Fn, and Francisella philomiragia
from brackish water, natural spring water, and sediment [12, 13], and the
molecular identification of Ft Type B in surface water and sediment [14] during
non-outbreak periods. Furthermore, Ft Type B survival in water environments has
been attributed to its transstadial maintenance within adult mosquitoes resulting
from acquisition of Ft Type B during the aquatic larval stage [15, 16]. In tularemia
endemic areas such as Sweden and Finland, evidence suggests that mosquitoes are
the main arthropod vectors in the transmission of Ft [17, 18]; thus, interactions
between Ft and mosquitoes in environmental waters play an important role in
Ft epidemiology and environmental maintenance.

Free-living amoebae (FLAs), such as those in the genera Acanthamoeba and
Vermamoeba, are ubiquitous in the environment and have been isolated from surface
water, hot springs, drinking water and within treatment plants, and in extreme
environments, such as the ocean floor/sediment and Antarctic waters [19-23].
Presence of mosquito larvae is reported to have a significant predatory impact on
protozoan (Amoeba, Ciliophora, Rotifers, and Zoomastigophora) populations, with
predation increasing protozoan prey densities and richness [24, 25]. Given the
localization and feeding behavior of both mosquito larvae and amoebae at the
water—air interface within the water column [26, 27], the putative mosquito-mediated
interactions between FLA and Francisella in these ecological niches could be likely.
The interactions between FLA and Francisella spp. may have significant implications
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for Francisella environmental persistence since many genera of FLA support growth
and survival of other water-based human pathogens, such as Legionella pneumophila
and Mycobacterium spp. [19, 28].

In this study, four strains of Francisella spp. representing F. tularensis subsp.
tularensis (Type A), F. tularensis subsp. holarctica (Type B), and F. novicida were
tested for their ability to infect and amplify within four axenically grown FLA strains,
representing Acanthamoeba spp. and Vermamoeba vermiformis, at various tempera-
tures and multiplicities of infection. The aim of this study was to examine the possible
role of FLA in the survival of Francisella in the environment.

Materials and Methods

Bacterial and amoeba culture preparation

Bacteria and FLA strains used in this study are listed in Table I. Stock
cultures of Francisella spp. were stored in brain heart infusion (BHI) broth (BD
Biosciences, USA) with 15% (vol/vol) glycerol at —80 °C. A 500 pL volume of
stock cultures were inoculated into 25 mL of either tryptic soy broth (BD
Biosciences, USA) or BHI broth containing 2% (vol/vol) IsoVitaleX ™ Enrich-
ment (BD Biosciences, USA) and incubated statically at 37 °C for 48 h. Stock
cultures of L. pneumophila were stored in buffered yeast extract (BYE) broth (10 g
ACES, 10 g yeast extract, 0.4 g L-cysteine, and 0.135 g ferric nitrate per L) with
15%—-25% (vol/vol) glycerol at —80 °C. A 10 pL volume of stock cultures were
streaked onto buffered charcoal yeast extract (BCYE) agar plates (BD Biosciences,
USA) and incubated at 37 °C for 72 h. A single colony of L. pneumophila
(Lp) stain Lp02 was inoculated into 5 mL BYE broth and grown overnight at 37 °C
with shaking. Amoebae were grown as monolayers at 25 °C in either American
Type Culture Collection (ATCC) 712 medium for Acanthamoeba polyphaga (Ap)
and Acanthamoeba castellanii (Ac) or ATCC 1034 medium for V. vermiformis
(Vv).

For the use in experiments, broth grown cultures of bacteria were washed
twice by centrifugation (3,000g for 10 min under ambient conditions) and diluted
to the desired concentration in amoeba buffer [(AB): 4 mM MgSO,4-7H,0, 0.5 mM
CaCl,, 3 mM HOC(COONa)(CH,COONa), - 2H,0, 5 pM Fe(NH,4)»(SO,)
2-6H,0, 2.5 mM Na,HPO,4-7H,0, and 2.5 mM KH,PO,4]. Amoeba cells were
harvested on the day of the experiment, washed twice with AB after centrifugation
(250g for 5 min under ambient conditions), enumerated with the aid of a
hemocytometer and diluted to the desired concentration in AB. Growth of bacteria
and amoeba cells did not occur in this medium.
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Colony-forming unit (CFU) enumeration

To determine Lp population densities [as measured by colony-forming unit
(CFU)], an aliquot of the bacterial suspension was serially diluted and plated on
BCYE agar plates and incubated for 48 h at 37 °C. To determine Francisella spp.
population densities, an aliquot of the bacterial suspension was serially diluted and
plated on chocolate agar plates (BD Biosciences, USA) and incubated for 24 h
(for Fn) or 48 h (for Ft) at 37 °C. The limit of detection (LOD) was 1.95 log;,
CFU mL™".

Bacteria and amoeba co-inoculation experiments

Amoeba cells were harvested as described above and then seeded into 24
well plates at a density of 10° cells per well. AB-diluted Legionella or Francisella
cells were added in each well to yield the desired multiplicity of infection (MOI) of
25, 50, or 100 (i.e., 25, 50, or 100 bacteria per amoeba cell) with a total well
volume of 1 mL. Cultures were incubated at 25 or 30 °C, which are associated with
environmental temperatures rather than within mammalian hosts. Sampling time
points occurred at 0, 1, 2, 3, 7, and 10 days post incubation. At each time point,
phase contrast microscopic images were taken of the wells containing amoeba
only, bacteria only, and co-inoculated wells under 200X magnification using an
Axio Observer inverted microscope (ZEISS International, Germany). CFU enu-
meration was performed at each time point, as described above, and amoeba
densities were determined using either a Neubauer or Nageotte hemocytometer
(Hausser Scientific, USA). The LOD for the Neubauer and Nageotte hemocytom-
eter was calculated to be 3.4 and 1.7 log;q cells mL™!, respectively.

Experiments with Ft Schu4 and NY98 strains were conducted under
biosafety level 3 conditions at the University of Cincinnati College of Medicine
with protocols approved by the university’s Institutional Biosafety Committee and
the Select Agent Program.

Statistical analysis

Percent lysis was calculated using the formula, [(7, — T,)/T, X 100], where
T, is the amoeba cell density in the presence of bacteria at each time point and 7, is
the amoeba cell number in the control wells at the corresponding time point.
Statistical significance was determined using two-way analysis of variance
(ANOVA) or repeated measures ANOVA with either the Bonferroni or Dunnett
post hoc adjustment of P-values to account for multiple comparisons. Statistical
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analyses were performed using Instat 3 and Prism 6 (GraphPad Software, USA)
and graphs were generated using Prism 6 (GraphPad Software, USA).

Results

Prolonged survival of Francisella in the presence of FLA

Infectivity of F. tularensis subsp. holarctica attenuated live vaccine strain
(LVS) was examined for each FLA with the initial parameters of 25 °C incubation
temperature and low MOI of 50 (i.e., 50 bacteria per amoeba cell).
A significant decrease of LVS culturability was observed in control wells from
6.4+0.31 at day 0 to 4.0 £ 1.3 log;o CFU mL™" at day 10 (Figure 1A, P < 0.001)
suggesting that exposure to AB is not amenable to LVS survival. However, the
presence of each FLA significantly prolonged LVS culturability (P < 0.01); yet
decreases in CFU for LVS cultured with Ac30234 and Ap were observed as early
as day 1 post inoculation. A MOI increase to 100 also showed the same trend for
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Figure 1. CFU densities of F. tularensis LVS in the presence of various FLAs. LVS cells were
incubated at (A, C) 25 °C or (B, D) 30 °C with each FLA strain at an MOI of (A, B) 50 or
(C, D) 100. Data were generated from two independent experiments with three replicates
each (n=06). Error bars shown represent the standard error mean. The dotted line indicates the LOD
of 1.95 log;o CFU mL™". *P <0.05; +P <0.01; $P < 0.001
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prolonged survival of LVS in the presence of Ac30010 or Vv cells (P < 0.001);
however, the same decrease in LVS CFU levels in the presence of Ac30234 and
Ap cells were observed and those levels were not significantly different than the
control at day 10 (P> 0.05, Figure 1B).

To determine if LVS infectivity of FLA cells is temperature dependent, the
incubation temperature was increased to 30 °C and the same MOIs of 50 and 100
were tested respectively (Figure 1C and D). At 30 °C, the enhanced survival of
LVS was also observed in the presence of FLA but was more pronounced due to
the temperature sensitivity of LVS. Specifically, control CFU levels decreased
from between 6.4+0.3 and 6.7+0.3 at day O to below the LOD of 2.0 log;q
CFU mL™" at day 10 during incubation at 30 °C, indicating LVS culturability is
temperature sensitive. Although enhanced survival of LVS was observed in the
presence of each FLA, culture with Ac30234 and Ap at 30 °C also resulted in LVS
CFU decreases from day 1 to 10 compared to incubation at 25 °C.

Levels of Fn during culture with each FLA strain were also assessed to
determine if enhanced survival in the presence of FLA was LVS specific. Similar
to LVS, control levels of Fn log;o CFU mL~" decreased from 6.7 +0.1 (MOI 50)
and 7.0 + 0.2 (MOI 100) at day 0 to 4.4 + 0.6 (MOI 50) and 5.6 + 0.7 (MOI 100) at
day 10 under 25 °C incubation (Figure 2A and B, P < 0.001). At 30 °C, control
levels of Fn log;, CFU mL™" decreased from 6.7+ 0.1 (MOI 50) and 7.0+0.2
(MOI 100) at day 0 to 2.3+£0.6 (MOI 50) and 3.5+ 1.2 (MOI 100) at day 10
(Figure 2C and D, P < 0.001). Interestingly, the negative effect of Ac30234 and
Ap on LVS CFU levels was not observed for Fn cells cultured with either FLA;
thus, the effect of enhanced bacterial survival was more pronounced for Fn in the
presence of each FLA.

To determine if virulent, clinical isolates of F. fularensis are infectious for
FLA, F. tularensis Type A (Schu4) and Type B (NY98) strains were cultured with
each FLA at the high MOI of 100 and at 30 °C. Previous studies have reported the
temperature-dependent bacterial infectivity of FLA. Depending on the bacteria
species, at low temperatures (<20-30 °C), bacteria were actively digested,
displayed low amplification rates, and/or eliminated from the FLA, 4. polyphaga
or A. castellanii; however, at higher temperatures (25-37 °C), the amoeba was
parasitized by the same strain of bacteria [29-31]. Thus, in this study, the higher
MOI and temperature were used for the evaluation of the putative infectivity of
virulent Schu4 and NY98 strains for the FLA cells. Figure 3 presents the data
demonstrating the same enhanced survival and maintenance of bacterial cultur-
ability in the presence of each FLA. In the presence of FLA, Schu4 and NY98
log,o CFU mL™" levels ranged from 7.0-7.1 and 6.0-6.6 at day 0 to 4.9-5.7 and
4.2-5.0 at day 7, respectively, and were significantly higher than those of the
control (Figure 3, P < 0.01). Interestingly, by day 7, control CFU levels for Schu4
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Figure 2. CFU densities of F. novicida in the presence of various FLAs. Fn cells were incubated
at (A, C) 25 °C or (B, D) 30 °C with each FLA strain at an MOI of (A, B) 50 or (C, D) 100.
Data were generated from two independent experiments with three replicates each (n=06).
Error bars shown represent the standard error mean. The dotted line indicates the
LOD of 1.95 logyo CFU mL™". *P < 0.05; 1P <0.01; P <0.001
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Figure 3. CFU densities of virulent F. rularensis Type A and B strains in the presence of various FLAs.
(A) Schu4 and (B) NY98 cells were incubated at 30 °C with each FLA strain at an MOI of 100.
Data were generated from two independent experiments with three replicates each (n =6). Error bars
shown represent the standard error mean. White bars represent the data from control, bacteria (bac)
only wells. The dotted line indicates the LOD of 1.95 log;o CFU mL™". $P < 0.01; $P < 0.001
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and NY98 were at or below the LOD of 2.0 log;, CFU mL™" which, when
compared to day 7 control CFU levels of LVS (3.45 + 0.8, Figure 1D) and Fn (4.8
+ 0.7, Figure 2D), indicated that culturability of the virulent Type A and B strains
is more temperature sensitive than LVS and Fn at 30 °C.

Absence of amoebal cytopathic effects during culture with Francisella spp.

During Francisella spp. incubation with each FLLA, amoebal densities were
monitored to determine if amoebal lysis was a result of the enhanced Francisella
survival and maintenance of Francisella culturability. Percent amoebal lysis,
during culture with LVS for 0—10 days at 25 and 30 °C and MOIs of 50 and 100,
ranged between 0%—0.8% for Ac30010, 0%—1.3% for Ac30234, 0%—0.2% for
Ap, and 0%—6.0% for Vv (Figure 4A). Similarly, culture with Fn resulted in
percent amoebal lysis of 0%-1.0% for Ac30010, 0%—-2.0% for Ac30234,
0%—0.6% for Ap, and 0%—1.4% for Vv (Figure 4B).

As a positive control for amoeba infectivity, Lp was cultured with Ap. Lp
CFU levels and amoebal lysis were monitored for 0—7 days at 25 and 30 °C and at
MOIs of 25 and 100. For all culture conditions tested, percent amoebal lysis ranged
between 1%—5% at day 1, 4%—34% at day 2, 14%—-39% at day 3, and 24%—44% at
day 7 (Figure 5A), which is dramatically higher than those levels observed for LVS
and Fn incubation with Ap (Figure 4). Furthermore, in contrast to all four
Francisella strains, significant amplification of Lp cells resulted from culture with
Ap cells (Figure 5B and C). At 25 °C, control Lp levels were between 6.2 and 6.7
log;y CFU mL~"; while in the presence of Ap cells, Lp log;y CFU mL™" levels
peaked to 9.0 at day 2 and decreased to 8.0 at day 7 (Figure 5B, P <0.001).
Moreover, at a 100 MOI, significant Lp CFU increases were observed as early as
day 1 at 30 °C incubation, compared to day 2 levels at 25 °C (Figure 4C, P < 0.001)
confirming the observations from previous studies that Legionella infectivity of
FLA is temperature dependent [29, 32].

Phase contrast microscopic images were also collected during LVS, Fn, and
Lp culture with Ap at 30°C and MOI 100 (Figure 6). Control wells displayed the
expected amorphous trophozoite (AT), actively feeding form of Ap at days 0-7
with eventual encystment of amoeba cells due to the absence of a rich carbon
source, like glucose (indicated as C for cysts). In concurrence with the lack of LVS
and Fn amplification and amoebal lysis during Ap culture (Figures 1, 2, and 4), Ap
cells displayed the same morphology in the presence of LVS and Fn as those in the
control wells (Figure 6). In contrast, Lp incubation with Ap cells resulted in the
lysis of trophozoites, indicated by white arrows, as well as the presence of infected
Ap cells as early as day 1 post inoculation (black arrow, Figure 6).
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Figure 4. Absence of amoebal lysis in the presence of F. tularensis LVS and F. novicida under various
conditions. (A) LVS and (B) Fn were cultured with four FLA strains at an MOI of 25 (white bars)
and 100 (gray bars) and incubated at 25 °C (unhatched bars) and 30 °C (hatched bars). All negative

values (between —4 and O for all samples) were set at 0%. Data were generated from two independent

experiments with three replicates each (7= 06). Error bars shown represent the standard error mean
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Figure 5. Infection of A. polyphaga with L. pneumophila. Ap cells were infected with Lp at either a
low MOI of 25 (white bar/symbols) or high MOI of 100 (gray bars/symbols). (A) The percent
lysis of amoeba cells during the course of Lp infection was calculated as described above.
Bacterial density data are presented as log;, CFU mL™" and derived from cultures
incubated at (B) 25 °C and (C) 30 °C. The dotted and solid lines show control (con, bacteria only)
and bacteria cultured with amoeba (+Ap) data, respectively. Data were generated from two
independent experiments with three replicates each (n = 6). Error bars shown represent the standard
error mean. I, P < 0.001 Lp only versus Lp + Ap

Cytopathic effects were also not observed in the cultures of LVS and Fn with
Ac30010, Ac30234, and Vv cells, which displayed the same cellular morphology
as control wells at each time point (supplementary figure). LVS and Fn
cultures with each FLA for the other three conditions, 25 °C MOI 50 and
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Figure 6. Phase contrast microscopic images illustrating the differences in the cytopathic effects of
Lp, LVS, and Fn on A4. polyphaga cells. Amoebae were infected with an MOI of 100 with
Lp, LVS, or Fn cells and incubated at 30 °C. Images were taken at each time point (days 0, 1, 2, and
7) and are representative of two independent experiments with three replicates each (n=6).
Black scale bars represent 20 pm in length. AT, amorphous trophozoite; RT, rounded trophozoite; C,
cyst. The black arrow indicates an infected cell. White arrows show lysed amoebae

100 and 30 °C MOI 50, displayed the same absence of amoeba cytopathic effect
(data not shown).

Discussion

A mechanism for the persistence of Francisella spp. in water sources is
likely given the existence of waterborne cases of tularemia [5-7, 9—11] and the
observed acquisition of F. tularensis subsp. holarctica (Type B) during the aquatic
life cycle of the mosquito vector [15, 16]. Moreover, within these aquatic
environments, interactions can occur between Francisella and ubiquitous FLA,
well-documented mediators of environmental survival and amplification for
various human water-based pathogens. Thus, in this study, growth of virulent
Ft Type A (Schu4) and Type B (NY98), attenuated Type B (LVS), and Fn was
evaluated during culture with various axenically grown FLA (Ac strain 30010 and
30234, Ap, and Vv).
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Culturability of all four Francisella strains in AB alone decreased by days
7—-10 post incubation; however, in the presence of each FLA strain, Francisella
CFU levels were significantly higher (Figures 1-3) with the exception being LVS
cultured with Ac30234 and Ap at 25 °C and MOI 100 (Figure 1B). Despite the
similarities in co-culture conditions evaluated and the rigorous testing of numerous
Francisella and FLA strains in this study, amplification of each Francisella spp.
strain in the presence of FLA was not observed (Figures 1-3), which is contrary to
the previous studies reporting increases in Francisella CFU densities following
co-culture with FLA [33-36]. Specifically, 3—4 log,, CFU mL™" increases of LVS
and Fn were observed by days 6—15 in the presence of Ac30010, Ac30234, and
Vv at 25—30 °C incubation and MOI of 10 [33, 35, 36]. However, in all of those
studies, the assay buffer used was ATCC 712 medium, or peptone yeast extract
(PYG) broth, which is the nutrient rich growth medium for propagation of Ap,
Ac30010, and Ac30234 cells. El-Etr et al. [34] demonstrated that PYG broth alone
supported LVS and Fn U112 growth; thus, amplification of LVS and Fn observed
in the previous reports may not have been solely FLA mediated. The AB, used in
this study, was shown not to support Francisella growth (Figures 1-3), which
eliminated the possibility of false positives, i.e., detection of non-FLA mediated
Francisella amplification.

LVS levels, in the presence of Ac30234 and Ap, were generally lower than
during incubation with Ac30010 and Vv (Figure 1), which indicated either
amoebal digestion of LVS cells or inhibition of LVS growth attributable to
Ac30234 and Ap-derived culture products. However, the former explanation
seems likely since, by day 7, there was a larger proportion of Ap and Ac30234
ATs (actively feeding form) during incubation with LVS than Ac30010 and Vv
cells, where microscopy images showed mostly rounded trophozoites/pre-cysts
and cysts (C, dormant form) (Figure 6 and Supplementary Figure 1). With various
Gram-positive and Gram-negative bacteria that are commonly found in soil and
water as the sole food source, Ap, Ac, and Vv cells exhibited an increased growth
and ammonium production rate, in that order, indicating select Ap and Ac strains
are more adept at utilizing bacteria as a food source than Vv [37]. However, the
ability to degrade microbial cell wall components, or bacteriolytic activity, of Vv
culture lysates were greater than Ac and Ap cultures when evaluating lysis of
similar environmental Gram-negative and Gram-positive bacteria [38], indicating
that the feeding behavior assessment of FLA may be assay and strain dependent.
Pathogenic isolates of Acanthamoeba spp., Ac, Ap, Acanthamoeba palestinensis,
Acanthamoeba astronyxis, and Acanthamoeba griffini can produce cytopathic
effects on corneal epithelial cells and can tolerate high osmolarity growth media
compared to their non-pathogenic counterparts [39]. Thus, the differences between
CFU titres of each Francisella strain in the presence of FLA, observed in this
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study, may be due to the phenotypic differences in FLA behavior between species,
strains, and isolates.

Results from this study also suggest the feeding behavior of FLA is
Francisella strain dependent as LVS, Schu4, and NY98 bacteria were fed upon
more heavily by Ap cells than Fn bacteria (Figures 1-3). The preferential selection
of bacteria by amoebae has been previously reported with large amoebae observed
to more readily digest the soil bacteria, Rhizobium and Agrobacterium, which were
inedible to smaller amoebae [40]. From this study, 30 ATs of each FLA strain were
measured from the microscopic images obtained from the two independent
experiments and were found to be 305 pm for Ap, 2747 pm for Ac30010,
24 +5 pm for Ac30234, and 20 = 3 pm for Vv cells. The larger average size of Ap
cells could account for the lower CFU titres of LVS at day 10 and of Schu4 and
NYO98 at day 7 in the presence of Ap cells, if amoeba size is indicative of bacterial-
feeding potential (Figures 1 and 3). Moreover, genomic analysis of LVS, Schu4,
and Fn revealed: (1) repeated genomic rearrangements in LVS and Schu4, but not
in Fn; (2) absence of 40+ genes in the Fn genome that is present in LVS and
Schu4; and (3) presence of approximately 10 genes and pseudogenes unique to
Schu4 that presumably confers greater virulence observed with tularensis strains
compared with the holarctica strains [41] indicating genetic variations between Ft
and Fn may also have contributed to the differences in uptake by each FLA
observed in this study.

Although survival of Francisella spp. was enhanced in the presence of each
FLA, no amplification of bacteria or amoebae, significant amoebal lysis, or
differences in amoeba morphology was observed during Francisella and FLA
culture. This is in contrast to the water-based pathogen, Lp, which exhibits high
infectivity potential for Acanthamoeba spp. and V. vermiformis resulting in rapid
intracellular amplification and release of Lp and significant amoebal lysis
(Figure 5) [32, 42—45]. The isolation and identification of amoebae-resisting
bacteria (ARB) using the well-established co-culture method involves inoculation
of samples onto a monolayer of axenic amoebae and continuous monitoring of
cultures for amoebal lysis, resulting from infection by ARBs (reviewed in
[46, 47]). From soil, drinking water, ground and surface water, and clinical
samples, the amoebal co-culture method, with amoebal lysis as an assay endpoint,
has been used by numerous groups to identify human pathogens such as those
belonging to the class Chlamydiae and the genera Aeromonas, Bacillus, Enter-
obacter, Legionella, Mycobacterium, Pseudomonas, Rhodococcus, and Strepto-
coccus as well as novel bacteria belonging to the genera Afipia and Bosea [48-56].
Thus, the absence of amoebal lysis observed in this study between each FLA and
Francisella spp. strain was strongly indicative of a lack of bacterial infection. The
exclusion of microscopic analysis, to determine the intracellular localization of
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Francisella spp., was a limitation in this study. However, because no amplification
of Francisella spp. was observed during co-culture, visual confirmation of cellular
localization would not have altered the observation that no Francisella spp.
amplification occurred in the presence of each FLA species. Future work will aim
to determine whether Francisella spp. cells are digested after FLA uptake or if
each FLA is able to support intracellular Francisella spp. without bacterial
amplification. The latter mechanism could demonstrate a potential commensal
relationship with FLA providing an intracellular reservoir for Francisella survival
in the environment.

The Lp mammalian lifecycle entails: (1) entry into host cells via coiling
phagocytosis; (2) formation of the Legionella-containing vacuole (LCV); (3) con-
version of the LCV into a rough endoplasmic reticulum (RER)-like compartment
to avoid lysosome fusion; (4) replication of non-flagellated Lp within the RER-like
LCV; and (5) extracellular release of flagellated Lp [57, 58], all of which is
dependent on the Lp factors: Icm/Dot T4SS, SidC, Mip, PmiA, FliA, LetA/GacA,
Type IV pili, and TatBC [59]. These Lp factors have also been shown to be
important for Ap, Ac, and Vv infectivity except SidC [59]. In contrast, the LVS
and Schu4 mammalian lifecycle entails: (1) entry into host cells via asymmetric
spacious pseudopod loops; (2) formation of the Francisella-containing phago-
some (FCP); (3) recruitment of early and late endosomal markers to the FCP to
avoid lysosome fusion; (4) degradation of the FCP membrane and egress into the
host cytosol; and (5) rapid cytosolic growth and depletion of host cell nutrients
leading to cellular death and extracellular release of Francisella bacteria (reviewed
in [60, 61]) which is dependent on the Francisella factors, IglC, MglA, and
FTT1103 [62], with IglC and MglA also shown to be important for Ac and Vv
intra-amoebae survival [36, 63]. These observed differences in the mammalian
lifecycles of Lp and Francisella spp., and genetic factors required, could explain
the differences in amoeba infectivity between Lp and the Francisella spp. strains
observed in this study.

Collectively, the results from this study indicated that Francisella infectivity
of FLA and intracellular amplification did not occur. However, each FLA strain
enhanced the survival of Francisella in low nutrient environments especially at
higher temperatures; thus, the possible role of environmental commensalism in
Francisella persistence is not excluded. In general, the genomes of intracellular
microbes are smaller and more genetically stable than their free-living counter-
parts, whose larger genomes exhibit a higher frequency of rearrangements and
greater degree of variability in genetic content between species [64]. Previously
reported genomic analysis of Francisella spp. revealed a small size of <2 Mb,
limited genetic variation within the three subspecies and Fn, a high proportion of
disrupted biosynthetic pathways, and an enrichment of eukaryotic protein
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domains also found in other intracellular pathogens; collectively suggesting a
host-dependent phase in the lifecycle of Francisella spp. [65—67]. However, given
the: (1) rapid loss of Francisella culturability in low nutrient buffer; (2) lack of
significant amplification within FLA; (3) conflicting observations between studies;
and (4) unreported identification of Francisella spp. within FLA environmental
water isolates to date, it is still unclear if FLA is a significant reservoir of
Francisella spp. in the environment.
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