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ARTICLE INFO ABSTRACT

Francisella tularensis is the causative agent of the human disease referred to as tularemia. Other Francisella species
are known but less is understood about their virulence factors. The role of environmental amoebae in the life-
cycle of Francisella is still under discussion. Francisella sp. strain W12-1067 (F-W12) is an environmental
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Acm?ﬂmmoeba Francisella isolate recently identified in Germany which is negative for the Francisella pathogenicity island, but
5?:1;:::‘2 exhibits a putative alternative type VI secretion system. Putative virulence factors have been identified in silico in
Allofrancisella the genome of F-W12. In this work, we established a “scatter screen”, used earlier for pathogenic Legionella, to

verify experimentally and identify candidate fitness factors using a transposon mutant bank of F-W12 and
Acanthamoeba lenticulata as host organism. In these experiments, we identified 79 scatter clones (amoeba sen-
sitive), which were further analyzed by an infection assay identifying 9 known virulence factors, but also
candidate fitness factors of F-W12 not yet described as fitness factors in Francisella. The majority of the identified
genes encoded proteins involved in the synthesis or maintenance of the cell envelope (LPS, outer membrane,
capsule) or in the metabolism (glycolysis, gluconeogenesis, pentose phosphate pathway). Further '°C-flux
analysis of the Tn5 glucokinase mutant strain revealed that the identified gene indeed encodes the sole active
glucokinase in F-W12. In conclusion, candidate fitness factors of the new Francisella species F-W12 were iden-
tified using the scatter screen method which might also be usable for other Francisella species.

1. Introduction

Francisella tularensis is a Gram-negative zoonotic bacterium which is
able to cause tularemia in a wide range of animals and in humans (Ellis
et al., 2002; Sjostedt, 2011). The clinically most relevant subspecies is
F. tularensis ssp. tularensis which is exclusively found in North America
and the less virulent subspecies holarctica which is distributed over the
whole northern hemisphere (Ellis et al., 2002). In Germany, F. tularensis
ssp. holarctica is the only Francisella species known to cause tularemia in
animals and humans (Faber et al., 2018). We recently identified a new
Francisella species (Francisella sp. strain W12-1067 [F-W12]) in Ger-
many whose genome DNA sequence is 89% identical to the respective
nucleotide sequence of the recently published strain F. guangzhouensis,
now renamed Allofrancisella (Qu et al., 2013, 2016; Rydzewski et al.,
2014). However, the identification of new Francisella species and

further research will reveal whether the proposal for a new genus can
be confirmed (Challacombe et al., 2017; Vallesi et al., 2018). While F-
W12 is not identical to F. guangzhouensis, both strains were isolated
from the water reservoir of cooling towers (Qu et al., 2016; Rydzewski
et al., 2014). F-W12 is able to persist in a mouse-derived macrophage-
like cell line, but its virulence for mice or humans is not yet known. The
draft genome was annotated, and in silico analysis identified the pre-
sence of various virulence genes common to the genus Francisella, but
the Francisella pathogenicity island (FPI) was absent. However, another
putative alternative type-VI secretion system (aT6SS) was identified
within the genome of strain F-W12 (Rydzewski et al., 2014).

The metabolic capability of Francisella is crucial for the ability to
replicate in a host cell and, as expected, there are differences in the
metabolic usages of specific substrates in various Francisella species
(Barel et al., 2012, 2015; Brissac et al., 2015; Chen et al., 2017; Meibom

* Corresponding author at: Cellular Interactions of Bacterial Pathogens, Highly Pathogenic Microorganisms (ZBS 2), Centre for Biological Threats and Special

Pathogens, Robert Koch Institute, SeestraBe 10, 13353 Berlin, Germany.
E-mail address: HeunerK@rki.de (K. Heuner).

https://doi.org/10.1016/j.ijmm.2019.151341

Received 29 April 2019; Received in revised form 17 July 2019; Accepted 18 August 2019

1438-4221/ © 2019 Elsevier GmbH. All rights reserved.


http://www.sciencedirect.com/science/journal/14384221
https://www.elsevier.com/locate/ijmm
https://doi.org/10.1016/j.ijmm.2019.151341
https://doi.org/10.1016/j.ijmm.2019.151341
mailto:HeunerK@rki.de
https://doi.org/10.1016/j.ijmm.2019.151341
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmm.2019.151341&domain=pdf

K. Koppen, et al.

and Charbit, 2010). More specifically, amino acids as well as glucose
and glycerol are metabolized at specific rates by F. tularensis ssp. ho-
larctica (Fth) and F. novicida (Fno) (Alkhuder et al., 2009; Barel et al.,
2015; Brissac et al., 2015; Brown et al., 2014; Chen et al., 2017; Gesbert
et al., 2014, 2015; Raghunathan et al., 2010; Ramond et al., 2015).
Using '3C-labeled substrates, it has recently been demonstrated that
glucose is a major carbon source metabolized mainly through the EMP
pathway and that glycerol is mainly used by Fno but, at lower rates, also
by Fth as a gluconeogenetic substrate (Brissac et al., 2015; Chen et al.,
2017; Huber et al., 2010). Experiments using serine as a substrate in-
dicated that there may be a bipartite metabolism in Fth, as described
earlier for Legionella pneumophila and other pathogens (Eisenreich et al.,
2013; Eisenreich and Heuner, 2016; Gillmaier et al., 2016).

The environmental reservoir for Francisella spp. has not yet been
identified. The persistence of Francisella within aquatic habitats has
been shown (Buse et al., 2017). In addition, Santic et al. and Abd et al.
reported the replication of Francisella strains within amoeba (Acantha-
moeba, Vermamoeba [Hartmanella]) (Abd et al., 2003; El-Etr et al., 2009;
Santic et al., 2011; Verhoeven et al., 2010), but persistence for a long
time or intracellular replication, as known for L. pneumophila, has not
been demonstrated for Francisella (Abd et al., 2003; Buse et al., 2017;
El-Etr et al., 2009; Verhoeven et al., 2010). However, since Francisella
spp. is able to persist for a while in co-culture with amoeba, we es-
tablished a “scatter screen” method for F-W12 in this work. This
method was used earlier for L. pneumophila to identify virulence factors
involved in intracellular replication in amoebae (Aurass et al., 2009;
Brzuszkiewicz et al., 2013). Since we successfully used Acanthamoeba
lenticulata in a scatter screen with L. oakridgensis and pretests with F-
W12 identified A. lenticulata as a potential ‘host cell’, we used this
amoeba to adapt the scatter screen to Francisella (Brzuszkiewicz et al.,
2013). The aim of this study was to adapt the scatter screen method to
Francisella and to use it for further characterization of the new F-W12
species, especially to identify new candidate fitness factors. Using this
methodology, we identified known as well as new putative fitness
factors of F-W12. It can be assumed that this screening method is an
effective and useful tool also for other Francisella spp..

2. Materials and methods
2.1. Strains, media and growth conditions

Strains used in this study were the environmental Francisella sp.
isolate F-W12 (Rydzewski et al., 2014) found recently and Tn5 mutant
strains of F-W12. Francisella strains were cultivated in medium T (MT)
(Becker et al., 2016; Pavlovich and Mishan’kin, 1987) (1% brain heart
infusion broth [Difco Laboratories, Inc., Sparks, MD, USA], 1% bacto
tryptone [Difco], 1% technical casamino acids [Difco], 0.005g of
MgSO,4, 0.01% FeSO4, 0.12% sodium citrate, 0.02% KCl, 0.04%
K,HPOy4, 0.06% L-cysteine and 1.5% glucose), on MT-based agar plates
(Tlapak et al., 2018) or on ACES-buffered charcoal-yeast extract
(BCYE) agar ([1% N-(2-acetamido)-2-aminoethanesulfonic acid (ACES),
1% yeast extract, 0.04% L-cysteine and 0.025% ferric pyrophosphate,
adjusted to pH 6.8 with 3 M potassium hydroxide (KOH) and sterile
filtrated], (Edelstein, 1981). Kanamycin was used at a concentration of
12 ug ml ™! for Francisella. All experiments with F-W12 were performed
under BSL2 condition.

Analysis of growth in MT and MT without glucose (MT-Glc ™ was
performed at 37 °C and 5% CO, in a volume of 25 ml at 220 rpm for up
to 24 h and OD600 was measured using a photometer (Genesys 10 Bio,
Thermo Scientific).

Acanthamoeba lenticulata strains 45 (ATCC 50703) and 118 (ATCC
50706) were cultivated in Peptone Yeast Glucose broth (PYG; for 1L;
20 g of Proteose Pepton [Oxoid], 1g of Yeast Extract [Oxoid], 1g of
sodium citrate X 2 H,0, 10ml of 0.4 M MgSO, x 7 H,0O, 10ml of
0.25M Na,HPO, x 7 H,0, 10ml of 0.25M KH,PO,4, 8 ml of 0.05M
CaCl, X 2 H,0, 10ml of 0.005M Fe(NH,4)5(SO4)> X 6 Hy0, 50 ml of
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2M glucose) at room temperature. The infection/persistence assays
were performed in an infection buffer (IB; for 1 L: 1 g of sodium citrate
X 2 H,0, 10 ml of 0.4 M MgSO, x 7 H,0, 10 ml of 0.25 M Na,HPO, X
7 Hy0, 10 ml of 0.25 M KH,PO,4, 8 ml of 0.05M CaCl, x 2 H,0, 10 ml
of 0.005M Fe(NH,4)»(S04)> X 6 H,0, 5g of NaCl, 10 g of glucose).

2.2. Generation of a Francisellasp. strain F-W12 Tn5 clone bank

The EZ-Tn5'™ < KAN-2 > Tnp Transposome Kit (Epicentre) was
used for the generation of Tn5 mutant strains of F-W12. According to
manufacturer’s instructions, the Tn5 transposome was inserted by
electroporation into F-W12. For the generation of electrocompetent F-
W12 cells, bacteria were grown overnight, pelleted (4.500 g for 15 min)
and washed twice in 0.5M sucrose. Then, 1 pl of the EZ-Tn5 < KAN-
2 > Tnp Transposome was added to electrocompetent cells. The mix-
ture was transferred into a 0.2 cm gap cuvette and electroporation was
performed using standard settings (2.5kV, 25 uF, 600 Q). Afterwards,
cells were incubated in the absence of selection pressure in MT without
antibiotics for 3 to 4h (at 37 °C and 350 rpm). Then, cells were plated
onto agar plates containing kanamycin and incubated at 30/37 °C and
5% CO, until bacterial colonies were visible on agar plates (3 days).
Colonies were washed off by adding 2-3 ml of PBS per plate and co-
lonies from distinct agar plates were mixed. Glycerin stocks (20%) were
prepared from mixed bacterial suspension and stored at —80 °C.

2.3. Screen for co-infection defects of a Francisellasp. strain W12-1067 Tn5
clone bank (scatter screen)

The scatter screen was performed with small deviations as described
earlier for L. pneumophila by Aurass et al. in 2009 (Aurass et al., 2009).
Briefly, a cryostock of F-W12 Tn5 clone bank was cultivated on agar
plates supplemented with kanamycin. Bacteria grown overnight (F-W12
WT and Tn5) were adjusted to 10* bacteria/ml in IB and mixed with
1 x 10° amoebae/ml which were grown in PYG at RT for 3-4 days. This
mixture was incubated at 37 °C and 5% CO,, for 30 min and plated onto
agar plates and incubated at 37 °C and 5% CO, until bacterial colonies
appeared (2-3 days). Then, plates were incubated at different tem-
peratures: RT (20-22 °C), 25, 30 and 37 °C. Colonies were monitored for
the development of the so-called scatter phenotype (Aurass et al.,
2009). Here, colonies seem to disappear and scatter; the first scatter
clones were collected after 10 days. Scatter clones were isolated for
further analysis until the wild-type F-W12 began to scatter.

2.4. Infection (Persistence) assay using A. lenticulatastrains 45 and 118

A. lenticulata 45 and 118 were mechanically detached from the flask
bottom, transferred into 50-ml tubes and centrifuged at 800g for
10 min. After cell counting in a Neubauer counting chamber, amoebae
were adjusted to 5 x 10° cells/ml in IB, transferred into wells of a 24-
well plate (1 ml/well) and incubated for 2h at 25 °C. Bacteria grown
overnight were adjusted to OD600 = 1 (corresponding to “10° CFU/
ml), diluted in IB, and the infection was done with a multiplicity of
infection (MOI) of 10 or 100 for 2h at 25°C. After removing super-
natant and washing, cells were incubated with 50 pg/ml of gentamycin
for 1h to kill extracellular bacteria. Then, cells were washed again and
covered with 1 ml of IB and incubated for up to 7 days at 25 °C. For
colony-forming unit (CFU) determination at various time points of in-
fection (3h, 3 days, 7 days), cells were harvested by mechanical dis-
ruption of amoebae and plated on agar (Whitley Spiral plater, Dw
Scientific Ltd., Bingley, UK). Grown bacterial colonies were counted
with a colony counter (aCOLyte, Synbiosis, Cambridge, UK) and cal-
culated as bacteria per ml. To evaluate the persistence/survival of
scatter clones in comparison to the wild type, the survival rate was
determined. Therefore, cell count changes from day O to day 7 of a
scatter clone were calculated in proportion to cell count changes of the
wild type during the assay.
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2.5. Determining the Tn5 integration site at the genome of Francisellasp.
strain F-W12

The Tn5 insertion into the genome of Tn5 scatter clones was iden-
tified using inverse PCR (TopTaq DNA Polymerase, Qiagen, Hilden,
Germany). To this end, chromosomal bacterial DNA was digested with
HindIII (New England, Biolabs, Frankfurt a.M., Germany), circulated
and used in an inverse PCR amplifying the sequences flanking the Tn5
insertion site by using the primer pair KAN-2 FP-1 (ACCTACAACAAA
GCTCTCATCAACC) and KAN-2 RP-1 (GCAATGTAACATCAGAGATTTT
GAG) (EZ-Tn5™ < KAN-2 > Tnp Transposome™ Kit, Epicentre).
Obtained PCR products were extracted and used for Sanger sequencing.
Sequences were analyzed using Geneious 11.1.5.

2.6. Glucose metabolism of scatter clone #50 analyzed by 1>C-analysis

Labeling of Francisella F-W12 and scatter clone #50 was done using
250 ml of growth medium (MT) supplemented with 0.5g of [U-13Cq]
glucose (11 mM), 37 °C and 220 rpm until stationary growth (approx.
26 h). For further details of the workup of Francisella cells including
extraction of carbohydrates and amino acids, see Chen et al. (Chen
et al., 2017).

GC-MS and '3C-isotopolog analyses were done using a GCMS-QP
2010 Plus spectrometer (Shimadzu, Duisburg, Germany) as described
earlier (Hauslein et al., 2016). All data were collected using LabSolution
software (Shimadzu). The samples were analyzed three times as tech-
nical replicates. The overall 13C-excess (mol-%) and the relative con-
tributions of isotopomers (%) were computed by an Excel-based in-
house software package (Eylert et al., 2008) according to Lee et al. (Lee
et al., 1991). For further details see Chen et al. (Chen et al., 2017).

3. Results

3.1. Establishment of the scatter screen and screening for non-persisting/
discontinuous clones of the F-W12 Tn5 clone bank

For a first test of the scatter screen (negative control), we used A.
lenticulata strain 45 and 118 as host species and Francisella sp. strain F-
W12 wild-type to identify time-dependent scattering at room tem-
perature (RT, 20-22 °C), 25 °C and 37 °C for 25 days (data not shown).
RT and 25°C were chosen as screening temperatures for further ex-
periments, and amoeba-sensitive clones were picked up to 25 days until
no amoeba-sensitive wild-type clone was detectable any longer
(Fig. 1A). In this assay, colonies of bacteria are “attacked” by the mobile
amoebae and, if the bacteria are not able to resist phagocytosis or de-
gradation within the phagosome, the bacterial colony is eaten by the
amoebae, generating the so-called scatter phenotype (Aurass et al.,
2009). The morphology of amoeba-sensitive (scattered) clones is shown
exemplarily in Fig. 1B. Using this protocol, the screening was per-
formed with a Tn5 clone bank of F-W12 (see Materials and methods). F-
W12 exhibits "1541 protein encoding genes. In total, approximately
7000 clones of the Tn5 clone bank were investigated in the scatter
screen. 79 amoeba-sensitive clones (RT: 50 clones; 25 °C: 29 clones;
Table 1, columns 1-3) were sampled from 10 to 25 days of co-in-
cubation.

3.2. Infection (Persistence) assay and growth in medium T (MT)

All 79 amoeba-sensitive Francisella clones obtained were subse-
quently tested for reduced fitness or virulence by using an infection
assay. At first, we checked the influence of time (up to 10 days) and
MOI (10 and 100) on the persistence of F-W12, using five different
scatter clones indicating that an incubation time of 7 days and an MOI
of 10 is useful for further analysis (supplemental Fig. S1). From the 79
clones tested, 21 showed a reduced persistence in comparison to the
wild-type strain in the infection assay, indicated by a survival rate
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A WT

Tn5

Fig. 1. Habitus of amoebae-sensitive colonies (scatter phenotype) of F-W12 Tn5
clones. Bacteria grown overnight (10*/ml) were mixed with amoebae (10°/ml),
cultivated and plated onto agar plates which were initially incubated at 37 °C
until bacterial colonies appeared and then transferred to RT or 25 °C for further
incubation (for more details see Materials and Methods section). A. Overview of
scatter agarose plates containing F-W12 wild-type bacteria (WT, left side) or
bacteria of the Tn5 mutant bank (Tn5, right side). Colonies showing the scatter
phenotype are indicated by red arrows. B. Development of the scatter pheno-
type. From left to right: intact/untouched colony at the beginning (day 3),
beginning of colony’s digestion by amoeba (either from edge or from the
middle, as from day 10) and (almost) completely digested colony.

below 0.5 (Table 1, column 4). All clones showing reduced or increased
persistence were analyzed for growth in MT. Growth of most of the
scatter clones was similar in comparison to growth of the wild-type
strain (Table 1, column 5 and Fig. 2A). Only clones #2, #7 and #50
showed a reduced growth in MT (Fig. 2A). In the infection assay, 10
clones (#2, #7, #14, #16, #17, #19, #20, #37, #39 and #49) ex-
hibited a highly reduced persistence (survival rate < 0.1) (Fig. 2B-D),
whereas 11 clones (#4, #6, #21, #28, #30, #32, #40, #46, #51, #52
and #65) displayed a moderately reduced persistence (survival rate
0.1-0.5) (Table 1, column 4 and Fig. 2B-D). Further 22 clones showed a
moderately but inconsistently reduced persistence (Tab. S1). Two
clones (#33, #50) seemed to have an increased persistence (survival
rate > 1.5) in the infection assay (Table 1, column 4 and Fig. 2B and D).
All data of the 79 scatter clones identified are given in supplemental
Table S1.

3.3. Determination of the Tn5 integration site at the genome of F-W12
mutant strains

All clones with a confirmed reduced persistence phenotype in A.
lenticulata (see Table 1) were selected for the determination of the Tn5
transposon insertion site (intergenic region or gene) in the genome
sequence of F-W12. Therefore DNA sequencing was used as described in
the Materials and Methods section. Identified protein-encoding genes
(peg) and respective DNA clusters are also given in Table 1 (columns
6-8) and Fig. 3. The putative function of the identified genes was de-
termined by their % of identity (on amino acid level) to known proteins;
% identity to proteins of Fno are given in Table 1. The majority of the
identified genes exhibiting the Tn5 element encode genes involved in
LPS, cell wall or outer membrane synthesis (cell envelope) or in the
metabolism of Francisella; some are known virulence genes of Francisella
(Table 1, column 7, marked with +; and Fig. 3), providing evidence of
the validity of the method.

The Tn5 element in scatter clone #2 (Fig. 2A and B) is integrated in
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Table 1

Selected amoeba-sensitive Tn5 clones of Francisella sp. strain W12-1067.
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Sc# A. lenticulata temp. survival rate’ growth (max. Tn5 insertion site homolog in Fno % identity to Fno (aa)
ODgo0)? peg.# 2 gene; function
2 118 RT 0.07 = 0.07 1.315 631  degT/wbtQ ' ; LPS biosynthesis FTN_1430 90.03% strongly reduced
7 118 RT 0.01 = 0.02 1.392 1522 ftsH ' ; starvation survival FTN_0668 88.68%
14 118 RT 0.08 = 0.08 1.827 413  galU'; LPS and capsule biosynthesis FTN_0729 87.46%
16 118 RT 0.05 = 0.04 1.812 413  galU'; LPS and capsule biosynthesis FTN_0729 87.46%
17 118 RT 0.06 = 0.1 1.856 1387 mlaA/vacJ ' ; OM asymmetry FTN_0322 65.52%
19 118 RT 0=x0 1.793 1447 gurB ; cell wall biosynthesis FTN_1403 82.26%
20 118 RT 0x0 1.775 1387 mlaA/vacJ ' ; OM asymmetry FTN_0322 65.52%
37 118 RT 0=x0 1.834 266 IptE ; LPS assembly (FTL_1211) 55.90%
39 45 25°C  0.05 = 0.06 1.743 249  talA ; pentose-phosphate pathway FTN_0781 73.21%
49 118 RT 0.09 = 0.06 1.847 1272 spoT/relA ' ; starvation survival FTN_1518 81.49%
4 118 RT 0.49 = 0.06 1.788 1424 Enoyl-CoA hydratase ; FA FTN_1438 77.72% reduced
metabolism
21 118 RT 0.12 + 0.14 1.791 1224 mlaD ' ; OM asymmetry FTN_0326 77.27%
28 118 RT 0.39 + 0.24 1.865 1387 mlaA/vacJ ' ; OM asymmetry FTN_0322 65.52%
30 118 RT 0.32 = 0.23 1.822 1096 htrB ; lipid A biosynthesis FTN_0071 80.78%
32 118 RT 0.19 = 0.32 1.804 1387 mlaA/vacJ'; OM asymmetry FTN_0322 65.52%
46 45 25°C  0.11 * 0.16 2.016 266  IptE ; LPS assymmetry (FTL_1211) 55.90%
51 45 25°C 0.21 = 0.1 1.963 816  chitinase ' ; carbohydrate metabolism (Fphi_0512) 69.26%
52 45 25°C  0.17 = 0.03 2.032 102  Ornithine cyclodeaminase FTN_1444 85.80%
62 118 RT 0.19 = 0.18 1.743 792  glpD ' ; glycerol metabolism FTN_1584 85.46%
65 45 25°C  0.14 = 0.1 1.802 1387 mlaA/vacJ'; OM asymmetry FTN_0322 65.52%
33 118 RT 3.77 = 2.71 1.705 228  putA ; proline metabolism FTN_1131 84.06% slightly increased
50 118 RT 1.62 + 0.56 1.131 721  glk ; glucose metabolism FTN_0462 86.39%
6 118 RT 0.53 = 0.43 1.581 828  alpha/beta hydrolase FTN_0297 70.75% inconsistent
22 118 RT 1.28 + 091 1.881 1091 ppdK ' ; gluconeogenesis FTN_0064 91.78%
24 118 RT 0.95 = 0.94 1.938 1091 ppdK ' ; gluconeogenesis FTN_0064 91.78%

Iratio of CFU/ml during infection (from day 0 to day 7) of a scatter clone in proportion to the CFU/ml ratio of F-W12 during infection.

’max. ODggo of F-W12: 1.933.
S3Reference (Rydzewski et al., 2014).
" known virulence factors.

(aa), on amino acid level; FA, fatty acid; Fphi, F. philomiragia; Fno, F. novicida; OM, outer membrane; gtrB, glycosyl transferase family protein; talA, transaldolase A;
ppdk, pyruvate phosphate dikinase; putA, proline dehydrogenase; wbtQ, glycosyl transferase. Further abbreviations, see text.
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a homolog of degT (WbtQ, peg0631), encoding a 4-keto-6-deoxy-N-
acetyl-D-hexosaminyl-(lipid carrier) amino-transferase putatively in-

volved in the biosynthesis of LPS.

Tn5 in scatter clone #7 is integrated within pegl522, encoding a

Fig. 2. Growth of Tn5 Sc clones in MT (A) and
A. lenticulata 118 (B-D). A. Bacteria grown
overnight were adjusted to ODggp = 0.3 and
cultivated for up to 24h hours at 37°C and
220rpm. ODgoo was measured at indicated
time points. Results are mean standard devia-
tions of two independent experiments. B-D.
Infection/persistence assay of F-W12 and F-
W12 Tn5 Sc clones using A. lenticulata 118.
Amoebae were infected with bacteria at an

10°7 o FWi2 -m Sc#2 Sc#33

1051 = Sc#14 (Gall) -+ Sc#16 (Gall)
E 1044
z
o 103

102.

101 . .

0 2 4 6

time (d)

CFU/mlI

T *  MOI of 10 for 2h, followed by 1h of genta-
micin treatment and incubation for up to 7
days at 25°C. CFU was determined at 3h, 3
days and 7 days post infection by plating onto
agar plates. Results are mean standard devia-
tions of three independent experiments.

107+ T T

0 2 4
time (d)

putative metalloprotease (FtsH) which is involved in starvation sur-
vival. FtsH is a cytoplasmic membrane protein, containing an ATPase

and a Zn?* -metalloprotease domain involved in quality maintenance of

membrane proteins (Akiyama et al., 1994a, b; Ito and Akiyama, 2005).
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contig_34
WbtO (DegT)

Scia
contig_50
Enoyl-CoA hydratase

Sct6
contig_36
Alpha/beta hydrolase

sc#7
contig_51
cell devision protein

Sc#14, #16

contig_31
UTP-glucose-1-phosphate
uridylyltransferase

ScH#17,#20, #28, #32,

contig_48
Lipoprotein MlaA

Sc#19
contig_50
Glycosyl transferase, family 2

sc#21
contig_44
MIaD, OM-asymetrie

Sc#22, #24
contig_d4
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NT 561
peg629 peg 630 peg631 peg 63;
‘WbtP, 612 bp WbaP, 627 bp WbtO, 1086 bp HP, 315 bp
NT 263
peg 1425 peg 1424 peg 1423
Buturyl-CoA-DH, 2262 bp Enoyl-CoA hydratase, 2703 bp 3-keto-CoA thiclase, 1191 bp
NT 210

peg 829 Ppeg828

Lys spec. permease, 1461bp  Alpha/beta hydrolase,  GlpX, 987 bp
636bp

peg827

NT 263
pegtszl peg 1522 m
Exinuclease A, 2823 bp FtsH, 1986 bp 720 bp
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GtrB, HP, 2289 bp
951bp
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Fig. 3. Chromosomal location of Tn5 insertions within 23 F-W12 Tn5 Sc mutant strains. Tn5 transposon insertion sites (indicated by red arrows) and corresponding
nucleotide position (NT) within the gene (black arrows) were identified by inverse PCR and sequencing using Tn5 primes flanking the Tn5 transposon. Genes located
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Fig. 4. Analysis of the Sc#50 (glk) mutant strain of F-W12. A. Growth of the wild-type and Sc#50 mutant strain in MT and in MT-Glc ~at 37 °C after 24 h. B. '3C-
Excess (mol%) values in selected metabolites of wild type (WT) and Sc#50 grown in MT supplied with 11 mM [U-'3C4]glucose.

The F-W12 ftsH mutant showed a highly reduced fitness in the infection
assay (Fig. 2D) and a reduced cell density in the stationary phase of in
vitro growth (Fig. 2A).

In scatter clone #49, the Tn5 element is integrated the relA gene
(pegl272), encoding a putative ppGpp synthase I (GTP pyropho-
sphokinase, EC.2.7.6.5). The relA mutant was highly attenuated in the
infection assay (Fig. 2D) but grew as well as the wild-type strain in MT
(Fig. 2A). In general, this enzyme is involved in the stringent response
and, like FtsH, RelA is also involved in starvation survival (during nu-
trient starvation) of bacteria (Jain et al., 2006; Lithgow et al., 2004).

In the scatter clones #14 and #16, the Tn5 Km® gene is integrated
within peg0413 at two different positions within the gene (see Fig. 3).
The gene encodes a putative UTP-glucose-1-phosphate-uridyl-
transferase (GalU), generally involved in the biosynthesis of carbohy-
drates of the envelope and also in LPS and capsule synthesis (Bonofiglio
et al., 2005; Chang et al., 1996; Mollerach et al., 1998). Both mutant
strains showed a highly reduced persistence in the infection assay
(Fig. 2B), but they grew well in MT (Fig. 2A). Further genes identified in
this assay encoding proteins putatively involved in LPS, envelope or cell
wall biosynthesis were: (i) pegl447 (clone #19) encoding a putative
glycosyl-transferase-GTA-type (poly glucosamine synthase) required for
cell wall biosynthesis, (ii) pegl096 (clone #30) encoding a putative
homolog of htrB required for lipidA biosynthesis and (iii) peg0266
(clone #37) encoding a putative LptE enzyme generally required for the
lipopolysaccharide transport machinery (Lpt), necessary for envelope
biosynthesis, assembly and maintenance of lipid asymmetry in the outer
membrane (Li et al, 2012). This indicates that the capsule, the

envelope and LPS indeed play an important role during the interaction
of F-W12 with amoebae.

Interestingly, Peg1387 was identified five times (#17, #20, #28,
#32, #65) and at three different insertion sites for Tn5-Kana (see
Fig. 3). This gene encodes a putative lipoprotein (also called MlaA/
VacJ), exhibiting a signal sequence and a Pfam MlaA motif. MlaA
proteins are involved in the maintenance of the outer membrane
asymmetry (Carpenter et al., 2014; Chong et al., 2015; Malinverni and
Silhavy, 2009; Suzuki et al., 1994). The pegl387 mutants showed a
reduced fitness in the infection assay (Fig. 2C) but a growth in MT
comparable to the wild type (Fig. 2A). Like the RelA mutant, the MlaA
mutant strains showed a reduced persistence in amoebae (Fig. 2C). In
addition, clone #21 encodes a homolog of MlaD and is localized in an
operon together with MlaE and MlaF (Fig. 3). MlaD is also involved in
the maintenance of the outer membrane asymmetry and is functional in
cell wall and envelope biosynthesis (Chong et al., 2015; Malinverni and
Silhavy, 2009).

Another part of genes inactivated in the scatter mutant strains en-
code proteins involved in the metabolism of F-W12. Scatter clone #4
(pegl1425) encodes a putative butyryl-CoA-dehydrogenase (fatty acid
degradation), #6 (peg0828) a putative alpha/beta hydrolase, #22 and
#24 (pegl091) a pyruvate phosphate dikinase (PPDK, gluconeogen-
esis), #33 (peg0228) a putative proline dehydrogenase, #39 (peg0249)
a putative transaldolase (pentose phosphate pathway), #51 (peg0816)
a putative chitinase, #52 (peg0102) anputative ornithine cyclodeami-
nase, #56 (peg0216) a putative fatty acid hydroxylase and #62
(peg0792) a putative glycerol-3 phosphate dehydrogenase (GlpD,
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glycerol metabolism). Identified scatter clones #51 (chitinase) and #62
(GlpD) encode enzymes that are already known to be virulence factors
in Francisella (Asare and Abu Kwaik, 2010; Asare et al., 2010). Both
mutants grew well in MT but showed reduced persistence in the in-
fection assay (Table 1, column 4). Scatter clones #33 and #50 showed
an increased persistence in the infection assay; however, the sig-
nificance of these effects has to be confirmed by the analysis of specific
gene deletion mutants. The scatter clone #50 will be presented below.

3.4. The glucokinase mutant strain (Sc#50)

Scatter clone #50 was analyzed in more detail, because it is known
that glycolysis and gluconeogenesis are important for the nutrition of
intracellular Francisella and since our group is interested in the patho-
metabolism of bacteria. Although the clone exhibited a reduced growth
in MT (ODggp of 1.1), its persistence in the infection assay was slightly
increased compared to the wild-type strain (Fig. 2A and D). Analysis of
the Tn5 insertion site revealed that a putative glucokinase (peg0721)
was inactivated in clone #50 (Fig. 3). The glucokinase catalyzes the
first reaction of glycolysis, the phosphorylation of glucose resulting in
glucose-6 phosphate. Capitalizing on this fact, we performed growth
experiments in MT with and without glucose. While the wild-type strain
showed normal growth in MT until 24 h (ODgoo = 2.009 = 0.15) and
growth without glucose was reduced (ODgoo = 1.206 * 0.05)
(Fig. 4A), the glucokinase mutant strain grew similarly in both media
(ODgoo = 0.885 * 0.06 vs. ODggo = 0.881 = 0.12) (Fig. 4A). This
indicates that glucose is important for growth of F-W12 in MT. In
contrast, the observed reduced growth of the #50 mutant strain did not
depend on the presence of glucose in the growth medium. To corro-
borate these surprising results further, we performed growth experi-
ments with the wild type and mutant #50 using MT containing [U-'3Ce]
glucose. Labeled bacteria were then analyzed using GC-MS-based '°C-
analysis of key metabolites, as described in Materials and Methods. The
13C-incorporation values observed for sugars and amino acids (see
supplemental Tabs. S2-S4) clearly indicate that the glucokinase mutant
strain is indeed highly reduced in its capacity to use glucose as a carbon
substrate (Fig. 4B). Interestingly, the mutant showed a highly reduced
carbon flux to glucosamine but not into fructose which was found to be
highly labeled in the wild-type as well as in the glucokinase mutant
strain (Fig. 4B and Tab. S4). This finding suggests that the conversion of
glucose to fructose is possible, even when no glucokinase was present in
the #50 mutant strain.

4. Discussion
4.1. The scatter screen

In this report, we successfully adapted the known agar plate-based
scatter screen originally using Legionella and amoebae as host (Aurass
et al., 2009; Brzuszkiewicz et al., 2013) to be used with Francisella. As a
proof of principle, we tested the newly identified F-W12 strain and A.
lenticulata as host in this screen. From 79 identified amoeba-sensitive
clones, 21 showed also a reduced persistence in the subsequent infec-
tion assay, whereas two amoeba-sensitive clones (#33, #50) revealed a
slightly increased persistence in the infection assay. In each of these
clones, we determined the Tn5 integration site in the genome of F-W12.
The results revealed that mainly genes were affected that encoded a
function in the biosynthesis of the cell envelope structure (outer
membrane, LPS, cell wall, capsule), during starvation or in the core
metabolism (Table 1 and below).

Importantly, we received amoeba-sensitive F-W12 strains in which
the Tn5 element was integrated into genes encoding previously known
virulence factors of Francisella (relA, galU, degT, glpD, chitinase) or
virulence factors yet only known for other bacteria (ftsH, mlaA, mlaD).
The identified genes are indicated as "candidate" fitness and virulence
factors since the Tn5 mutant strains have not been complemented
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during this work. However, the results demonstrate that A. lenticulata is
appropriate as a host for the identification of putative virulence as well
as fitness factors of Francisella sp. strain W12-1067 using the scatter
screen method.

We also obtained two scatter clones (#33 and #50) which showed a
slightly increased survival rate, and in contrast to #50, #33 did not
exhibit reduced growth in medium. We yet did not know the reason for
this phenotype. However, the generation and characterization of a
specific deletion mutant and its corresponding complementation may
answer this question. In addition, we also obtained various amoeba-
sensitive mutant strains which seemed to behave similarly to the wild-
type strain in the infection assay. Probably, the inactivated genes of
these clones may play a role in the resistance against phagocytosis or
intracellular degradation by the amoebae only on a solid surface (agar
plate) but not in the interaction with amoeba in the liquid infection
buffer. In the infection assay, an additional gentamycin treatment
should kill extracellular bacteria, which is not the case for the agar-
based scatter screen. Therefore, in the infection assay mainly the per-
sistence of intracellular bacteria is monitored.

4.2. Genes inactivated in amoeba-sensitive clones exhibiting reduced
persistence in the infection assay

The ‘envelope’

In this study, we identified genes of F-W12 with a role in the in-
fection assay, a general assay used to characterize virulence factors of
pathogenic bacteria. The amoeba-sensitive clones showing the highest
decrease in persistence (#2, #7, #14, #16, #17, #19, #20, #30, #37)
code putatively for DegT (#2), HtrB (#30), Lpte (#37) and MlaA (#17,
#20) involved in LPS biosynthesis or assembly, the metalloprotease
FtsH (#7), the UTP-Glc-1P-uridyl transferase GalU (#14, #16) and a
glycosyl transferase (#19).

In five different amoeba-sensitive clones (#17, #20, #28, #32,
#65) the Tn5 transposon integrated into the homolog of a known
virulence factor, VacJ of Shigella flexneria (Carpenter et al., 2014;
Suzuki et al., 1994), at different growth temperatures and in both
screens using different amoeba strains (see Table 1). The gene encodes a
protein with a signal sequence and a Pfam_MlaA motif and is putatively
involved in the maintenance of the outer membrane asymmetry (Chong
et al., 2015; Malinverni and Silhavy, 2009). A further gene (mlaD) of
this pathway was affected by Tn5 transposon in mutant strain #21.
MlaD in M. tuberculosis is involved in the entry into and survival in
macrophages (Arruda et al., 1993; Chitale et al., 2001; Kumar et al.,
2003). The metalloprotease FtsH is generally involved in quality
maintenance of membrane proteins, protein assembly into and through
the cytoplasmic membrane as well as in balancing the phospholipid and
LPS synthesis (Akiyama et al., 1994a,b; Ito and Akiyama, 2005; Ogura
et al., 1991). FtsH is a virulence factor in Staphylococcus aureus, and the
deletion results in reduced survival of the bacteria under amino acid
and phospho-limiting conditions as well as in a reduced virulence in
mice (Lithgow et al., 2004). GalU (affected in Sc#14, #16), like GalE
(Weiss et al., 2007), is involved generally in the biosynthesis of car-
bohydrates of LPS, the envelope and the capsule (Bonofiglio et al.,
2005; Chang et al., 1996; Mollerach et al., 1998). The capsule in
Francisella is a well-known virulence factor and was identified also in a
Tn5 mutant screen using Ftt SchuS4 and Fth LVS (Jayakar et al., 2011;
Rowe and Huntley, 2015; Weiss et al., 2007). F-W12 mutant strain #19
encodes a further glycosyl transferase (poly-glucosamine synthesis)
putatively involved in cell wall synthesis. Altogether, the clones
showing the highest decrease in persistence are associated with the
function of the ‘envelope’ of the bacterium, and the maintenance of the
outer membrane asymmetry seems to be an important factor for the
persistence of F-W12 in co-culture with amoebae. Genes involved in the
function or biosynthesis of the cell envelope were also identified in
some other published works looking for virulence genes using different
hosts (cell lines, mice and flies) and different Francisella strains (Asare
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et al., 2010; Brunton et al., 2015; Pechous et al., 2009; Ahlund et al.,
2010; Akimana et al., 2010; Akimana and Kwaik, 2011; Moule et al.,
2010).

Starvation. In mutant strain #49, the virulence gene (relA) encoding
the GTP pyrophosphokinase RelA was affected by the Tn5 transposon,
indicating that the stringent response is also an important factor for the
bacteria-host interaction in F-W12. RelA is a well-known virulence
factor in various bacteria and is involved in the regulation of the
stringent response of bacteria under nutrient starvation (Dalebroux
et al., 2009; Hammer and Swanson, 1999; Haralalka et al., 2003; Jain
et al., 2006; Moule et al., 2010; Muller et al., 2012; Ojha et al., 2000). In
L. pneumophila, RelA together with SpoT (ppGpp synthase II) also reg-
ulates the biphasic life-cycle and the expression of the flagellum (Appelt
and Heuner, 2017; Dalebroux et al., 2010; Hammer and Swanson, 1999;
Oliva et al., 2017). The relA gene is also a known virulence factor in
Francisella; stress and ppGpp are involved in the expression of the genes
encoding the T6SS located on the FPI (Cuthbert et al., 2017; Dean et al.,
2009). The relA and spoT genes are annotated in the genome sequences
of Fno, Ftt and F-W12 (Larsson et al., 2005; Rohmer et al., 2007;
Rydzewski et al., 2014). In addition, the above-mentioned metallo-
protease FtsH (clone #7) is also involved in the process of starvation
survival.

Metabolism. For F. tularensis it has been shown that the metabolism
of amino acids, of glycerol as well as glycolysis and gluconeogenesis are
important pathways for in vitro and for the intracytosolic growth
(Brissac et al., 2015; Chen et al., 2017; Ramond et al., 2015; Ziveri
et al., 2017a, b). Therefore, it is not surprising that we also identified
some amoeba-sensitive mutant strains (#4, #6, #22, #24,#33,#39,
#50, #51, #52, #56, #62) harboring genes, containing an integrated
Tn5 element, involved in the metabolism of F-W12. The amoeba-sen-
sitive strain #4 (putative butyryl-CoA dehydrogenase), #6 (putative
alpha/beta hydrolase with unknown function) and #56 (putative fatty
acid alpha hydroxylase/peroxygenase) encode proteins with putative
functions in the lipid metabolism of Francisella, but the effect in the
infection assays was rather low. However, mutant strains #51 (chit-
inase), #22 and #24 (PPDK), #39 (transaldolase, TA) and #62 (GlpD)
as well as #33 (proline dehydrogenase) and #52 (ornithine cyclodea-
minase) encode putative proteins involved in the metabolism of chitin,
carbohydrates, glycerol or amino acids. Chitinase activity has been
identified in the supernatant of F-W12 grown in MT (Rydzewski et al.,
2014), chitinases have been detected as essential virulence factors in
Fno and they are involved in biofilm formation (Asare et al., 2010;
Margolis et al., 2010; Weiss et al., 2007). PPDK-, TA- and GlpD-en-
coding genes have been identified earlier as virulence factors in other
Francisella strains (Asare and Abu Kwaik, 2010; Brissac et al., 2015;
Margolis et al., 2010; Weiss et al., 2007). Mutant strain #50 (glucoki-
nase) with its crucial role for glycolysis (EMP pathway) will be dis-
cussed below.

The glucokinase of F-W12. In the amoeba-sensitive clone #50, a gene
encoding a putative glucokinase (peg0721) was inactivated. Although
the mutant showed a reduced in vitro growth, its persistence in the
infection assay was even slightly increased compared to the WT strain.
We did not know yet the reason for this phenotype. Therefore, we
decided to analyze the role of glucose metabolism in F-W12 in more
detail. The glucokinase (encoded by glk) is the first enzyme of the EMP
pathway and phosphorylates glucose to glucose-6 phosphate which is
then converted into fructose-6 phosphate by a glucose-6 phosphate
isomerase (encoded by pgi). Therefore, it was not surprising that growth
of the mutant in MT was reduced. Interestingly, in contrast to the wild-
type strain, in MT-Glc ™ supplemented with 2 g/1 glucose the glk mutant
strain grew similarly to the wild-type strain in MT-Glc ™" This indicates
that glk is the only glucokinase present in F-W12 and that F-W12, as
shown for other Francisella species by in silico genome analysis, does not
seem to exhibit a PEP phosphotransferase system (PTS) (Meibom and
Charbit, 2010; Ziveri et al., 2017a). PTS generates glucose-6 phosphate
during the import of glucose and the glucokinase is not necessary for
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glucose phosphorylation. Ftt and Fth exhibit a homolog of F-W12 glk
gene (glkl) and they exhibit a second glk2 gene which is inactivated
(pseudogenes, FTT0706, FTL1530) in these strains, but not in Fno
(Champion et al., 2009). All Francisella species are able to metabolize
glucose, but only F. hispaniensis, F. philomiragia and probably some
strains of Fth are able to metabolize Glc-1 P or Glc-6 P (Gyuranecz et al.,
2010; Huber et al., 2010), indicating strain-specific metabolic differ-
ences for Francisella. In silico analysis of the draft genome of F-W12 did
not reveal the presence of a second glucokinase (Rydzewski et al.,
2014), corroborating the experimental results. In E. coli, glucose is
taken up mainly by PTS but it exhibits also a glucokinase, and therefore
glk mutant strains of E. coli, in contrast to Francisella, grow well on
glucose (Fraenkel, 1986).

Experiments using MT supplemented with [U-'3Cglglucose indeed
showed that the carbon flux from glucose into amino acids and car-
bohydrates was highly reduced in F-W12. Interestingly, carbon flux into
fructose was not reduced in the glk mutant strain (Fig. 4). As mentioned
above, fructose phosphate is generated from glucose-6 phosphate by the
glucose-6 phosphate isomerase, but **C-labeled glucose-6 phosphate
should not be present in the glk mutant strain. In E. coli an enzyme
(XylA, EC.5.3.1.5) is known to convert xylose to xylulose. Xylose iso-
merase (glucose isomerase) catalyzes the isomerization of D-xylose to
D-xylulose, but also D-glucose to D-fructose, an enzymatic activity used
in the food industry (Bhosale et al., 1996). Although in silico analysis
did not reveal a XylA-homolog in the genome of F-W12, the enzyme
activity may be present in F-W12, explaining the observed high amount
of 13C mol% values in fructose in the glk mutant strain. However, fur-
ther research is necessary to answer this open question.

5. Conclusion

Recently, some putative virulence factors of F-W12have been
identified in silico (Rydzewski et al., 2014). To characterize this new
Francisella species further, we adapted the scatter screen method to
Francisella in order to be able to identify candidate fitness genes of F-
W12 experimentally. We detected genes well known to be virulence
factors in Francisella or in other bacteria, and one gene (peg_1387) was
identified at different culture temperatures and using different amoeba
strains. Altogether, this indicates that the scatter screen is applicable to
the identification of candidate fitness or virulence factors in F-W12, and
therefore potentially also in other Francisella species. Interestingly, we
found no amoeba-sensitive clone exhibiting a Tn5 insertion within a
gene of the putative aT6SS of F-W12, indicating that this system may
not play an important role in the F-W12-amoebae interaction. In ad-
dition, no host cell has yet been found in which F-W12 is able to re-
plicate equivalently to known pathogenic Francisella species.

Furthermore, the metabolism of Francisella is important for the
ability to replicate in host cells (Ziveri et al., 2017a). It was demon-
strated that amino acids as well as glucose and glycerol are metabolized
by Fth and Fno (Brissac et al., 2015; Chen et al., 2017; Ziveri et al.,
2017a), and we recently demonstrated that glucose is a major carbon
source metabolized mainly through the EMP pathway (Chen et al.,
2017). Here, we could corroborate the importance of glucose and gly-
cerol metabolism for the new species F-W12.

Declaration of Competing Interest

All authors declare no conflict of interests.
Acknowledgments

We would like to thank Ursula Erikli for copy-editing. This work
received financial support from the Deutsche Forschungsgemeinschaft
(EI 384/11) and the Robert Koch Institute. The funders had no role in

study design, data collection and analysis, decision to publish or pre-
paration of the manuscript. No financial conflicts of interest regarding



K. Koppen, et al.

the contents of the manuscript and its authors exist.
Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.ijmm.2019.151341.

References

Abd, H., Johansson, T., Golovliov, 1., Sandstrom, G., Forsman, M., 2003. Survival and
growth of Francisella tularensis in Acanthamoeba castellanii. Appl. Environ. Microbiol.
69, 600-606.

Ahlund, M.K., Ryden, P., Sjostedt, A., Stoven, S., 2010. Directed screen of Francisella
novicida virulence determinants using Drosophila melanogaster. Infect. Immun. 78,
3118-3128.

Akimana, C., Al-Khodor, S., Abu Kwaik, Y., 2010. Host factors required for modulation of
phagosome biogenesis and proliferation of Francisella tularensis within the cytosol.
PLoS One 5, e11025.

Akimana, C., Kwaik, Y.A., 2011. Francisella-arthropod vector interaction and its role in
patho-adaptation to infect mammals. Front. Microbiol. 2, 34.

Akiyama, Y., Ogura, T., Ito, K., 1994a. Involvement of FtsH in protein assembly into and
through the membrane. 1. Mutations that reduce retention efficiency of a cytoplasmic
reporter. J. Biol. Chem. 269, 5218-5224.

Akiyama, Y., Shirai, Y., Ito, K., 1994b. Involvement of FtsH in protein assembly into and
through the membrane. II. Dominant mutations affecting FtsH functions. J. Biol.
Chem. 269, 5225-5229.

Alkhuder, K., Meibom, K.L., Dubail, I., Dupuis, M., Charbit, A., 2009. Glutathione pro-
vides a source of cysteine essential for intracellular multiplication of Francisella tu-
larensis. PLoS Pathog. 5, e1000284.

Appelt, S., Heuner, K., 2017. The flagellar regulon of Legionella-a review. Front. Cell.
Infect. Microbiol. 7, 454.

Arruda, S., Bomfim, G., Knights, R., Huima-Byron, T., Riley, L.W., 1993. Cloning of an M.
Tuberculosis DNA fragment associated with entry and survival inside cells. Science
261, 1454-1457.

Asare, R., Abu Kwaik, Y., 2010. Molecular complexity orchestrates modulation of pha-
gosome biogenesis and escape to the cytosol of macrophages by Francisella tular-
ensis. Environ. Microbiol. 12, 2559-2586.

Asare, R., Akimana, C., Jones, S., Abu Kwaik, Y., 2010. Molecular bases of proliferation of
Francisella tularensis in arthropod vectors. Environ. Microbiol. 12, 2587-2612.

Aurass, P., Pless, B., Rydzewski, K., Holland, G., Bannert, N., Flieger, A., 2009. bdhA-patD
operon as a virulence determinant, revealed by a novel large-scale approach for
identification of Legionella pneumophila mutants defective for amoeba infection. Appl.
Environ. Microbiol. 75, 4506-4515.

Barel, M., Meibom, K., Dubail, I., Botella, J., Charbit, A., 2012. Francisella tularensis
regulates the expression of the amino acid transporter SLC1AS5 in infected THP-1
human monocytes. Cell. Microbiol. 14, 1769-1783.

Barel, M., Ramond, E., Gesbert, G., Charbit, A., 2015. The complex amino acid diet of
Francisella in infected macrophages. Front. Cell. Infect. Microbiol. 5, 9.

Becker, S., Lochau, P., Jacob, D., Heuner, K., Grunow, R., 2016. Successful re-evaluation
of broth medium T for the growth of Francisella tularensis ssp. And other higly pa-
thogenic bacteria. J. Microbiol. Meth 121, 5-7.

Bhosale, S.H., Rao, M.B., Deshpande, V.V., 1996. Molecular and industrial aspects of
glucose isomerase. Microbiol. Rev. 60, 280-300.

Bonofiglio, L., Garcia, E., Mollerach, M., 2005. Biochemical characterization of the
pneumococcal glucose 1-phosphate uridylyltransferase (GalU) essential for capsule
biosynthesis. Curr. Microbiol. 51, 217-221.

Brissac, T., Ziveri, J., Ramond, E., Tros, F., Kock, S., Dupuis, M., Brillet, M., Barel, M.,
Peyriga, L., Cahoreau, E., Charbit, A., 2015. Gluconeogenesis, an essential metabolic
pathway for pathogenic Francisella. Mol. Microbiol. 98, 518-534.

Brown, M.J., Russo, B.C., O’Dee, D.M., Schmitt, D.M., Nau, G.J., 2014. The contribution
of the glycine cleavage system to the pathogenesis of Francisella tularensis. Microb.
Inf. 16, 300-309.

Brunton, J., Steele, S., Miller, C., Lovullo, E., Taft-Benz, S., Kawula, T., 2015. Identifying
Francisella tularensis genes required for growth in host cells. Infect. Immun. 83,
3015-3025.

Brzuszkiewicz, E., Schulz, T., Rydzewski, K., Daniel, R., Gillmaier, N., Dittmann, C.,
Holland, G., Schunder, E., Lautner, M., Eisenreich, W., Luck, C., Heuner, K., 2013.
Legionella oakridgensis ATCC 33761 genome sequence and phenotypic character-
ization reveals its replication capacity in amoebae. Int. J. Med. Microbiol. 303,
514-528.

Buse, H.Y., Schaefer III, F.W., Rice, E.W., 2017. Enhanced survival but not amplification
of Francisella spp. In the presence of free-living amoebae. Acta Microbiol. Immunol.
Hung. 64, 17-36.

Carpenter, C.D., Cooley, B.J., Needham, B.D., Fisher, C.R., Trent, M.S., Gordon, V., Payne,
S.M., 2014. The Vps/VacJ ABC transporter is required for intercellular spread of
Shigella flexneri. Infect. Immun. 82, 660-669.

Challacombe, J.F., Petersen, J.M., Gallegos-Graves, V., Hodge, D., Pillai, S., Kuske, C.R.,
2017. Whole-genome relationships among Francisella Bacteria of diverse origins de-
fine new species and provide specific regions for detection. Appl. Environ.
Microbiol. 83.

Champion, M.D., Zeng, Q., Nix, E.B., Nano, F.E., Keim, P., Kodira, C.D., Borowsky, M.,
Young, S., Koehrsen, M., Engels, R., Pearson, M., Howarth, C., Larson, L., White, J.,
Alvarado, L., Forsman, M., Bearden, S.W., Sjostedt, A., Titball, R., Michell, S.L.,

International Journal of Medical Microbiology 309 (2019) 151341

Birren, B., Galagan, J., 2009. Comparative genomic characterization of Francisella
tularensis strains belonging to low and high virulence subspecies. PLoS Pathog. 5,
€1000459.

Chang, H.Y., Lee, J.H., Deng, W.L., Fu, T.F., Peng, H.L., 1996. Virulence and outer
membrane properties of a galU mutant of Klebsiella pneumoniae CG43. Microb.
Pathog. 20, 255-261.

Chen, F., Rydzewski, K., Kutzner, E., Hauslein, 1., Schunder, E., Wang, X., Meighen-
Berger, K., Grunow, R., Eisenreich, W., Heuner, K., 2017. Differential substrate usage
and metabolic fluxes in Francisella tularensis subsp. Holarctica and Francisella novicida.
Front. Cell. Infect. Microbiol. 7, 275.

Chitale, S., Ehrt, S., Kawamura, L., Fujimura, T., Shimono, N., Anand, N., Lu, S., Cohen-
Gould, L., Riley, L.W., 2001. Recombinant Mycobacterium tuberculosis protein asso-
ciated with mammalian cell entry. Cell. Microbiol. 3, 247-254.

Chong, Z.S., Woo, W.F., Chng, S.S., 2015. Osmoporin OmpC forms a complex with MlaA
to maintain outer membrane lipid asymmetry in Escherichia coli. Mol. Microbiol. 98,
1133-1146.

Cuthbert, B.J., Ross, W., Rohlfing, A.E., Dove, S.L., Gourse, R.L., Brennan, R.G.,
Schumacher, M.A., 2017. Dissection of the molecular circuitry controlling virulence
in Francisella tularensis. Genes Dev. 31, 1549-1560.

Dalebroux, Z.D., Edwards, R.L., Swanson, M.S., 2009. SpoT governs Legionella pneumo-
phila differentiation in host macrophages. Mol. Microbiol. 71, 640-658.

Dalebroux, Z.D., Yagi, B.F., Sahr, T., Buchrieser, C., Swanson, M.S., 2010. Distinct roles of
ppGpp and DksA in Legionella pneumophila differentiation. Mol. Microbiol. 76,
200-219.

Dean, R.E., Ireland, P.M., Jordan, J.E., Titball, R.W., Oyston, P.C., 2009. RelA regulates
virulence and intracellular survival of Francisella novicida. Microbiology 155,
4104-4113.

Edelstein, P.H., 1981. Improved semiselective medium for isolation of Legionella pneu-
mophila from contaminated clinical and environmental specimens. J. Clin. Microbiol.
14, 298-303.

Eisenreich, W., Heesemann, J., Rudel, T., Goebel, W., 2013. Metabolic host responses to
infection by intracellular bacterial pathogens. Front. Cell. Infect. Microbiol. 3, 24.

Eisenreich, W., Heuner, K., 2016. The life stage-specific pathometabolism of Legionella
pneumophila. FEBS Lett. 590, 3868-3886.

El-Etr, S.H., Margolis, J.J., Monack, D., Robison, R.A., Cohen, M., Moore, E., Rasley, A.,
2009. Francisella tularensis type A strains cause the rapid encystment of Acanthamoeba
castellanii and survive in amoebal cysts for three weeks postinfection. Appl. Environ.
Microbiol. 75, 7488-7500.

Ellis, J., Oyston, P.C., Green, M., Titball, R.W., 2002. Tularemia. Clin. Microbiol. Rev. 15,
631-646.

Eylert, E., Schar, J., Mertins, S., Stoll, R., Bacher, A., Goebel, W., Eisenreich, W., 2008.
Carbon metabolism of Listeria monocytogenes growing inside macrophages. Mol.
Microbiol. 69, 1008-1017.

Faber, M., Heuner, K., Jacob, D., Grunow, R., 2018. Tularemia in Germany-A re-emerging
zoonosis. Front. Cell. Infect. Microbiol. 8, 40.

Fraenkel, D.G., 1986. Mutants in glucose metabolism. Annu. Rev. Biochem. 55, 317-337.

Gesbert, G., Ramond, E., Rigard, M., Frapy, E., Dupuis, M., Dubail, 1., Barel, M., Henry, T.,
Meibom, K., Charbit, A., 2014. Asparagine assimilation is critical for intracellular
replication and dissemination of Francisella. Cell. Microbiol. 16, 434-449.

Gesbert, G., Ramond, E., Tros, F., Dairou, J., Frapy, E., Barel, M., Charbit, A., 2015.
Importance of branched-chain amino acid utilization in Francisella intracellular
adaptation. Infect. Immun. 83, 173-183.

Gillmaier, N., Schunder, E., Kutzner, E., Tlapak, H., Rydzewski, K., Herrmann, V.,
Stammler, M., Lasch, P., Eisenreich, W., Heuner, K., 2016. Growth-related metabo-
lism of the carbon storage Poly-3-hydroxybutyrate in Legionella pneumophila. J.
Biol. Chem. 291, 6471-6482.

Gyuranecz, M., Erdelyi, K., Fodor, L., Janosi, K., Szepe, B., Fuleki, M., Szoke, 1., Denes, B.,
Makrai, L., 2010. Characterization of Francisella tularensis strains, comparing their
carbon source utilization. Zoonoses Public Health 57, 417-422.

Hammer, B.K., Swanson, M.S., 1999. Co-ordination of Legionella pneumophila virulence
with entry into stationary phase by ppGpp. Mol. Microbiol. 33, 721-731.

Haralalka, S., Nandi, S., Bhadra, R.K., 2003. Mutation in the relA gene of Vibrio cholerae
affects in vitro and in vivo expression of virulence factors. J. Bacteriol. 185,
4672-4682.

Hauslein, 1., Manske, C., Goebel, W., Eisenreich, W., Hilbi, H., 2016. Pathway analysis
using (13) C-glycerol and other carbon tracers reveals a bipartite metabolism of
Legionella pneumophila. Mol. Microbiol. 100, 229-246.

Huber, B., Escudero, R., Busse, H.J., Seibold, E., Scholz, H.C., Anda, P., Kampfer, P.,
Splettstoesser, W.D., 2010. Description of Francisella hispaniensis sp. nov., isolated
from human blood, reclassification of Francisella novicida (Larson et al. 1955)
Olsufiev et al. 1959 as Francisella tularensis subsp. Novicida comb. Nov. And emended
description of the genus Francisella. Int. J. Syst. Evol. Microbiol. 60, 1887-1896.

Ito, K., Akiyama, Y., 2005. Cellular functions, mechanism of action, and regulation of
FtsH protease. Annu. Rev. Microbiol. 59, 211-231.

Jain, V., Kumar, M., Chatterji, D., 2006. ppGpp: stringent response and survival. J.
Microbiol. 44, 1-10.

Jayakar, H.R., Parvathareddy, J., Fitzpatrick, E.A., Bina, X.R., Bina, J.E., Re, F., Emery,
F.D., Miller, M.A., 2011. A galU mutant of Francisella tularensis is attenuated for
virulence in a murine pulmonary model of tularemia. BMC Microbiol. 11, 179.

Kumar, A., Bose, M., Brahmachari, V., 2003. Analysis of expression profile of mammalian
cell entry (mce) operons of Mycobacterium tuberculosis. Infect. Immun. 71,
6083-6087.

Larsson, P., Oyston, P.C., Chain, P., Chu, M.C., Duffield, M., Fuxelius, H.H., Garcia, E.,
Halltorp, G., Johansson, D., Isherwood, K.E., Karp, P.D., Larsson, E., Liu, Y., Michell,
S., Prior, J., Prior, R., Malfatti, S., Sjostedt, A., Svensson, K., Thompson, N., Vergez,
L., Wagg, J.K., Wren, B.W., Lindler, L.E., Andersson, S.G., Forsman, M., Titball, R.W.,


https://doi.org/10.1016/j.ijmm.2019.151341
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0005
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0005
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0005
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0010
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0010
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0010
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0015
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0015
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0015
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0020
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0020
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0025
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0025
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0025
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0030
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0030
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0030
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0035
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0035
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0035
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0040
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0040
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0045
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0045
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0045
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0050
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0050
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0050
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0055
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0055
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0060
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0060
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0060
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0060
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0065
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0065
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0065
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0070
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0070
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0075
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0075
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0075
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0080
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0080
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0085
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0085
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0085
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0090
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0090
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0090
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0095
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0095
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0095
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0100
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0100
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0100
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0105
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0105
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0105
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0105
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0105
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0110
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0110
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0110
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0115
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0115
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0115
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0120
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0120
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0120
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0120
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0125
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0125
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0125
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0125
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0125
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0125
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0130
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0130
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0130
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0135
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0135
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0135
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0135
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0140
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0140
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0140
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0145
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0145
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0145
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0150
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0150
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0150
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0155
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0155
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0160
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0160
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0160
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0165
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0165
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0165
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0170
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0170
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0170
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0175
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0175
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0180
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0180
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0185
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0185
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0185
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0185
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0190
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0190
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0195
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0195
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0195
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0200
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0200
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0205
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0210
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0210
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0210
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0215
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0215
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0215
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0220
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0220
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0220
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0220
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0225
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0225
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0225
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0230
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0230
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0235
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0235
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0235
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0240
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0240
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0240
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0245
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0245
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0245
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0245
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0245
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0250
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0250
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0255
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0255
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0260
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0260
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0260
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0265
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0265
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0265
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0270
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0270
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0270
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0270

K. Koppen, et al.

2005. The complete genome sequence of Francisella tularensis, the causative agent of
tularemia. Nat. Genet. 37, 153-159.

Lee, W.N., Byerley, L.O., Bergner, E.A., Edmond, J., 1991. Mass isotopomer analysis:
theoretical and practical considerations. Biol. Mass Spectrom. 20, 451-458.

Li, Y., Powell, D.A., Shaffer, S.A., Rasko, D.A., Pelletier, M.R., Leszyk, J.D., Scott, A.J.,
Masoudi, A., Goodlett, D.R., Wang, X., Raetz, C.R., Ernst, R.K., 2012. LPS remodeling
is an evolved survival strategy for bacteria. Proc. Natl. Acad. Sci. U. S. A. 109,
8716-8721.

Lithgow, J.K., Ingham, E., Foster, S.J., 2004. Role of the hprT-ftsH locus in Staphylococcus
aureus. Microbiology 150, 373-381.

Malinverni, J.C., Silhavy, T.J., 2009. An ABC transport system that maintains lipid
asymmetry in the gram-negative outer membrane. Proc. Natl. Acad. Sci. U. S. A. 106,
8009-8014.

Margolis, J.J., El-Etr, S., Joubert, L.M., Moore, E., Robison, R., Rasley, A., Spormann,
A.M., Monack, D.M., 2010. Contributions of Francisella tularensis subsp. Novicida
chitinases and Sec secretion system to biofilm formation on chitin. Appl. Environ.
Microbiol. 76, 596-608.

Meibom, K.L., Charbit, A., 2010. Francisella tularensis metabolism and its relation to
virulence. Front. Microbiol. 1, 140.

Mollerach, M., Lopez, R., Garcia, E., 1998. Characterization of the galU gene of
Streptococcus pneumoniae encoding a uridine diphosphoglucose pyrophosphorylase: a
gene essential for capsular polysaccharide biosynthesis. J. Exp. Med. 188,
2047-2056.

Moule, M.G., Monack, D.M., Schneider, D.S., 2010. Reciprocal analysis of Francisella
novicida infections of a Drosophila melanogaster model reveal host-pathogen conflicts
mediated by reactive oxygen and imd-regulated innate immune response. PLoS
Pathog. 6, €1001065.

Muller, C.M., Conejero, L., Spink, N., Wand, M.E., Bancroft, G.J., Titball, R.W., 2012. Role
of RelA and SpoT in Burkholderia pseudomallei virulence and immunity. Infect.
Immun. 80, 3247-3255.

Ogura, T., Tomoyasu, T., Yuki, T., Morimura, S., Begg, K.J., Donachie, W.D., Mori, H.,
Niki, H., Hiraga, S., 1991. Structure and function of the ftsH gene in Escherichia coli.
Res. Microbiol. 142, 279-282.

Ojha, A.K., Mukherjee, T.K., Chatterji, D., 2000. High intracellular level of guanosine
tetraphosphate in Mycobacterium smegmatis changes the morphology of the bac-
terium. Infect. Immun. 68, 4084-4091.

Oliva, G., Sahr, T., Rolando, M., Knoth, M., Buchrieser, C., 2017. A unique cis-encoded
small noncoding RNA is regulating Legionella pneumophila Hfq expression in a life
cycle-dependent manner. MBio. 8.

Pavlovich, N.V., Mishan’kin, B.N., 1987. [Transparent nutrient medium for culturing
Francisella tularensis]. Antibiot. Med. Biotekhnol. 32, 133-137.

Pechous, R.D., McCarthy, T.R., Zahrt, T.C., 2009. Working toward the future: insights into
Francisella tularensis pathogenesis and vaccine development. Microbiol. Mol. Biol.
Rev. 73, 684-711.

Qu, P.H., Chen, S.Y., Scholz, H.C., Busse, H.J., Gu, Q., Kampfer, P., Foster, J.T., Glaeser,
S.P., Chen, C., Yang, Z.C., 2013. Francisella guangzhouensis sp. nov., isolated from air-
conditioning systems. Int. J. Syst. Evol. Microbiol. 63, 3628-3635.

Qu, P.H,, Li, Y., Salam, N., Chen, S.Y., Liu, L., Gu, Q., Fang, B.Z., Xiao, M., Li, M., Chen, C.,
Li, W.J., 2016. Allofrancisella inopinata gen. nov., sp. Nov. And Allofrancisella frigi-
daquae sp. nov., isolated from water-cooling systems, and transfer of Francisella

10

International Journal of Medical Microbiology 309 (2019) 151341

guangzhouensis Qu et al. 2013 to the new genus as Allofrancisella guangzhouensis comb.
Nov. Int. J. Syst. Evol. Microbiol. 66, 4832-4838.

Raghunathan, A., Shin, S., Daefler, S., 2010. Systems approach to investigating host-pa-
thogen interactions in infections with the biothreat agent Francisella. Constraints-
based model of Francisella tularensis. BMC Syst. Biol. 4, 118.

Ramond, E., Gesbert, G., Guerrera, 1.C., Chhuon, C., Dupuis, M., Rigard, M., Henry, T.,
Barel, M., Charbit, A., 2015. Importance of host cell arginine uptake in Francisella
phagosomal escape and ribosomal protein amounts. Mol. Cell Proteomics 14,
870-881.

Rohmer, L., Fong, C., Abmayr, S., Wasnick, M., Larson Freeman, T.J., Radey, M., Guina,
T., Svensson, K., Hayden, H.S., Jacobs, M., Gallagher, L.A., Manoil, C., Ernst, R.K.,
Drees, B., Buckley, D., Haugen, E., Bovee, D., Zhou, Y., Chang, J., Levy, R., Lim, R.,
Gillett, W., Guenthener, D., Kang, A., Shaffer, S.A., Taylor, G., Chen, J., Gallis, B.,
D’Argenio, D.A., Forsman, M., Olson, M.V., Goodlett, D.R., Kaul, R., Miller, S.I.,
Brittnacher, M.J., 2007. Comparison of Francisella tularensis genomes reveals evolu-
tionary events associated with the emergence of human pathogenic strains. Genome
Biol. 8, R102.

Rowe, H.M., Huntley, J.F., 2015. From the outside-in: the Francisella tularensis envelope
and virulence. Front. Cell. Infect. Microbiol. 5, 94.

Rydzewski, K., Schulz, T., Brzuszkiewicz, E., Holland, G., Luck, C., Fleischer, J., Grunow,
R., Heuner, K., 2014. Genome sequence and phenotypic analysis of a first German
Francisella sp. Isolate (W12-1067) not belonging to the species Francisella tularensis.
BMC Microbiol. 14, 169.

Santic, M., Ozanic, M., Semic, V., Pavokovic, G., Mrvcic, V., Kwaik, Y.A., 2011. Intra-
vacuolar proliferation of F. Novicida within H. Vermiformis. Front. Microbiol. 2, 78.

Sjostedt, A., 2011. Special topic on Francisella tularensis and tularemia. Front. Microbiol.
2, 86.

Suzuki, T., Murai, T., Fukuda, 1., Tobe, T., Yoshikawa, M., Sasakawa, C., 1994.
Identification and characterization of a chromosomal virulence gene, vacJ, required
for intercellular spreading of Shigella flexneri. Mol. Microbiol. 11, 31-41.

Tlapak, H., Koppen, K., Rydzewski, K., Grunow, R., Heuner, K., 2018. Construction of a
new phage integration vector pFIV-Val for use in different Francisella species. Front.
Cell. Infect. Microbiol. 8, 75.

Vallesi, A., Sjodin, A., Petrelli, D., Luporini, P., Taddei, A.R., Thelaus, J., Ohrman, C.,
Nilsson, E., Di Giuseppe, G., Gutierrez, G., Villalobo, E., 2018. A New Species of the
gamma-Proteobacterium Francisella, F. Adeliensis Sp. Nov., endocytobiont in an ant-
arctic marine ciliate and potential evolutionary forerunner of pathogenic species.
Microb. Ecol.

Verhoeven, A.B., Durham-Colleran, M.W., Pierson, T., Boswell, W.T., Van Hoek, M.L.,
2010. Francisella philomiragia biofilm formation and interaction with the aquatic
protist Acanthamoeba castellanii. Biol. Bull. 219, 178-188.

Weiss, D.S., Brotcke, A., Henry, T., Margolis, J.J., Chan, K., Monack, D.M., 2007. In vivo
negative selection screen identifies genes required for Francisella virulence. Proc.
Natl. Acad. Sci. U. S. A. 104, 6037-6042.

Ziveri, J., Barel, M., Charbit, A., 2017a. Importance of metabolic adaptations in Francisella
pathogenesis. Front. Cell. Infect. Microbiol. 7, 96.

Ziveri, J., Tros, F., Guerrera, 1.C., Chhuon, C., Audry, M., Dupuis, M., Barel, M., Korniotis,
S., Fillatreau, S., Gales, L., Cahoreau, E., Charbit, A., 2017b. The metabolic enzyme
fructose-1,6-bisphosphate aldolase acts as a transcriptional regulator in pathogenic
Francisella. Nat. Commun. 8, 853.


http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0270
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0270
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0275
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0275
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0280
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0280
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0280
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0280
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0285
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0285
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0290
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0290
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0290
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0295
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0295
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0295
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0295
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0300
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0300
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0305
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0305
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0305
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0305
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0310
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0310
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0310
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0310
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0315
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0315
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0315
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0320
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0320
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0320
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0325
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0325
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0325
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0330
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0330
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0330
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0335
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0335
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0340
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0340
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0340
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0345
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0345
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0345
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0350
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0350
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0350
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0350
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0350
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0355
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0355
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0355
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0360
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0360
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0360
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0360
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0365
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0365
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0365
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0365
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0365
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0365
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0365
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0365
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0370
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0370
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0375
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0375
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0375
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0375
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0380
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0380
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0385
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0385
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0390
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0390
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0390
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0395
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0395
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0395
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0400
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0400
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0400
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0400
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0400
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0405
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0405
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0405
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0410
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0410
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0410
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0415
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0415
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0420
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0420
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0420
http://refhub.elsevier.com/S1438-4221(19)30230-9/sbref0420

	Screen for fitness and virulence factors of Francisella sp. strain W12-1067 using amoebae
	Introduction
	Materials and methods
	Strains, media and growth conditions
	Generation of a Francisellasp. strain F-W12 Tn5 clone bank
	Screen for co-infection defects of a Francisellasp. strain W12-1067 Tn5 clone bank (scatter screen)
	Infection (Persistence) assay using A. lenticulatastrains 45 and 118
	Determining the Tn5 integration site at the genome of Francisellasp. strain F-W12
	Glucose metabolism of scatter clone #50 analyzed by 13C-analysis

	Results
	Establishment of the scatter screen and screening for non-persisting/discontinuous clones of the F-W12 Tn5 clone bank
	Infection (Persistence) assay and growth in medium T (MT)
	Determination of the Tn5 integration site at the genome of F-W12 mutant strains
	The glucokinase mutant strain (Sc#50)

	Discussion
	The scatter screen
	Genes inactivated in amoeba-sensitive clones exhibiting reduced persistence in the infection assay

	Conclusion
	Declaration of Competing Interest
	Acknowledgments
	Supplementary data
	References




