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ABSTRACT The life-threatening disease tularemia is caused by Francisella tularensis, an intra-
cellular Gram-negative bacterial pathogen. Due to the high mortality rates of the disease, as
well as the low respiratory infectious dose, F. tularensis is categorized as a Tier 1 bioterror agent.
The identification and isolation from clinical blood cultures of F. tularensis are complicated by
its slow growth. Iron was shown to be one of the limiting nutrients required for F. tularensis me-
tabolism and growth. Bacterial growth was shown to be restricted or enhanced in the absence
or addition of iron. In this study, we tested the beneficial effect of enhanced iron concentrations
on expediting F. tularensis blood culture diagnostics. Accordingly, bacterial growth rates in
blood cultures with or without Fe?* supplementation were evaluated. Growth quantification
by direct CFU counts demonstrated significant improvement of growth rates of up to 6 orders
of magnitude in Fe?*-supplemented media compared to the corresponding nonmodified cul-
tures. Fe2* supplementation significantly shortened incubation periods for successful diagnosis
and isolation of F. tularensis by up to 92 h. This was achieved in a variety of blood culture types
in spite of a low initial bacterial inoculum representative of low levels of bacteremia. These
improvements were demonstrated with culture of either Francisella tularensis subsp. tularensis
or subsp. holarctica in all examined commercial blood culture types routinely used in a clinical
setup. Finally, essential downstream identification assays, such as matrix-assisted laser desorp-
tion ionization-time of flight mass spectrometry (MALDI-TOF-MS), immunofluorescence, or
antibiotic susceptibility tests, were not affected in the presence of Fe?*. To conclude, supple-
menting blood cultures with Fe>* enables a significant shortening of incubation times for F.
tularensis diagnosis, without affecting subsequent identification or isolation assays.

IMPORTANCE In this study, we evaluated bacterial growth rates of Francisella tular-
ensis strains in iron (Fe)-enriched blood cultures as a means of improving and accel-
erating bacterial growth. The shortening of the culturing time should facilitate rapid
pathogen detection and isolation, positively impacting clinical diagnosis and ena-

bling prompt onset of efficient therapy.
Editor Sadjia Bekal, Institut National de Santé
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F. tularensis Growth in Fe-Supplemented Blood Culture

the disease may indicate the intentional aerosolized dissemination of F. tularensis as a bio-
terror agent. Early administration of effective antimicrobial therapy is essential for favorable
patient outcomes (4). Thus, early detection and isolation of the pathogen are instrumental
for effective treatment.

Typically, two subspecies of F. tularensis are found throughout the Northern Hemisphere,
which are responsible for the majority of human infections. F. tularensis subsp. tularensis (type
A) strains are mainly found in Canada and the United States (5), while F. tularensis subsp. holarc-
tica (type B) strains are mainly found in Europe and Asia (6). F. tularensis subsp. tularensis can
cause severe invasive diseases, such as pneumonia and bacteremia, whereas subsp. holarctica
usually causes mild symptoms and has a low mortality rate (6, 7). The clinical significance of F.
tularensis bacteremia is unknown, but it appears to occur in conjunction with more severe
forms of the disease and with compromising underlying illnesses.

Diagnosing tularemia is not straightforward both due to the nonspecific nature of the
initial symptoms and to the fact that F. tularensis is difficult to culture (8). Furthermore, the
handling of this bacterium poses a significant risk of infection to laboratory personnel (8).
In most clinical laboratories, diagnosis of tularemia relies on serological tests (which cannot
be implemented earlier than 10 days from illness onset) (9), except for patients exhibiting
bacteremia, in which case, tularemia may be diagnosed incidentally by the detection of F.
tularensis in blood cultures (BCs). The culture of the organism is instrumental for diagnosis,
antibiotic susceptibility testing, biovar characterization (10, 11), and molecular epidemio-
logical typing (12, 13). However, direct identification of F. tularensis is limited, due to its low
growth rates. Usually, the appearance of individual colonies on nonselective optimized
agar plates requires 2 to 4 days of incubation, while in liquid media visible growth occurs
within 3 to 7 days of incubation (14), depending the inoculum dose.

The importance of early diagnosis incentivized the development of rapid and sensi-
tive approaches for the detection of F. tularensis directly from clinical samples. These
are mainly based on immune-labeling (15-17) and genetic (9, 18, 19) assays.

Ever since blood cultures have been routinely performed for clinical diagnostics, isola-
tion of F. tularensis from blood of infected humans has rarely been reported (20). This is
possibly due to the low sensitivity of “classic” blood culturing systems and also the short
duration of the bacteremia phase, early in the infection (21-23), which implies that the tim-
ing of the blood collection is critical. In recent years, with the development of more nutri-
tious culture media, continuous-monitoring devices, and improved incubation protocols,
the frequency of tularemia cases diagnosed by blood culture has increased (20, 22, 24-30).
Nevertheless, prolonged incubation times are often necessary for detection, requiring in
some cases as much as 12 or even 21 days for positive blood cultures to be unambiguously
determined (31, 32).

Generally, the addition of nutritional supplements to accelerate bacterial growth is
an effective approach. Iron was shown to be one of the limiting nutrients required for
F. tularensis metabolism and growth, as established by previous studies that demon-
strated restriction or enhancement of bacterial growth with the absence or addition of
iron, respectively (33-35).

Commercially available ready-to-use clinical blood culturing diagnostic systems
include manufacturer-provided media. However, their iron content is not standardized
among manufacturers and may vary as a function of the hemin and or extracts present
in the culture. In addition, an important source of iron is the analyzed peripheral blood
from the sample itself; yet, this source may exhibit significant individual variations as
well. Generally, the level of iron required for optimal bacterial growth is ~10~° M; how-
ever, the level of free iron in mammalian tissues is typically ~10~'8 M (36). Early studies
during F. tularensis infection have suggested that iron withholding represents one of
the typical host responses belonging to the innate nutritional immunity defense mech-
anism (37). This reduction of available iron in bacteremic blood samples combined
with nonoptimal growth media can potentially limit bacterial growth in blood cultures
and may result in false-negative diagnosis.

In this study, F. tularensis growth rates in iron (Fe2*)-enriched blood cultures were
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FIG 1 Effect of iron supplementation on the live vaccine strain (LVS) growth rate. Bactec Plus Aerobic/F culture vials containing 10 mL of naive fresh
human blood were spiked with the F. tularensis subsp. holarctica LVS at a final concentration of (A) 300 CFU/mL or (B) 3,000 CFU/mL. Fe** (100 uM)
was added to vials, and then the vials were incubated at 37°C. Bacterial growth was determined by CFU counts 0, 24, 36, 48, 60, 72, 96, and 120 h
following incubation. Nonsupplemented blood cultures were used as controls. Results are averages of triplicate counts = standard error of the mean
(SEM) of results from two blood cultures for each group containing two individual blood donations. ***, P < 0.0001 of Fe?*-supplemented cultures
versus nonsupplemented controls according to two-way ANOVA using Sidak’s multiple-comparison test.

evaluated as a means of improving and accelerating bacterial growth for early diagno-
sis and isolation of the pathogen. To the best of our knowledge, implementation of
the beneficial effect of enhanced iron concentration to expedite F. tularensis blood cul-
ture diagnostics has not been attempted previously.

RESULTS AND DISCUSSION

Accelerated growth rates of F. tularensis subsp. holarctica in Fe?*-supplemented
blood cultures. In this study, the feasibility of improving bacterial growth rates in iron-sup-
plemented blood cultures was first evaluated for the attenuated type-B F. tularensis live
vaccine strain (LVS). Bacteria were spiked at two concentrations (300 and 3,000 CFU/mL) in
Bactec Plus Aerobic/F culture vials supplemented with 100 ©M Fe?* containing 10 mL of
naive fresh human blood. This Fe?" concentration was previously selected after consider-
ing iron’s stability in medium versus its potential toxicity at higher concentrations (38). Vials
were incubated at 37°C at 150 rpm for 120 h, and bacterial growth was determined at dif-
ferent time points by CFU counts. As shown in Fig. 1, increased F. tularensis growth rates
were observed in blood cultures supplemented with Fe>* compared to nonsupplemented
media. This beneficial effect promoted a significant increase of ~6 orders of magnitude in
bacterial concentrations following 48 h of incubation in the low-inoculum culture (300-
CFU/mL initial concentration) (Fig. 1A). For the high-inoculum culture (3,000 CFU/mL)
(Fig. 1B), an increase of ~4 orders of magnitude was observed after 32 h. These results
strengthen the highly beneficial nature of Fe?* addition to blood culture vials, potentially
shortening F. tularensis detection time in clinical samples.

The current clinical practice of blood drawing from symptomatic adult patients for
diagnostic culturing consists of collecting from two distinct sites at least two pairs of
samples, each set requiring 20 mL of blood, subsequently divided equally between aer-
obic and anaerobic cultures (37, 39). The cultures are then incubated in a continuous
monitoring system based on fluorescent detection of CO, production, which serves as
a reporter for potential active microbial metabolism.

Accordingly, we evaluated F. tularensis growth in various routinely employed Bactec
vials in the presence or absence of additional iron. Increasing inoculums of F. tularensis
(LVS, 30 to 3,000 CFU/mL) were spiked into four different Bactec blood cultures: two
aerobic vials (Plus Aerobic and Standard Aerobic) and two anaerobic vials (Standard
Anaerobic and Lytic Anaerobic) containing 10 mL of naive fresh human blood. The
effect of Fe2"™ supplementation in shortening the time necessary for detection was
evaluated using Bactec FX40, an automated alert incubator, routinely used for clinical
blood culture diagnostics. All Fe2*-supplemented aerobic cultures were distinguished
as positive considerably earlier than nonsupplemented vials (Table 1), as expected on
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TABLE 1 Effect of Fe2* supplementation on F. tularensis early detection in spiked bacteremic blood culture using the Bactec FX40 diagnostic

Microbiology Spectrum

system

Avg = SD time to detection (h)®

3 X 10" CFU/mL 3 X 102 CFU/mL 3 X 103 CFU/mL
Initial inoculum No Fe?* 100 uM Fe?* A No Fe?* 100 uM Fe?* A No Fe?* 100 uM Fe?* A
Plus Aerobic Neg 76.0 £ 6.0 >92 123 £79 62.8 + 3.5 604+96 873*59 476+18 39.7 £ 6.9
Standard Aerobic NT NT NT 917 £25 550=*2.1 36703 638*x46 41.0x13 228 *59
Standard Anaerobic ~ NT NT NT Neg Neg Neg Neg Neg Neg
Lytic Anaerobic NT NT NT Neg Neg Neg Neg Neg Neg

9Neg, negative—no growth detection after 7-day incubation; N.T., not tested; A, the incubation time in hours was shortened for identification.

the basis of the above-described elevation in bacterial growth rate promoted by Fe2*
addition (Fig. 1). This observation was particularly significant considering that the
growth rates observed at the low inoculum dose (30 CFU/mL) of F. tularensis in non-
supplemented Plus Aerobic vials were very low, virtually undetectable during the man-
ufacturer-specified 5-day incubation protocol (Table 1), while iron-supplemented vials
were detected after 76 = 6 h. Prolonging the incubation of the Bactec FX40 for 2 addi-
tional days did not result in positive identification of the nonsupplemented cultures.
Thus, Fe?* supplementation dramatically shortened incubation periods for diagnosis
and potential isolation of F. tularensis. Similarly, adding iron to Standard Aerobic and
Plus Aerobic/F vials, inoculated with a bacterial dose of 300 CFU/mL, also resulted in
significantly reduced detection times (36.7 = 0.3 and 60.4 = 9.6 h, respectively), com-
pared to nonsupplemented cultures. The same effect was observed for the higher inoc-
ulum (3,000 CFU/mL), achieving a 39.7 * 6.9-h reduction for detection in Plus Aerobic
vials and 22.8 = 5.9 h for Standard Aerobic vials. The difference between bacterial
growth rates in the two Aerobic vial culture types probably stems from their formula-
tion: Standard Aerobic vials contain hemin (see Table S1 in the supplemental material).
Of note, no growth was detected in Anaerobic blood culture vials, irrespective of iron
addition even at the high inoculum of F. tularensis.

Positive cultures were confirmed by direct viable counting by plating at the time of
detection. Bacterial counts were between 5 x 107 and 2 x 108 CFU/mL, irrespective of
the original inoculum or blood culture type as previously reported (40).

Accelerated growth rates of the virulent F. tularensis subsp. tularensis in Fe?*-
supplemented blood cultures. The highly beneficial effect of Fe2™ supplementation
on bacterial growth was further demonstrated for the virulent F. tularensis subsp. tular-
ensis SchuS4 strain. As depicted in Fig. 2A, a significant increase of up to 6 orders of
magnitude in bacterial counts was achieved in the Plus Aerobic iron-supplemented
samples within 48 h of incubation for the low inoculum tested (300 CFU/mL). For the
vials containing a high initial inoculum (3,000 CFU/mL), an increase of ~5 orders of
magnitude was observed (Fig. 2B). These results are in agreement with the results
obtained with F. tularensis LVS (Fig. 1). Improvement of growth rate upon Fe?* supple-
mentation was also observed when SchuS4 bacteria were cultured in Standard Aerobic
Bactec vials (Fig. 2C and D). In these cultures, an increase of 4 orders of magnitude in
bacterial counts within 24 h of incubation was observed, irrespective of the initial inoc-
ulation concentration. This elevation reached approximately 6 orders of magnitude in
bacterial counts after 32 h of incubation for the low inoculum tested (Fig. 2C).

In the absence of Fe?*, lower initial inoculums resulted in a delay in bacterial growth,
mostly related to an elongated lag phase. Therefore, and according to the results presented
in Table 1, it is conceivable to expect a more pronounced effect of Fe?* supplementation
in clinical, bacteremic cultures, where initial inocula are expected to be low. Generally, the
bacteremia exhibited in more than 50% of the documented cases consists of less than 1
CFU/mL (41). We note that significant differences in the bacterial growth rates were
observed in blood samples obtained from different donors (a total of six—two for cultures
of the SchuS4 strain and four for those of LVS). These differences were more pronounced
at low inocula, as represented by the high standard deviation values observed between

September/October 2022 Volume 10 Issue 5

10.1128/spectrum.02415-22

4


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02415-22

F. tularensis Growth in Fe-Supplemented Blood Culture

Microbiology Spectrum

-e- Aerobic plus
- Aerobic plus + Fe 2

100

-e- Standard aerobic

% Standard aerobic + Fe 2

2
A 3x10% CFU/ML B 3x10° CFU/mL
1010+ — k%% 10
100, -e- Aerobic plus 10
“# Aerobic plus + Fe 2* 199
10¢- P 108+
-
107 P 7
E " E 10
5 1 S5 10°4
S 105 T .
o o 10°4
1044 1044
103 10’!
102 T T T T g 02 T
0 20 40 60 80 100 0 20
Hours
C 3x10% CFU/ML D 3x10° CFU/ML
1010+ * % ¥ 104
i -»- Standard aerobic 11005 * % %
1004 “# Standard aerobic + Fe 2* 1004
-
1074 - 7
g Yo E 10
E b S 1084
o 10%4 b 1054
104+ 1044
10°4 10%4
102 T T T T d 102 T
0 20 40 60 80 100 0 20
Hours
E 3x10° CFU/mL

CFU/mL

10! T T T T 1
0 20 40 60 80 100

Hours

-©- Standard anaerobic

4 Standard anaerobic + Fe 2
-+ Anaerobic Lytic

=¥ Anaerobic Lytic + Fe 2*

100

+

FIG 2 Superior bacterial growth in Fe?*-supplemented aerobic vials. Bactec Aerobic and Anaerobic vials (Standard Aerobic, Plus Aerobic, Standard
Anaerobic, and Lytic Anaerobic) containing 10 mL of naive fresh human blood were inoculated with the virulent F. tularensis subsp. tularensis strain SchuS4

at (A and C) 300 and (B, D, and E) 3,000 CFU/mL. Vials were incubated at 37°C, and bacterial growth was determined by CFU counts over the course of

incubation (24, 32, 48, 60, 72, and 96 h). The role of supplemented 100 uM Fe?" in Plus Aerobic (A and B), Standard Aerobic (C and D), and Standard
Anaerobic and Lytic Anaerobic (E) cultures was evaluated. Nonsupplemented vials were used as a control. Results are averages of triplicate counts = SEM
of results from duplicate blood cultures containing two individual blood donations in each group. ***, P < 0.0001, for Fe?*-supplemented culture versus

nonsupplemented control according to two-way ANOVA using Sidak’s multiple-comparison test.

blood samples (Fig. 2A, 100 h). Since bacteremic blood will be probably sampled after ini-
tiation of the typical nutritional immunity defense response (42), characterized by free iron
reduction, it is expected that these cultures will exhibit a low growth rate. Thus, real-life
clinical diagnosis should highly benefit from Fe2* supplementation.

In the case of Standard Anaerobic cultures, only a marginal benefit could be attributed
to Fe?* supplementation and no effect at all could be detected when the SchuS4 bacteria
were grown in the Lytic Anaerobic cultures, which do not support the F. tularensis growth
(Fig. 2E). While elevation in bacterial growth in anaerobic condition was observed after 48
h, moderate and complete decline was observed following 96 h in Standard and Lytic vials,
respectively (Fig. 2E). These results may explain the inability to achieve positive signals after
7 days in the LVS experiments (Table 1).

Finally, we verified the reliability of additional diagnostic tests, which are carried
out with bacteria grown in blood cultures, for bacterial typing or for antibiotic suscepti-
bility testing (AST) after supplementation with Fe?*.

Rapid identification of bacteria by the matrix-assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF MS) methodology has been extensively
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FIG 3 Direct detection of F. tularensis from positive blood culture by MALDI-TOF-MS. Bactec Plus Aerobic/F culture vials containing 10 mL of naive fresh
human blood were spiked with LVS. Vials were supplemented with Fe?* (100 uM), while nonsupplemented blood cultures (BCs) were used as a control.
Shown are results from MALDI-TOF MS analysis of F. tularensis bacterial protein extraction derived directly for supplemented and nonsupplemented
cultures following the Bactec FX40 incubator’s alert. The spectrum obtained from protein extracts derived from supplemented culture completely overlaps

the spectrum obtained from nonsupplemented control cultures (red and blue spectra, respectively).

investigated and is frequently implemented in clinical setups as a reliable approach for
identifying the bacteria present in positive blood cultures (43, 44). Accordingly, we
addressed the question whether modification of the standard blood cultures by Fe2* sup-
plementation may compromise the accuracy of MALDI-TOF identification of the F. tularen-
sis pathogen. As depicted in Fig. 3, positive F. tularensis identification (average values of
1.9) was achieved by MALDI-TOF analysis of bacterial protein extracts derived from blood
cultures, regardless of Fe2* content. The MS spectra obtained from both cultures com-
pletely overlapped. Thus, modification of the media allows for significantly earlier detection
of growth without affecting F. tularensis MALDI-TOF identification.

Since immunodiagnostics are considered reliable and specific methods for detection of
tularemia (15-17), a routinely implemented immunoassay was evaluated in the modified
cultures. Accordingly, supplemented and nonsupplemented Bactec Plus Aerobic blood cul-
tures were spiked with bacteria of the SchuS4 virulent strain. Culture samples were col-
lected in the course of 96 h of incubation. The levels of bacterial soluble antigens in the
treated samples were determined by time-resolved fluorescence enzyme-linked immuno-
sorbent assay (TRF ELISA) using polyclonal antibodies derived from rabbits immunized
with the LVS strain (15). Early detection of soluble F. tularensis antigens in supplemented
media was observed within 36 h, with signal/noise (S/N) ratio values of 3 or 12 for low-inoc-
ulum (300-CFU/mL) or high-inoculum (3,000-CFU/mL) cultures, respectively (Fig. 4A and B).
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FIG 4 Direct immunodetection of F. tularensis from inoculated blood culture. Blood cultures (Bactec Plus Aerobic/F culture vials) supplemented with Fe?"
and containing 10 mL of naive fresh human blood were spiked with the SchuS4 strain at (A) 300 CFU/mL and (B) 3,000 CFU/mL. Nonsupplemented blood
cultures were used as a control. Vials were incubated at 37°C, and blood cultures were sampled over the course of incubation (24, 32, 48, 60, 72, and 96 h)
for the detection of soluble F. tularensis antigens by TRF. Results are presented as average = SEM of the signal/noise (S/N) ratio from duplicate blood
cultures containing two individual blood donations in each group. Positive detection was determined as an S/N ratio of >2 (red dashed line). (C)
Immunofluorescence assay (IFA) using Alexa Fluor 488-conjugated anti LPS MAbs for the detection of the F. tularensis directly from blood culture following
48 h of incubation. The scale bar represents 100 um. (D) Etest assays to determine the MIC (micrograms per milliliter) of ciprofloxacin, doxycycline, and
gentamicin were performed directly from supplemented blood cultures (following 72 h of incubation) compared to nonsupplemented blood cultures and
standard test values documented by Johansson et al. (45).

These results are in correlation with the accelerated growth rates promoted by Fe?* sup-
plementation (Fig. 2A and B). Maximal signals (assay saturation) were achieved 48 to 60 h
postinoculation of supplemented cultures compared to undetectable levels in nonsupple-
mented cultures. We may envisage that in the future, using supplemented cultures may
represent a means by which soluble antigen detection is implemented as a stand-alone
assay for rapid tularemia identification in blood culture, potentially circumventing the need
of plating for CFU quantification.

Direct antilipopolysaccharide (anti-LPS) immunofluorescent staining in formaldehyde-
inactivated blood culture samples was performed for F. tularensis diagnosis. The results
described in Fig. 4C, establish that the sensitivity of the assay was actually improved,
owing to the higher bacterial density afforded by the supplemented cultures. Finally, the
supplemented blood cultures were used as a bacterial source for AST. Several antibiotics
are recommended by the Centers for Disease Control and Prevention (CDC) for prophy-
laxis and treatment of tularemia, including bacteriostatic (e.g., doxycycline) and bacteri-
cidal (e.g., ciprofloxacin and gentamicin) drugs. Antibiogram Etest assays were performed
in order to examine whether the Fe?* supplementation affects the susceptibility of the
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bacteria to antibiotics. Therefore, the MIC of F. tularensis derived from supplemented
compared to nonsupplemented blood cultures was determined. The lower density of
bacteria in nonsupplemented Plus Aerobic vials following 72 h of incubation impaired
the reliability of the test, while in supplemented media MIC values were accurately deter-
mined to be similar to the standard values (Fig. 4D). In addition, no significant differences
in MIC values were observed in Standard Aerobic vials, irrespective of Fe2* supplementa-
tion. It is conceivable that due to the higher density of the bacteria, the Etest could
potentially be performed earlier. Thus, the results clearly indicate the highly beneficial
value of supplementing cultures for rapid diagnosis and isolation of F. tularensis.

Conclusions. Tularemia, a severe life-threatening disease, is caused by F. tularensis. The
low infectious doses, coupled with environmental stability, qualified this pathogen as a Tier
1 biothreat agent. Prompt administration of effective antimicrobial therapy, essential for
favorable patient prognosis, requires early pathogen detection, identification, and isolation.
Clinical blood samples are relevant specimens for the isolation and diagnosis of F. tularen-
sis. Specifically, blood cultures are considered to be the “gold standard” of sepsis diagnos-
tics. Rapid and accurate identification of the slow-growth pathogen F. tularensis using
blood culture methods requires improved nutritious culture media, continuous-monitoring
devices, and prolonged incubation protocols.

In order to expedite diagnostic times, supplementation of commercial, routinely
used blood culture vials with external Fe?* was examined for the ability to enhance F.
tularensis growth rates. This study consisted of comparison of a variety of blood cultur-
ing conditions generated by supplemented or nonmodified aerobic and anaerobic pro-
tocols. The data documented in this report show a significant improvement in bacterial
growth rate in Fe?*-supplemented media. These results were demonstrated in differ-
ent blood donors, a variety of Bactec vial types, and bacterial subspecies (F. tularensis
subsp. tularensis or subsp. holarctica). The study suggests that supplemented aerobic
cultures represent the conditions of choice for rapid detection of the pathogen, on the
basis of both bacterial growth as well as methods involving mass spectrometry, immu-
nodetection, and identification of secreted bacterium-borne biomarkers.

In suspected tularemia cases (either upon arrival from areas of endemicity, contact with
wild animals, tick bites, exclusion of more common etiologies of presenting signs, or in a
suspected malicious use in bioterror scenarios) we recommend that additional supple-
mented aerobic vials should be included in the sampling protocol. In such cases, positive
Bactec signals may prompt early downstream diagnostic assays for F. tularensis identifica-
tion. In our previous study (38), we reported the accelerated bacterial growth of Yersinia
pestis in blood cultures by the addition of nutritional supplements. This enabled a shorten-
ing of the doubling time, resulting in an increase of 5 orders of magnitude in bacterial
loads within 24 h of incubation, allowing rapid detection and isolation of Y. pestis bacteria
that grow slowly in vitro. Further research will establish the applicability of this metal ion
supplementation for the improvement of the growth of other pathogens, possibly leading
to a universal method for accelerating the pathogen’s growth and identification.

MATERIALS AND METHODS

F. tularensis strains. The F. tularensis subsp. holarctica live vaccine strain (LVS) (ATCC 29684) and F.
tularensis subsp. tularensis strain SchuS4 were used in this study. The study was conducted in a biosafety
level 3 (BSL3) facility in accordance with the biosafety guidelines of the Israel Institute for Biological
Research (IIBR).

Culture media. FeSO, powder (Merck) was dissolved in double distilled water (DDW) and filtered
(0.2-um-pore filter), forming a 100 mM stock solution. Human blood samples were obtained from the
National Blood Services, MDA, Israel, under MDA research permit 08-0290.

F. tularensis strains were grown on cysteine heart agar (CHA) plates (Becton Dickinson, France)
enriched with 1% (wt/vol) hemoglobin (Becton, Dickinson, France) at 37°C for 72 h. Colonies were sus-
pended in sterile phosphate-buffered saline (PBS) Biological Industries, Beth Haemek, Israel) and added
at a defined concentration (38) into naive fresh human blood. Inoculated blood samples (10 mL/vial)
were inserted into four different types of BACTEC blood culture vials (Plus Aerobic/F, Standard Aerobic/
F, Standard Anaerobic/F, and Lytic Anaerobic/F (BD, Sparks, MD, USA). Blood cultures were supple-
mented with FeSO, at a final concentration of 100 «M. Nonsupplemented blood culture vials were used
as a control. The inoculated blood culture vials were then shaken at 150 rpm at 37°C in a New Brunswick
Scientific C76 water bath for the indicated time periods or at 35°C in Bactec FX40 (Becton Dickinson
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United Kingdom) until a blood culture alert level was reached. Initial CFU counts (time 0) were deter-
mined by plating 0.1-mL blood culture samples of serial 10-fold dilutions in duplicate, while for addi-
tional time points drop plating was performed by plating 10 L of serial 10-fold dilutions in triplicate on
CHA plates. The number of CFU was determined following 48 to 72 h of incubation at 37°C.

MIC determination. Etest strips (bioMérieux, France) of selected antimicrobial agents (ciprofloxacin,
doxycycline, and gentamicin) were applied to an inoculated CHA surface derived from spiked blood cultures
with or without supplements. Each of the strips contains dried antibiotic concentration gradients that are
marked with a concentration scale. The plates were incubated for 48 to 72 h at 37°C, and MIC values (micro-
grams per milliliter) were read directly from the strips according to the manufacturers’ instructions.
Immunofluorescence assay for F. tularensis detection. The immunfluorescence assay (IFA) allows
visualization of the bacteria in different matrices. A 2-uL aliquot of inoculated BC with or without supple-
ments was applied onto slides, air dried, and fixed in 100% acetone for 30 min. Alexa 488-conjugated
anti-F. tularensis LPS (TL-1 monoclonal antibody) (36) was applied on the spots and incubated at 37°C
for 30 min. Visualization was carried out using an Axioscop 2 fluorescence microscope (Zeiss) equipped
with a x40 magnification objective and a top-mounted camera (DS-Fi3, Nikon). Images were recorded
using NIS-Elements F4.6 software.
Detection of F. tularensis soluble antigens from inoculated blood culture by time-resolved fluo-
rescence. Detection of F. tularensis soluble antigens was conducted using a 3-step sandwich ELISA,
based on time-resolved fluorescence (TRF) using europium lanthanide. Microtiter plates were coated
with 5 ug/mL polyclonal antibodies against F. tularensis (15) overnight at 4°C. Coated wells were blocked
with 2% bovine serum albumin (BSA) for 2 h at 37°C. In order to detect soluble antigens, 0.3 mL of the
inoculated BC (with or without supplements) was spun at 14,000 rpm for 5 min. The supernatant was
then filtered (0.2-um pore), and a 50-ul aliquot from the sterile supernatant was applied to the micro-
titer plates for 30 min at 37°C. Following washing steps (with PBS containing 0.05% Tween 20), biotinyl-
ated reporter antibodies (polyclonal anti-F. tularensis) were loaded for an additional 30 min at 37°C.
After an additional wash step, streptavidin-europium ab275850 (Abcam) diluted 1:1,000 was loaded for
20 min. After a final wash, enhancement solution (1244-105, DELFIA [dissociation-enhanced lanthanide
fluorescence immunoassay]; PerkinElmer, Waltham, MA, USA) was added, and the resulting signal was
measured using a microplate reader (excitation of 340 nm and emission of 612 nm). The results were cal-
culated as the ratios between the signal (S) measured for each sample compared to the signal measured
with the assay run against antigen-free PBS (noise [N]). S/N ratios above 2 are considered positive.
Bacterial identification by MALDI-TOF MS. Direct bacterial identification by matrix-assisted laser de-
sorption ionization-time of flight mass spectrometry (MVALDI-TOF MS) was carried out using a MBT Sepsityper
IVD kit (Bruker Daltonics GmbH, Bremen, Germany), according to the manufacturer’s instructions. Briefly, T mL
of blood culture was collected and transferred into a 1.5-mL tube and a 200-u.L aliquot lysis buffer was added.
The mix was centrifuged for 2 min at 14,000 rpm, and the pellet was washed with 1 mL washing buffer. The
mixture was recentrifuged for 1 min at 14,000 rpm. The supernatant was discarded, and the pellet was dried.
The sample’s proteins were extracted using the standard EX method, according to the manufacturer’s instruc-
tions. The samples were then identified by the Bruker MALDI-TOF MS instrument (Bruker Datonics, GmbH,
Bremen, Germany).
Statistical analysis. Data were analyzed using GraphPad Prism5 software. Results are expressed as
means =+ standard error. Statistical significance was determined by two-way analysis of variance (ANOVA)
using Sidak’s multiple-comparison test. A P value of =0.05 was considered to be significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

REFERENCES

1.

McCoy GW, Chapin CW. 1912. Further observations on a plague-like dis-
ease of rodents with a preliminary note on the causative agent, Bacterium
tularense. J Infect Dis 10:61-72. https://doi.org/10.1093/infdis/10.1.61.

. Dennis DT, Inglesby TV, Henderson DA, Bartlett JG, Ascher MS, Eitzen E, Fine

AD, Friedlander AM, Hauer J, Layton M, Lillibridge SR, McDade JE, Osterholm
MT, O'Toole T, Parker G, Perl TM, Russell PK, Tonat K, Working Group on Civil-
ian Biodefense. 2001. Tularemia as a biological weapon: medical and public
health management. JAMA 285:2763-2773. https://doi.org/10.1001/jama
.285.21.2763.

. Ellis J, Oyston PCF, Green M, Titball RW. 2002. Tularemia. Clin Microbiol

Rev 15:631-646. https://doi.org/10.1128/CMR.15.4.631-646.2002.

. Boisset S, Caspar Y, Sutera V, Maurin M. 2014. New therapeutic approaches

for treatment of tularaemia: a review. Front Cell Infect Microbiol 4:40.

. Staples JE, Kubota KA, Chalcraft LG, Mead PS, Petersen JM. 2006. Epidemio-

logic and molecular analysis of human tularemia, United States, 1964-2004.
Emerg Infect Dis 12:1113-1118. https://doi.org/10.3201/eid1207.051504.

. Maurin M, Gyuranecz M. 2016. Tularaemia: clinical aspects in Europe. Lancet

Infect Dis 16:113-124. https://doi.org/10.1016/S1473-3099(15)00355-2.

September/October 2022 Volume 10 Issue 5

7.

8.

9.

Sigaloff KCE, Chung PK, Koopmans J, Notermans DW. 2017. First case of
severe pneumonic tularemia in an immunocompetent patient in the
Netherlands. Neth J Med 75:301-303.

Doern GV. 2000. Detection of selected fastidious bacteria. Clin Infect Dis
30:166-173. https://doi.org/10.1086/313586.

Johansson A, Forsman M, Sjostedt A. 2004. The development of tools for
diagnosis of tularemia and typing of Francisella tularensis. APMIS 112:
898-907. https://doi.org/10.1111/j.1600-0463.2004.apm11211-1212.x.

. Forsman M, Sandstrom G, Jaurin B. 1990. Identification of Francisella spe-

cies and discrimination of type A and type B strains of F. tularensis by 16S
rRNA analysis. Appl Environ Microbiol 56:949-955. https://doi.org/10
.1128/aem.56.4.949-955.1990.

. Johansson A, Ibrahim A, Goransson |, Eriksson U, Gurycova D, Clarridge

JE, Sjostedt A. 2000. Evaluation of PCR-based methods for discrimina-
tion of Francisella species and subspecies and development of a specific
PCR that distinguishes the two major subspecies of Francisella tularensis.
J Clin Microbiol 38:4180-4185. https://doi.org/10.1128/JCM.38.11.4180
-4185.2000.

10.1128/spectrum.02415-22 9


https://doi.org/10.1093/infdis/10.1.61
https://doi.org/10.1001/jama.285.21.2763
https://doi.org/10.1001/jama.285.21.2763
https://doi.org/10.1128/CMR.15.4.631-646.2002
https://doi.org/10.3201/eid1207.051504
https://doi.org/10.1016/S1473-3099(15)00355-2
https://doi.org/10.1086/313586
https://doi.org/10.1111/j.1600-0463.2004.apm11211-1212.x
https://doi.org/10.1128/aem.56.4.949-955.1990
https://doi.org/10.1128/aem.56.4.949-955.1990
https://doi.org/10.1128/JCM.38.11.4180-4185.2000
https://doi.org/10.1128/JCM.38.11.4180-4185.2000
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02415-22

F. tularensis Growth in Fe-Supplemented Blood Culture

12.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Farlow J, Smith KL, Wong J, Abrams M, Lytle M, Keim P. 2001. Francisella
tularensis strain typing using multiple-locus, variable-number tandem
repeat analysis. J Clin Microbiol 39:3186-3192. https://doi.org/10.1128/
JCM.39.9.3186-3192.2001.

. Johansson A, Goéransson |, Larsson P, Sjostedt A. 2001. Extensive allelic

variation among Francisella tularensis strains in a short-sequence tandem
repeat region. J Clin Microbiol 39:3140-3146. https://doi.org/10.1128/
JCM.39.9.3140-3146.2001.

. Aloni-Grinstein R, Schuster O, Yitzhaki S, Aftalion M, Maoz S, Steinberger-

Levy I, Ber R. 2017. Isolation of Francisella tularensis and Yersinia pestis
from blood cultures by plasma purification and immunomagnetic separa-
tion accelerates antibiotic susceptibility determination. Front Microbiol 8:
312.

. Mechaly A, Vitner E, Levy H, Weiss S, Bar-David E, Gur D, Koren M, Cohen

H, Cohen O, Mamroud E, Fisher M. 2018. Simultaneous immunodetection
of anthrax, plague, and tularemia from blood cultures by use of multi-
plexed suspension arrays. J Clin Microbiol 56:e01479-17. https://doi.org/
10.1128/JCM.01479-17.

. Sharma N, Hotta A, Yamamoto Y, Fujita O, Uda A, Morikawa S, Yamada A,

Tanabayashi K. 2013. Detection of Francisella tularensis-specific antibod-
ies in patients with tularemia by a novel competitive enzyme-linked im-
munosorbent assay. Clin Vaccine Immunol 20:9-16. https://doi.org/10
.1128/CVI1.00516-12.

. Vetchinin SS, Shevyakov AG, Khomyakov AE, Mironova RI, Mokrievich AN,

Biketov SF. 2021. Development of an immunoassay test system based on
monoclonal antibodies and immunomagnetic particles for the detection
of F. tularensis cells. Klin Lab Diagn 66:353-357. https://doi.org/10.51620/
0869-2084-2021-66-6-353-357.

. Israeli O, Makdasi E, Cohen-Gihon |, Zvi A, Lazar S, Shifman O, Levy H, Gur

D, Laskar O, Beth-Din A. 2020. A rapid high-throughput sequencing-based
approach for the identification of unknown bacterial pathogens in whole
blood. Future Sci OA 6:FSO476. https://doi.org/10.2144/fsoa-2020-0013.

. Versage JL, Severin DDM, Chu MC, Petersen JM. 2003. Development of a

multitarget real-time TagMan PCR assay for enhanced detection of Franci-
sella tularensis in complex specimens. J Clin Microbiol 41:5492-5499.
https://doi.org/10.1128/JCM.41.12.5492-5499.2003.

Karagoz S, Kili¢ S, Berk E, Uzel A, Celebi B, Comoglu $, Karagoz A, Akyar |,
Can S. 2013. Francisella tularensis bacteremia: report of two cases and
review of the literature. New Microbiol 36:315-323.

Provenza JM, Klotz SA, Penn RL. 1986. Isolation of Francisella tularensis
from blood. J Clin Microbiol 24:453-455. https://doi.org/10.1128/jcm.24.3
453-455.1986.

Reary BW, Klotz SA. 1988. Enhancing recovery of Francisella tularensis
from blood. Diagn Microbiol Infect Dis 11:117-119. https://doi.org/10
.1016/0732-8893(88)90080-6.

Sjostedt A. 2007. Tularemia: history, epidemiology, pathogen physiology,
and clinical manifestations. Ann N 'Y Acad Sci 1105:1-29. https://doi.org/
10.1196/annals.1409.009.

Briere M, Kaladji A, Douane F, Breux JP, Touroult-Jupin P, Boisset S,
Edouard S, Biron C, Boutoille D. 2016. Francisella tularensis aortitis. Infec-
tion 44:263-265. https://doi.org/10.1007/s15010-015-0824-4.

Fritzsch J, Splettstoesser WD. 2010. Septic pneumonic tularaemia caused
by Francisella tularensis subsp. holarctica biovar Il. J Med Microbiol 59:
1123-1125. https://doi.org/10.1099/jmm.0.019893-0.

Haristoy X, Lozniewski A, Tram C, Simeon D, Bevanger L, Lion C. 2003.
Francisella tularensis bacteremia. J Clin Microbiol 41:2774-2776. https://
doi.org/10.1128/JCM.41.6.2774-2776.2003.

Khoury JA, Bohl DL, Hersh MJ, Argoudelis AC, Brennan DC. 2005. Tulare-
mia in a kidney transplant recipient: an unsuspected case and literature
review. Am J Kidney Dis 45:926-929. https://doi.org/10.1053/j.ajkd.2005
.02.006.

Larssen KW, Bergh K, Heier BT, Vold L, Afset JE. 2014. All-time high tularae-
mia incidence in Norway in 2011: report from the national surveillance.

September/October 2022 Volume 10 Issue 5

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Microbiology Spectrum

Eur J Clin Microbiol Infect Dis 33:1919-1926. https://doi.org/10.1007/
510096-014-2163-2.

Sarria JC, Vidal AM, Kimbrough RC, Figueroa JE. 2003. Fatal infection caused
by Francisella tularensis in a neutropenic bone marrow transplant recipient.
Ann Hematol 82:41-43. https://doi.org/10.1007/s00277-002-0570-4.

Ughetto E, Héry-Arnaud G, Cariou M-E, Pelloux I, Maurin M, Caillon J,
Moreau P, Ygout J-F, Corvec S. 2015. An original case of Francisella tular-
ensis subsp. holarctica bacteremia after a near-drowning accident. Infect
Dis (Lond) 47:588-590. https://doi.org/10.3109/23744235.2015.1028099.
Gries DM, Fairchok MP. 1996. Typhoidal tularemia in a human immunode-
ficiency virus-infected adolescent. Pediatr Infect Dis J 15:838-840. and
https://doi.org/10.1097/00006454-199609000-00024.

Gurycova D. 1998. First isolation of Francisella tularensis subsp. tularensis in
Europe. Eur J Epidemiol 14:797-802. https://doi.org/10.1023/A:1007537405242.
Deng K, Blick RJ, Liu W, Hansen EJ. 2006. Identification of Francisella tular-
ensis genes affected by iron limitation. Infect Immun 74:4224-4236.
https://doi.org/10.1128/1A1.01975-05.

Fortier AH, Leiby DA, Narayanan RB, Asafoadjei E, Crawford RM, Nacy CA,
Meltzer MS. 1995. Growth of Francisella tularensis LVS in macrophages: the
acidic intracellular compartment provides essential iron required for growth.
Infect Immun 63:1478-1483. https://doi.org/10.1128/iai.63.4.1478-1483.1995.
Sullivan JT, Jeffery EF, Shannon JD, Ramakrishnan G. 2006. Characteriza-
tion of the siderophore of Francisella tularensis and role of fsIA in sidero-
phore production. J Bacteriol 188:3785-3795. https://doi.org/10.1128/JB
.00027-06.

Mechaly A, Elia U, Alcalay R, Cohen H, Epstein E, Cohen O, Mazor O. 2019.
Inhibition of Francisella tularensis phagocytosis using a novel anti-LPS
scFv antibody fragment. Sci Rep 9:11418. https://doi.org/10.1038/541598
-019-47931-w.

Cockerill FR, Wilson JW, Vetter EA, Goodman KM, Torgerson CA, Harmsen
WS, Schleck CD, listrup DM, Washington JA, Wilson WR, IIl. 2004. Optimal
testing parameters for blood cultures. Clin Infect Dis 38:1724-1730. https://
doi.org/10.1086/421087.

Makdasi E, Atiya-Nasagi Y, Gur D, Zauberman A, Schuster O, Glinert |,
Shmaya S, Milrot E, Levy H, Weiss S, Chitlaru T, Mamroud E, Laskar O.
2022. An improvement in diagnostic blood culture conditions allows for
the rapid detection and isolation of the slow growing pathogen Yersinia
pestis. Pathogens 11:255. https://doi.org/10.3390/pathogens11020255.
Weinstein MP. 1996. Current blood culture methods and systems: clinical
concepts, technology, and interpretation of results. Clin Infect Dis 23:
40-46. https://doi.org/10.1093/clinids/23.1.40.

Shifman O, Aminov T, Aftalion M, Gur D, Cohen H, Bar-David E, Cohen O,
Mamroud E, Levy H, Aloni-Grinstein R, Steinberger-Levy |, Rotem S. 2021.
Evaluation of the European Committee on Antimicrobial Susceptibility Test-
ing guidelines for rapid antimicrobial susceptibility testing of Bacillus anthra-
cis-, Yersinia pestis- and Francisella tularensis-positive blood cultures. Microor-
ganisms 9:1055. https://doi.org/10.3390/microorganisms9051055.

Towns ML, Jarvis WR, Hsueh PR. 2010. Guidelines on blood cultures. J Microbiol
Immunol Infect 43:347-349. https://doi.org/10.1016/51684-1182(10)60054-0.
Pekarek RS, Bostian KA, Bartelloni PJ, Calia FM, Beisel WR. 1969. The
effects of Francisella tularensis infection on iron metabolism in man. Am J
Med Sci 258:14-25. https://doi.org/10.1097/00000441-196907000-00003.
Bhavsar SM, Dingle TC, Hamula CL. 2018. The impact of blood culture
identification by MALDI-TOF MS on the antimicrobial management of pe-
diatric patients. Diagn Microbiol Infect Dis 92:220-225. https://doi.org/10
.1016/j.diagmicrobio.2018.05.021.

Osthoff M, Gurtler N, Bassetti S, Balestra G, Marsch S, Pargger H, Weisser M,
Egli A. 2017. Impact of MALDI-TOF-MS-based identification directly from pos-
itive blood cultures on patient management: a controlled clinical trial. Clin
Microbiol Infect 23:78-85. https://doi.org/10.1016/j.cmi.2016.08.009.
Johansson A, Urich SK, Chu MC, Sjostedt A, Tarnvik A. 2002. In vitro suscepti-
bility to quinolones of Francisella tularensis subspecies tularensis. Scand J
Infect Dis 34:327-330. https://doi.org/10.1080/00365540110080773.

10.1128/spectrum.02415-22 10


https://doi.org/10.1128/JCM.39.9.3186-3192.2001
https://doi.org/10.1128/JCM.39.9.3186-3192.2001
https://doi.org/10.1128/JCM.39.9.3140-3146.2001
https://doi.org/10.1128/JCM.39.9.3140-3146.2001
https://doi.org/10.1128/JCM.01479-17
https://doi.org/10.1128/JCM.01479-17
https://doi.org/10.1128/CVI.00516-12
https://doi.org/10.1128/CVI.00516-12
https://doi.org/10.51620/0869-2084-2021-66-6-353-357
https://doi.org/10.51620/0869-2084-2021-66-6-353-357
https://doi.org/10.2144/fsoa-2020-0013
https://doi.org/10.1128/JCM.41.12.5492-5499.2003
https://doi.org/10.1128/jcm.24.3.453-455.1986
https://doi.org/10.1128/jcm.24.3.453-455.1986
https://doi.org/10.1016/0732-8893(88)90080-6
https://doi.org/10.1016/0732-8893(88)90080-6
https://doi.org/10.1196/annals.1409.009
https://doi.org/10.1196/annals.1409.009
https://doi.org/10.1007/s15010-015-0824-4
https://doi.org/10.1099/jmm.0.019893-0
https://doi.org/10.1128/JCM.41.6.2774-2776.2003
https://doi.org/10.1128/JCM.41.6.2774-2776.2003
https://doi.org/10.1053/j.ajkd.2005.02.006
https://doi.org/10.1053/j.ajkd.2005.02.006
https://doi.org/10.1007/s10096-014-2163-2
https://doi.org/10.1007/s10096-014-2163-2
https://doi.org/10.1007/s00277-002-0570-4
https://doi.org/10.3109/23744235.2015.1028099
https://doi.org/10.1097/00006454-199609000-00024
https://doi.org/10.1023/A:1007537405242
https://doi.org/10.1128/IAI.01975-05
https://doi.org/10.1128/iai.63.4.1478-1483.1995
https://doi.org/10.1128/JB.00027-06
https://doi.org/10.1128/JB.00027-06
https://doi.org/10.1038/s41598-019-47931-w
https://doi.org/10.1038/s41598-019-47931-w
https://doi.org/10.1086/421087
https://doi.org/10.1086/421087
https://doi.org/10.3390/pathogens11020255
https://doi.org/10.1093/clinids/23.1.40
https://doi.org/10.3390/microorganisms9051055
https://doi.org/10.1016/S1684-1182(10)60054-0
https://doi.org/10.1097/00000441-196907000-00003
https://doi.org/10.1016/j.diagmicrobio.2018.05.021
https://doi.org/10.1016/j.diagmicrobio.2018.05.021
https://doi.org/10.1016/j.cmi.2016.08.009
https://doi.org/10.1080/00365540110080773
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02415-22

	RESULTS AND DISCUSSION
	Accelerated growth rates of F. tularensis subsp. holarctica in Fe2+-supplemented blood cultures.
	Accelerated growth rates of the virulent F. tularensis subsp. tularensis in Fe2+-supplemented blood cultures.
	Conclusions.

	MATERIALS AND METHODS
	F. tularensis strains.
	Culture media.
	MIC determination.
	Immunofluorescence assay for F. tularensis detection.
	Detection of F. tularensis soluble antigens from inoculated blood culture by time-resolved fluorescence.
	Bacterial identification by MALDI-TOF MS.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	REFERENCES

