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A B S T R A C T

Recently, a new environmental Francisella strain, Francisella sp. strain W12-1067, has been identified in
Germany. This strain is negative for the Francisella pathogenicity island (FPI) but exhibits a putative alternative
type VI secretion system. Some known virulence factors of Francisella are present, but the pathogenic capacity of
this species is not known yet. In silico genome analysis reveals the presence of a gene cluster tentatively enabling
myo-inositol (MI) utilization via a putative inositol oxygenase. Labelling experiments starting from 2H-inositol
demonstrate that this gene cluster is indeed involved in the metabolism of MI. We further show that, under in
vitro conditions, supply of MI increases growth rates of strain W12-1067 in the absence of glucose and that the
metabolism of MI is strongly reduced in a W12-1067 mutant lacking the MI gene cluster. The positive growth
effect of MI in the absence of glucose is restored in this mutant strain by introducing the complete MI gene
cluster. F. novicida Fx1 is also positive for the MI metabolizing gene cluster and MI again increases growth in a
glucose-free medium, in contrast to F. novicida strain U112, which is shown to be a natural mutant of the MI
metabolizing gene cluster. Labelling experiments of Francisella sp. strain W12-1067 in medium T containing 13C-
glucose, 13C-serine or 13C-glycerol as tracers suggest a bipartite metabolism where glucose is mainly metabolized
through glycolysis, but not through the Entner-Doudoroff pathway or the pentose phosphate pathway. Carbon
flux from 13C-glycerol and 13C-serine is less active, and label from these tracers is transferred mostly into amino
acids, lactate and fatty acids. Together, the metabolism of Francisella sp. strain W12-1067 seems to be more
related to the respective one in F. novicida rather than in F. tularensis subsp. holarctica.

1. Introduction

Francisella tularensis is a Gram-negative zoonotic bacterium able to
cause tularemia in a wide range of animals and in humans (Ellis et al.,
2002; Sjostedt, 2011). The clinically most relevant subspecies are F.
tularensis subsp. tularensis (Ftt) exclusively found in North America and
subsp. holarctica (Fth) found in the whole northern hemisphere. F. no-
vicida (Fno) is less virulent and thought to be an opportunistic pathogen
(Siddaramappa et al., 2011). Fno strain U112 was originally isolated
from water in Utah (Larson et al., 1955). The Fno strain Fx1 is an isolate
from a diabetic patient in Texas (Clarridge et al., 1996). In Germany,
Fth is the only subspecies known to cause disease in patients and ani-
mals, and only one further Francisella species (F. sp. strain W12-1067

[F-W12]) has been observed so far (Faber et al., 2018; Rydzewski et al.,
2014).

From a water reservoir in Germany, we identified this new
Francisella species (Rydzewski et al., 2014) which is related to the re-
cently published strain F. guangzhouensis, now renamed as Allo-
francisella (Qu et al., 2016). However, the phylogenetic classification of
new Francisella species may not have been completed yet (Challacombe
et al., 2017; Vallesi et al., 2018). Whereas strain F-W12 is not identical
to A. guangzhouensis, it was also isolated from a water reservoir of a
cooling tower. Strain F-W12 is able to persist in a human macrophage-
like cell line and in the amoeba Acanthamoeba lenticulata, but its viru-
lence for mice or humans is not known yet (Rydzewski et al., 2014;
Köppen et al., 2019). The draft genome of this strain was annotated and
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various virulence genes common to the genus Francisella are present,
but the Francisella pathogenicity island (FPI) encoding a type-VI se-
cretion system (T6SS) is missing. However, an alternative putative T6SS
(aT6SS) is present within the genome of strain F-W12 (Rydzewski et al.,
2014). Using an amoebae-based scatter screen, we recently identified
various fitness and putative virulence factors of this new species
(Köppen et al., 2019).

The metabolic adaptation of Francisella is also important to effi-
ciently replicate in host cells, as shown before for other bacteria
(Eisenreich et al., 2010). Among Francisella species, there are differ-
ences in the usages and metabolism of diverse carbon substrates (Chen
et al., 2017; Gyuranecz et al., 2010; Huber et al., 2010). Amino acids as
well as glucose and glycerol can be metabolized by Fth and Fno (Chen
et al., 2017; Gesbert et al., 2014, 2015; Ramond et al., 2014, 2015;
Ziveri et al., 2017). Using 13C-labelled substrates, it was shown that
glucose is the major carbon source metabolized mainly through the
Embden-Meyerhof-Parnas (EMP) pathway, and that glycerol is used as a
gluconeogenetic co-substrate mainly in Fno, but, at lower rates, also in
Fth (Brissac et al., 2015; Chen et al., 2017; Radlinski et al., 2018; Ziveri
et al., 2017). However, genome analysis indicated that F. tularensis does
not exhibit a phosphotransferase system or glucose-phosphate transport
proteins (Meibom and Charbit, 2010). Detailed analysis of the labelling
patterns in multiple metabolites suggested a bipartite metabolism in Fth
similar to the one described earlier for L. pneumophila and other pa-
thogens (Chen et al., 2017; Eisenreich et al., 2015; Gillmaier et al.,
2016; Grubmüller et al., 2014).

Myo-Inositol (MI; 1,2,3,4,5,6-hexahydroxycyclohexane; C6H12O6) is
abundant in soil and quite common in plants and animals (Turner et al.,
2002). Various different bacteria are able to grow on MI as the sole
carbon source (Kröger et al., 2010; Lim et al., 2007; Yoshida et al.,
2008). The phosphorylated form (inositol hexakisphosphate) is also
called phytate which serves as an important carbon and phosphorus
storage compound in plants and seeds. The compound can be degraded
by the enzymatic activity of phytases to MI and free phosphate (Lim
et al., 2007; Rao et al., 2009). Some bacteria use a MI oxygenase
(glucuronate-utilizing pathway) to convert MI to glucuronic acid and in
further steps to 3-phosphoglycerate (3-PG) and pyruvate (Pyr) (Ashwell
et al., 1960; Kilgore and Starr, 1959; Peekhaus and Conway, 1998).
Another known catabolic pathway of MI, the iol operon uses a MI de-
hydrogenase (IolG) as the first step to convert MI finally to DHAP and
acetyl-CoA (Anderson and Magasanik, 1971).

In this work, we identified in the genome of F-W12 a gene cluster
involved in the metabolism of MI. 2H-Labelling experiments confirmed
that this strain can take up and metabolize MI. On the basis of 13C-
labelling experiments, substrate usages and metabolic carbon fluxes
through the core metabolic network of F-W12 were elucidated in con-
siderable detail.

2. Materials and methods

2.1. Strains, media and growth conditions

Strains used in this study were Francisella sp. strain W12-1067 (F-
W12) (Rydzewski et al., 2014); F-W12 ΔMyo mutant strain (this work)
and its complemented strain (+ FIV2-Myo, this work), F-W12 Sc#50
(glk::Tn5, glucokinase) mutant strain (Köppen et al., 2019) and its
complemented strain (glk::Tn5 + FIV2-glk, this work), Fno strain U112
(ATCC 15482) (Larson et al., 1955) and Fno strain Fx1 (Clarridge et al.,
1996). Francisella strains were cultivated in medium T (MT) (Becker
et al., 2016; Pavlovich and Mishan’kin, 1987) or on MT agar plates
supplemented with hemoglobin and charcoal (MTKH plates) (Tlapak
et al., 2018). For some growth experiments, modified media were used.
Here, MT or Chamberlain’s chemically defined medium (CDM)
(Chamberlain, 1965) lacking glucose (MT-Glc; CDM-Glc) were supple-
mented with MI where appropriate (MT-Glc + MI; CDM-Glc + MI).

[U-13C6]glucose, [1,2-13C2]glucose, [U-13C3]Ser, and [U-13C3]

glycerol were purchased from Eurisotop (Saarbrücken, Germany) and
MI-C-2H6 (deuterium atoms connected to the carbon atoms) from
Sigma-Aldrich (Taufkirchen, Germany).

2.2. Generation of a specific glucuronate metabolism gene negative strain of
Francisella. sp. W12-1067 and its complementation

The F-W12 strain negative for MtlD, UxuA, KdgK, Eda, UxaC, MFS-
SP and MIOX coding genes (contig_27 peg 278–284) was constructed by
natural transformation of F-W12. To this end, a plasmid pUC57 peg
278-284::km was synthetically generated by in vitro DNA synthesis by
GeneCust (Dudelang, Luxembourg) containing an insert sequence con-
sisting of a kanamycin resistance gene enclosed by 1000 bp of F-W12
DNA sequence flanking the MltD and MIOX coding genes, respectively.
The insert was amplified by PCR using M13U and M13R primer
(O’Shaughnessy et al., 2003), Thermocycler TRIO-Thermoblock (Bio-
metra, Göttingen, Germany) and the TopTaq DNA polymerase (Qiagen,
Hilden, Germany). PCR amplification cycling conditions were set to
activation at 94 °C for 3 min followed by 35 cycles of 94 °C for 30 s,
57−60 °C for 1 min/1000 bp and a final extension step of 72 °C for 10
min. PCR product was purified using Wizard® SV Gel and PCR Clean-Up
System (Promega, Fitchburg, WI, USA), added to exponentially grown
F-W12 bacteria and incubated at 30 °C and 5 % CO2 for 3 days. Then,
bacterial suspension was plated onto MTKH agar plates supplemented
with kanamycin (12 μg/mL) and incubated at 37 °C and 5 % CO2 until
bacterial colonies arose. Individual clones were isolated and tested for
deletion of the MtlD, UxuA, KdgK, Eda, UxaC, MFS-SP and MIOX coding
genes by PCR using following primer combinations: (1) M_peg.278_F +
M_peg.278_R for amplification of the whole insert resulting in a PCR
product in the mutant strain of 3.8 kb (instead of 9.4 kb in wild-type),
(2) M_peg.278_F + Km_Seq_1U, and (3) Km_Seq_F + M_peg278_R, both
examining the Km resistance gene in the mutant strain leading to PCR
products of 1.3 kb and 2.4 kb, respectively (Table 1). DNA sequencing
was performed to confirm the PCR results of knock-out mutants. All
primers used in this study are given in Table 1.

Table 1
Primers used in this study.

Primer Sequence Reference

Fha-1W12 cttgcttcaatgactgggttttg Tlapak et al., 2018
Fha-2** attagcaatgagttagcttgttgct Rydzewski et al., 2014
Fha-3* ctgagaattaagccacttatatcagaat Rydzewski et al., 2014
Fha-4W12 atccaggaatctttgtaggagct Tlapak et al., 2018
SacB_R_out ctacgcagacaaacaatcaacgt Tlapak et al., 2018
M13R ggaaacagctatgaccatg O’Shaughnessy et al., 2003
M13U gtaaaacgacggccagt O’Shaughnessy et al., 2003
Km_Seq_1U gcatcgccttctatcgcctt This work
Km_Seq_F ctcttcagcaatatcacgggtag This work
M_peg.278_F gctgctttgcctaaaacaatgaa This work
M_peg.278_R aaaggctatcgacagggctataa This work
Myo komp F aaaattaccacagctacttttgat This work
Myo komp R ttgtttatatttcggtcggga This work
peg.278_F agtaggtttagctggctggatat This work
peg.278_R acttgtaatacgccttttgagct This work
peg.279_F agaagtacgtggtgttgcatatg This work
peg.279_R cgtccaatctagaacaggcataa This work
peg.280_R aaagtcatcgtcacctaaagctg This work
peg.281_F agagaccataaccttccttacgt This work
peg.281_R cttgagggaaaacagcttggtaa This work
peg.282_F ctacttatactcgtgagctggct This work
peg.282_F2 caaatcctgagctacatcctgtg This work
peg.282_R cagtagggcacgagtatcatcta This work
peg.283_F ggctcgtgaaaccttgataaaga This work
peg.283_F2 gctcctaatatcggggttctagt This work
peg.284_R tggatcactctcatcatggacat This work
peg.284_R tggatcactctcatcatggacat This work
peg.284_R2 tgaactttatcaaaaccacagcct This work
glk komp F accttgagaacctactagttgaca This work
glk komp R gatctttatgagcttctatgtggc This work
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For trans-complementation, plasmids pFIV2-Myo (peg 278–284)
and pFIV2-glk carrying the genes under the control of the Fth LVS
GroESL promoter and F-W12 specific GroESL promoter were used
(Tlapak et al., 2018). Therefore, genes were initially amplified using
primer myo komp F/R and glk komp F/R, respectively, with Q5 PCR
polymerase according to manufacturer’s instruction (New England
Biolabs, Ipswich, USA). 3′ A-overhangs were added by the TopTaq DNA
polymerase (Qiagen, Hilden, Germany); resulted sequences were li-
gated into pGEM T easy vector (Promega, Madison, USA) and trans-
formed into DH5α E. coli. DNA inserts were sequenced and screened for
correct insert DNA sequence which was subsequently used to clone into
the pFIV2-Val vector (NotI, NEB, Ipswich, USA). Plasmid pFIV2-Myo
and pFIV2-glk, respectively, were transformed into E. coli and F-W12
mutant strains (ΔMyo; Sc#50 [glk::Tn5, Köppen et al., 2019]), respec-
tively. Obtained F-W12 FIV2-complementation clones were examined
for the presence of all MI metabolizing genes (MtlD, UxuA, KdgK, Eda,
UxaC, MFS-SP and MIOX) and the glk gene, respectively, (Table 1) and
for the episomal and chromosomal integrated form of the FIV2 vector
(Tlapak et al., 2018).

2.3. 13C-Labelling experiments

1 L of growth medium (MT) was supplemented with 2 g of [U-13C6]
glucose (11 mM), 2 g of [1,2-13C2]glucose (11 mM), 0.3 g of [U-13C3]
Ser (3 mM), or 2.5 g of [U-13C3]glycerol (25 mM), respectively. For
more details, see Chen et al. (2017). Briefly, volumes of 250 mL of
supplemented MT were inoculated with 2−4 mL of an overnight cul-
ture of F-W12 and incubated at 37 °C and 250 rpm. Cultures in MT were
harvested after 26 h of incubation, where cultures had reached the
stationary growth phase and the optical density at 600 nm (OD600)
amounted to approximately 1.7. Before harvesting, a culture aliquot
was plated onto lysogeny broth (LB) agar (Bertani, 1951, 2004) to rule
out the possibility of contamination. The bacteria were pelleted at 4700
g and 4 °C for 15 min. The supernatant was discarded and the bacterial
pellet was autoclaved at 120 °C for 20 min. Then, the pellet was re-
suspended in 3 mL of water and lyophilized.

2.4. 2H-Labelling experiments

1 L of growth medium (CDM-Glc) was supplemented with (i) 1.7 g
of MI-C-2H6 (9.13 mM) and 3.9 g of MI (21.65 mM), or (ii) 1.7 g of MI-
C-2H6 (9.13 mM), 1.7 g of [1,2-13C2]Glc (9.33 mM) and 3.9 g of MI
(21.65 mM) and 3.9 g glucose (21.65 mM). For labelling experiments,
bacteria were cultivated in MT overnight. On the next day, bacterial
cultures were washed twice and grown in 200 ml supplemented CDM-
Glc at 37 °C and 250 rpm (starting at OD600 of 0.3) until the stationary
phase. The optical density at 600 nm (OD600) was determined at regular
intervals. An OD600 of ∼0.8 to 1.0 correlated with stationary growth.
Cultures in MI-supplemented CDM-Glc reached stationary growth at
∼50 h. Before harvesting, a culture aliquot was plated onto LB agar to
rule out the possibility of contamination. The bacteria were pelleted at
4700 g and 4 °C for 15 min. The supernatant was discarded, washed
once with 200 ml cold PBS and the bacterial pellet was autoclaved at
120 °C for 20 min. Then, the pellet was resuspended in 3 mL of water
and lyophilized.

2.5. Extraction and silylation of polar metabolites

In a 2 mL plastic tube, 10 mg of bacterial cells (dry weight) were
mixed with 500 μL of glass beads (0.25–0.5 mm) and 1 mL of methanol
p.a. The mixture was mechanically disrupted using a ribolyser system
(6.5 s−1, 20 s, 27 °C, three times). After the procedure, the mixture was
centrifuged (10,000g for 20 min, 4 °C). The supernatant was collected
into a 2 mL glass bottle. The solvent was removed by a gas flow of
nitrogen. 50 μL of N-(tert-butyldimethylsilyl)-N-methyl-tri-
fluoroacetamide containing 1 % tert-butyldimethylsilylchloride and 50

μL of water-free acetonitrile were added and incubated at 70 °C for 1 h.
The reaction mixture was collected and subjected to GC–MS analysis.

2.6. Hydrolysis of proteins and silylation of amino acids

After the methanolic extraction, the residue was dried and collected
into a 4 mL glass bottle. 2 mL of 6 M hydrochloric acid were added. The
mixture was incubated at 105 °C for 15 h and then filtered. The hy-
drolysate was dried by a gas flow of nitrogen. 200 μL of 50 % acetic acid
were added. After 3 min, the mixture was treated on an ultrasonic bath
and then loaded onto a small column of Dowex 50 W X8 (7 × 10 mm;
200–400 mesh, 34–74 μm, H+-form). After washing with 2 mL of
water, the amino acids were eluted with 1 mL of 4 M ammonia water
into a 2 mL glass bottle. Under nitrogen flux, the solvent was removed.
50 μL of N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide con-
taining 1 % tert-butyldimethylsilylchloride and 50 μL of water-free
acetonitrile were added and incubated at 70 °C for 30 min. The reaction
mixture was collected and subjected to GC–MS analysis. During hy-
drolysis, Cys and Trp were degraded and could therefore not be de-
tected. Asn and Gln were converted into Asp and Glu, respectively, by
the acidic treatment. The values reported below for Asp and Glu
therefore represent the mean value for bacterial Glu/Gln and Asp/Asn,
respectively.

2.7. Extraction of free fructose and silylation

In a 2 mL plastic tube, about 10 mg of bacterial sample (dry weight)
were mixed with about 500 μL of glass beads (0.25–0.5 mm) and 1 mL
of water. The bacterial cells were mechanically disrupted using a ri-
bolyser system (6.5 s−1, 20 s, 27 °C, three times). After the procedure,
the mixture was centrifuged (10,000 g for 20 min, 4 °C) and the su-
pernatant was collected into a 2 mL glass bottle. The solvent was re-
moved by a gas flow of nitrogen. 100 μL of pyridine containing 4 mg of
methoxamine hydrochloride were added and incubated at 30 °C for 90
min. The solvent was then removed by a gas flow of nitrogen. 100 μL of
N-methyl-N-(trimethylsilyl)trifluoroacetamide were added, kept at 37
°C for 45 min, and then subjected to GC–MS analysis.

2.8. Hydrolysis of cell walls and silylation of amino sugars

After the water extraction, the residue was dried and collected into a
4 mL glass bottle. 2 mL of 6 M hydrochloric acid were added and the
mixture was incubated at 105 °C for 15 h. The mixture was then filtered
and the hydrolysate was dried under a flow of nitrogen gas. Catalytic
amounts of ammonium sulfate and 100 μL of hexamethyldisilazane
were added and kept at 120 °C for 3 h. The reaction mixture was col-
lected and subjected to GC–MS analysis.

2.9. Hydrolysis of bacterial polysaccharides and derivatisation of glucose

In a 2 mL glass bottle, about 0.5 mg of bacterial cells (dry weight)
were mixed with 0.5 mL of 3 M methanolic HCl. The mixture was in-
cubated at 80 °C for 15 h. After cooling, the mixture was transferred
into a 2 mL plastic tube and then centrifuged (10,000g for 20 min, 4 °C).
The supernatant was collected into a 2 mL glass bottle and dried under
a flow of nitrogen. 1 mL of acetone containing 2 % sulfuric acid was
added. The mixture was incubated at room temperature for 1 h. 2 mL of
saturated sodium chloride solution and 2 mL of saturated sodium car-
bonate solution were added to quench the reaction. The solution was
extracted two times with 3 mL of ethyl acetate and collected into a 2 mL
glass bottle. The ethyl acetate solvent was dried under a flow of ni-
trogen and the residue was treated with 200 μL of 50 % acetyl anhy-
dride in water-free ethyl acetate at 60 °C for 15 h. The reaction mixture
was dried under a flow of nitrogen and 100 μL of water-free ethyl
acetate were added. The solution was collected and subjected to GC–MS
analysis.
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2.10. GC/MS analysis

All derivatives mentioned above were analysed by GC–MS using a
quadrupol GCMS-QP 2010 Plus spectrometer (Shimadzu, Duisburg,
Germany) as described earlier (Chen et al., 2017). Briefly, the GC
column was a Silica capillary column (equity TM-5; 30 m by 0.25 mm,
0.25 μm film thickness; Sigma-Aldrich). For the analysis of silylated
fructose and other polar metabolites, the column was developed at 100
°C for 2 min, then with a gradient up to 234 °C (3 °C min), later with a
gradient up to 237 °C (1 °C min), and finally with a gradient up to 260
°C (3 °C min). At the end, the column was quickly heated to 320 °C (10
°C min) and held at this temperature for 2 min. For the analysis of
silylated amino acids, the column was developed at 150 °C for 3 min,
then with a gradient up to 280 °C (7 °C min) which was hold for 3 min.
For the analysis of the diisopropylidene/acetate derivative of glucose,
the column was developed at 150 °C for 3 min, then with a gradient up
to 220 °C (10 °C min), followed with a gradient up to 280 °C (50 °C min)
which was hold for 3 min. For the analysis of silylated amino sugars, the
column was developed at 70 °C for 3 min, then with a gradient up to
310 °C (5 °C min) which was hold for 1 min.

All data were collected using the LabSolution software (Shimadzu).
Each sample was analysed three times to afford technical replicates.
The overall 13C excess values (mol-%) and the relative contributions of
isotopologues (%) were computed by an Excel-based in-house software
package (Eylert et al., 2008) according to Lee et al. (Lee et al., 1991).
Alternatively, 13C excess and isotopologue compositions were calcu-
lated according to Ahmed et al. (Ahmed et al., 2014). The latter method
uses an open source software package which can be downloaded using
the following link: http://www.tr34.uni-wuerzburg.de/software_
developments/isotopo/.

3. Results

3.1. The glucuronic acid metabolism cluster of Francisella sp. strain W12-
1067 encodes a pathway for the metabolism of myo-inositol in Francisella

Since earlier results indicated that metabolism of F-W12 plays an
important role for infection and persistence (Köppen et al., 2019), we
took a closer look at the genome sequence and identified a gene cluster,
putatively involved in the metabolism of MI (Fig. 1, genes indicated in
black; and Tables 1 and 2). This cluster codes for homologous proteins
of the glucuronic acid metabolism operon in Fno (see Tables 1 and 2)
including a sugar transporter protein (peg 283), a MI oxygenase (MIOX,
peg 284), a glucuronate isomerase (UxaC, peg 282), a mannonate oxi-
doreductase (MtlD, peg 278), a mannonate dehydratase (UxuA, peg
279), a 2-dehydro-3-deoxygluconate kinase (KdgK, peg 280) and a 2-
keto-3-deoxy-6-phosphogluconate (KDPG) aldolase converting KDPG to
pyruvate and glyceraldehyde-3-phosphate (Eda, peg 281) (Fig. 1B,
Tables 1 and 2). A similar gene organization has been described in Fno-
like 3523 (F. hispaniensis) and in TX07-7308, where it is called the
glucuronic acid metabolism cluster (Siddaramappa et al., 2011). A si-
milar operon is also found in A. guangzhouensis (Fig. 1A). The glucur-
onate metabolism operon of Fno Fx1, F. philomiragia ATCC 2515 and F.
hispaniensis exhibits an additional putative melibiose (D-Gal-α(1→6)-D-
Glc) transport protein (MelB) and a putative alpha-glucosidase (puta-
tive sucrase). In F-W12, A. guangzhouensis and F. halioticida, both of
these genes are absent. Only pseudogenes are present and, in F-W12
and F. halioticida, an insertion element or integrase, respectively, seems
to be responsible for the deletion of both genes. However, in Fno U112
and Fth LVS, the whole MI metabolism operon is absent (Fig. 1A)
(Siddaramappa et al., 2011). Therefore, in contrast to Fno Fx1, Fno
U122 seems to be a natural mutant of the MI metabolizing gene cluster.

In soil and in aquatic environments, MI can originate from phytate.
We used the amino acid motif "RHGXRXP" (histidine phosphatase motif
(Rao et al., 2009)) to perform a Blast search using the proteome of F-
W12. We identified an ORF (peg 0427, see Table 2), encoding a

putative phytase (multiple inositol polyphosphate phosphatase), ex-
hibiting a Pfam His_Phos.2 motif (histidine-acid-phosphatase), which in
general is able to degrade phytate to inositol and phosphate (Rao et al.,
2009).

The obtained results suggested that F-W12 may be able to meta-
bolize MI and probably also phytate. To further analyse the ability of F-
W12 to metabolize MI, a ΔMyo mutant strain was generated (see
Fig. 1A and materials and methods) lacking all seven genes of the MI
cluster. The ΔMyo mutant strain grew as well as the wild-type strain in
MT, whereas a glk::Tn5 mutant strain of F-W12 (Sc#50) showed re-
duced growth (supplemental Fig. S1). Then, we used MT lacking glu-
cose (-Glc) to analyse the growth of different strains using MI as an
additional energy substrate. Results are given in Fig. 2A. The F-W12
strain and the ΔMyo mutant strain showed reduced growth in MT-Glc
and the addition of MI increased growth of the wild-type and the
glk::Tn5 mutant strain, but not of the ΔMyo mutant (Fig. 2A), indicating
that the MI gene cluster is indeed involved in the metabolism and uti-
lization of MI. In addition, introducing of the whole MI gene cluster into
the ΔMyo mutant restored the increased growth in MT (-Glc) in the
presence of MI to higher levels when compared to the wild-type strain
(Fig. 1A). In this experiment, we used the glk::Tn5 mutant strain
(Sc#50) as a control. The growth reduction of the glk::Tn5 mutant
strain in MT could be successfully restored by the introduction of the glk
gene on the integration vector FIV2 (Fig. 2A). Results corroborate that
the ΔMyo mutant strain showed nearly similar growth in MT with or
without glucose, but MI was able to increase growth in MT-Glc sig-
nificantly (Fig. 2A). In addition, we also performed the mentioned
growth experiments with the species Fno U112 and Fno Fx1 (Fig. 2B).
As expected, in the natural MI gene cluster negative Fno U112 strain,
the presence of MI did not increase growth in MT-Glc, whereas MI
significantly increased growth of Fno Fx1 (Fig. 2B).

3.2. Analysis of the MI metabolism of Francisella sp. strain W12-1067
using MI-C-2H6

As shown in Fig. 2A, MI supported growth of F-W12, suggesting that
MI is indeed utilized by this species. To provide further evidence for MI
metabolism in this strain, we performed 2H-labelling experiments with
F-W12 wild-type and its isogenic ΔMyo mutant growing in CDM
medium supplemented with 9.13 mM MI-C-2H6 (i.e. MI carrying deu-
terium atoms at all six carbon positions). First, we tested growth of F-
W12 and its ΔMyo mutant strain in CDM-Glc supplemented with MI
(Fig. 2C). Growth of the ΔMyo mutant strain was not induced by MI, in
contrast to the wild-type strain. Similar results were obtained with Fno
Fx1 and the natural MI metabolizing gene cluster negative strain Fno
U112 (Fig. 2D).

Due to the very high costs of MI-C-2H6, only a minimum set of ex-
periments with labelled MI could be analysed. We performed labelling
experiments with the wild-type strain and its isogenic ΔMyo mutant
strain in the presence of MI-C-2H6 (see also supplemental Fig. S2). The
2H-excess values and the fractional isotopolog distributions in sugars,
protein-derived amino acids, free amino acids and free metabolites
were determined by GC/MS analysis. Results are given in Fig. 3. The
observed mass patterns indicated high levels of 2H (up to 8 % molar
excess) in sugars, protein-derived amino acids and free metabolites
from F-W12 wild-type. Notably, the highest 2H-excess values were de-
tected in glucose and Phe probably reflecting their biosynthetic origins
via the pentose phosphate pathway (PPP) and the fact that Phe is not
present in CDM (in contrast to Tyr and other amino acids). In sharp
contrast, only very low 2H-values were observed in the same metabo-
lites from the ΔMyo mutant (Fig. 3A). This provides firm evidence for
the uptake and utilization of MI by enzymes encoded in the MI cluster
described above (Fig. 1). Consequently, lack of these enzymes in the
mutant resulted in the absence or in only low levels of 2H-incorporation
in the mutant strain.

Isotopologue profiling also revealed some insights into the
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mechanisms of MI usage. Glucose acquired one or two 2H-atoms from
the 2H6-labelled MI tracer at relative amounts of 40 and 50 %, re-
spectively (Fig. 3B). This pattern suggests that 2H6-MI is converted into
M + 3 isotopologs (i.e. carrying three 2H-labels) of 2-dehydro-3-deoxy-
D-gluconate serving as the precursor for the M + 1 isotopologs in
pyruvate or M + 2 isotopologs of glyceraldehyde-3-P, respectively,
after cleavage by the Eda enzyme (Fig. 1B, supplemental Fig. S2).
Protein-derived Ala was characterized by M+ 1 and M+ 2 isotopologs
at relative abundances of 80 % and 20 %, respectively. This ratio could
indicate a higher flux rate to convert the M + 1 labelled pyruvate
precursor into Ala in comparison to the M + 2 labelled glyceraldehyde-
3-P. Phe and Tyr were mainly M + 1 and M + 2 labelled, which nicely
reflects their origin from labelled pyruvate and erythrose-4-P from the

PPP (Fig. 3B). Free amino acids resembled nearly the same isotopolog
composition again indicating their origin from M + 1 isotopologs of
pyruvate. Because of the downstream metabolism of M + 1 pyruvate
and M + 2 glyceraldehyde-3-P via the citrate cycle, succinate was
mainly M + 1 (43 %) and M + 2 (57 %) labelled. Dehydrogenation of
M + 2 succinate then leads to the loss of one deuterium atom in fu-
marate now displaying over 95 % M + 1 isotopologs. Lactate displayed
M + 1 and M + 2 isotopologs of 38 % and 60 %, respectively (Fig. 3B).
Together, these results provided solid evidence that MI can be used as a
carbon source by F-W12. For a better understanding of the general
metabolism, we now analysed in considerable detail the main metabolic
carbon pathways of this new species and of its ΔMyo mutant strain.

Fig. 1. The myo-inositol (MI) metabolizing gene cluster of Francisella sp. strain W12-1067. (A) Structure of the MI gene cluster of F-W12, Allofrancisella guangzhouensis
(Agu), F. halioticida (Fha), F. hispaniensis 3523 (Fhi-3523), F. philomiragia ATCC 2515 (Fph 2515), F. novicida strain Fx1 (Fno Fx1), Fno strain U112 (Fno U112), F.
tularensis subsp. holarctica strain LVS (Fth LVS). Genes are indicated by arrows, enzymes are given above and the lengths of genes are given below. Genes of the MI
gene cluster are given in black. Genes deleted in the ΔMyo mutant strain of F-W12 are indicated by a double headed dotted line at the top of the figure. Light blue
arrows represent primers used for the trans-complementation construct (myo komp F and myo komp R). Genes not present in a strain are indicated by thin arrows.
(B) For catabolism, MI is taken up through a sugar transport protein (peg 283) and genes/enzymes for further degradation are shown (see also Table 2). Yet it has not
been shown, if the putative phytase (peg 427) of F-W12 is involved in the degradation of phytic acid to MI. MelB TP, glucuronic (Gal-Glc alpha 1-6) transporter;
glucosidase (alpha-glucosidase, putative sucrase); Glc-Ad, glucosaminidase; DtpT, Dipeptide and tripeptide permease; ISFw4, IS element number 4 of F-W12; MtlD,
mannonate oxidoreductase (UxuB); UxuA, mannonate dehydratase; KdgK, 2-keto-3-deoxygluconate kinase; Eda, KDPG aldolase; UxaC, glucuronate isomerase; MFS-
SP, sugar transporter; MIOX, myo-inositol oxygenase; RuvB, holliday junction DNA helicase; Int, integrase; ps, pseudo-gene. GAP, glyceraldehyde-3-P. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 2
Francisella sp. strain W12-1067 genes involved in MI (glucuronate) metabolism.

Peg No.* GenBank Protein size (aa) Annotation/Function FN3523 (% Id.)

278 FRA_27c02840 494 D-Mannonate oxidoreductase (UxuB) EC 1.1.1.57 73
279 FRA_27c02850 395 Mannonate dehydratase (UxuA) EC 4.2.1.8 86
280 FRA_27c02860 314 2-Keto-3-deoxygluconate kinase (KdgK) EC 2.7.1.45 69
281 FRA_27c02870 182 KDPG aldolase (KdgA or Eda) EC 4.1.3.16 65
282 FRA_27c02880 468 Glucuronate isomerase (UxaC) EC 5.3.1.12 83
283 FRA_27c02890 449 Sugar transporter, Pfam_MFS_1 – 83
284 FRA_27c02900 326 Inositol oxygenase EC 1.13.99.1 86
427** FRA_31c04330 401 Phytase, putative (Pfam_HisPhos_2, signal peptide) – 87
487 FRA_31c04980 243 Inositol-1-monophosphatase EC 3.1.3.25 81

* From Rydzewski et al. (2014); ** function in myo-inositol metabolism has not been shown yet (aa), amino acids; (% Id), % identity at amino acid level.
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3.3. Multiple substrate usage of Francisella sp. strain W12-1067 grown in
medium T

Previously, we analysed the main metabolic pathways in Fno and
Fth, where the bacteria were cultivated in MT in the presence of either

[U-13C6]glucose, [U-13C3]glycerol, or [U-13C3]serine (Chen et al.,
2017). On the basis of the specific 13C-patterns in downstream meta-
bolic products such as amino acids or carbohydrates, the relative in-
corporation rates could be determined for each labelled substrate.
Moreover, the labelling distributions also shed light onto the specific

Fig. 2. Analysis of growth of Francisella sp. strain W12-1067 (W12 + FIV2), the isogenic ΔMyo mutant strain (ΔMyo+ FIV2), the complemented ΔMyo mutant strain
(ΔMyo+ FIV2-Myo), the glk::Tn5 strain (Sc#50 + FIV2), the complemented glk::Tn5 strain (Sc#50 + FIV2-glk) of F-W12, the Fno strain Fx1 (Fx1) and the Fno strain
U112 (U112) in different media. (A and B) Growth of respective strains in MT, in MT without glucose (MT-Glc) or in MT-Glc supplemented with MI (MT-Glc + MI)
after 9 h of growth at 37 °C. A growth curve of strains in MT is given in supplemental Fig. S1. Results are means and standard deviations of three independent
experiments. For statistical analysis student-t-tests were performed with Graphpad Prism 8 software (** p< .01; *** p< .001; **** p< .0001; ns, not significant).
(C) Growth of F-W12 wild-type and ΔMyo mutant strain in CDM without glucose supplemented with 30.9 mMMI after 50 h of growth at 37 °C. Results are means and
standard deviations of two independent experiments. (D) Growth of Fno strain Fx1 and Fno strain U112 in CDM without glucose supplemented with 111 mM MI after
22 h of growth at 37 °C. Results are means and standard deviations of two independent experiments.

Fig. 3. (A) 2H-Excess (mol%) and (B) the fractional isotopolog distributions (%) in key metabolites of F-W12 wild-type strain (WT) and its isogenic ΔMyo mutant
(ΔMyo) grown in CDM medium supplied with 9.13 mM MI-C-2H6. 2H-Excess (mol%) and relative fractions of isotopologs (%) were determined by GC/MS of silylated
derivatives at the indexed m/z values. Error bars indicate standard deviations from the means of the 3 × technical replicates values. M + 1, M + 2, M + 3, etc.
indicate isotopologs carrying 1, 2, 3, etc. 2H-atoms.

F. Chen, et al. International Journal of Medical Microbiology 310 (2020) 151426

6



pathways and fluxes starting from the supplied 13C-tracers. The same
experimental setting was now used for a detailed analysis of the carbon
pathways in F-W12. An overview about general putative metabolic
pathways of F-W12 is given in supplemental Fig. S3.

3.4. Labelling experiments with [U-13C6]glucose

Glucose from glycogen and cell wall-derived glucosamine/muramic
acid were isolated from hydrolysates of the dried cell pellets, free
fructose was extracted using water. All sugars showed 13C-excess at
about 10 mol% (Fig. 4A). As described for Fno, these high 13C-enrich-
ments reflected the efficient uptake of glucose also in F-W12. The main
isotopolog in glycogen-derived glucose and free fructose was the M + 6
species (reflecting six 13C-atoms in the same molecule) which can be

explained by the direct incorporation of the supplied [U-13C6]glucose
into glycogen or fructose (Fig. 4B). The higher fraction of M + 1 to M
+ 5 in cell wall-derived amino sugars (70–90 %) in comparison to that
of glycogen-derived glucose (20 %) could reflect metabolic turnover of
glucose phosphate prior to its usage for cell wall synthesis.

Protein-derived amino acids were obtained from acidic hydrolysates
of the bacterial pellets. For GC/MS analysis, these amino acids were
converted into their TBDMS-derivatives. The measured 13C-incorpora-
tion ranked amino acids from Ala>Glu> Ser>Tyr (Fig. 4). The other
amino acids were apparently unlabelled probably due to the presence of
unlabelled amino acids and peptides in the complex MT composed of
brain heart infusion broth, bacto trypton and casamino acids (see also
Chen et al., 2017). On the basis of the labelling profiles in amino acids
(Fig. 4), some conclusions can be made. [U-13C6]glucose was efficiently

Fig. 4. (A) 13C-Excess (mol%) and (B) the fractional isotopolog distributions (%) in key metabolites of F-W12 grown in MT supplied with 11 mM [U-13C6]glucose (red
labels, (1)), 3 mM [U-13C3]serine (green labels, (2)), or 25 mM [U-13C3]glycerol (blue labels, (3)). 13C-Excess (mol%) and relative fractions of isotopologs (%) were
determined by GC/MS of the derivatives of different metabolites at the indexed m/z values. Error bars indicate standard deviations from the means of 6 to 9 values
using 2–3 × biological replicates and 3 × technical replicates. M + 1, M + 2, M + 3, etc. indicate isotopologs carrying 1, 2, 3, etc. 13C-atoms. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).
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degraded to [U-13C3]pyruvate, which is reflected by the observation of
[U-13C3]Ala. However, MS analysis also identified Ala species carrying
only one or two 13C-atoms, as reflected by the excess M + 1 and M + 2
mass peaks, respectively. These isotopologs can be explained by the
decarboxylation of M + 1 and M + 2 Asp resulting in [13C1]- or [13C2]
pyruvate/Ala, respectively. The fractions of these isotopologs even al-
lowed assigning the relative contributions to Ala formation. Similarly as
in Fth, in F-W12 Ala is mainly (65 %) formed from pyruvate and a
minor fraction (35 %) is derived via the Asp route. The high fractions of
M + 1 and M + 2 and lower fractions of M + 3, M + 4 and M + 5 in
Glu indicated high turnover rates between oxaloacetate and α-ke-
toglutarate in the TCA cycle. The high fractions of [U-13C3]Ser (M + 3)
in the fragment containing all three carbon atoms of the original Ser
molecule (Ser-390) again showed efficient usage of [U-13C6]glucose
present in MT and its conversion into [U-13C3]3-phosphoglycerate via
glycolysis. The labelling profiles of Tyr were more complicated and
contained M + 1 to M + 9 fractions. That could be explained by the
formation of erythrose 4-phosphate via the PPP and phosphoenolpyr-
uvate (PEP) via glycolysis (see below), as degradation products of
[U-13C6]glucose in F-W12.

Using methanol as a solvent, more than 20 polar metabolites in-
cluding free amino acids, TCA intermediates, and free fatty acids were
extracted from the dried pellet of the labelled bacteria. The 13C-excess
values and isotope distributions in free amino acids were similar to
those of protein-derived amino acids indicating metabolic and isotopic
quasi-steady state when the bacteria were harvested. Free fatty acids
and 3-hydroxybutyrate were highly labelled (6–8 %), suggesting that
acetyl-CoA is formed through degradation of the labelled glucose at
high rates (Fig. 4). Succinate is then formed from acetyl-CoA via the
TCA cycle. Therefore, it was mainly M + 1 and M + 2 labelled. Lower
fractions of M + 3 labelled succinate could indicate fluxes via ox-
aloacetate made by carboxylation of M + 3 pyruvate.

In total, F-W12 utilized glucose as an efficient source for the for-
mation of fructose, glycogen, cell wall, some amino acids, and fatty
acids by carbon flux via glycolysis (see below), acetyl-CoA formation
and its usage for filling up the TCA cycle or serving as a precursor of
downstream products (e.g. fatty acids).

3.5. Labelling experiments with [1,2-13C2]glucose

In order to confirm that glucose is indeed degraded via glycolysis,
we performed additional experiments using [1,2-13C2]glucose as a
tracer. The usage of [1,2-13C2]glucose either via the Entner-Doudoroff
pathway or glycolysis can be differed by specific labelling patterns in
pyruvate/Ala. Following the Entner-Doudoroff pathway, [1,2-13C2]
pyruvate/Ala would result from [1,2-13C2]glucose, whereas [2,3-13C2]
pyruvate/Ala would reflect glucose degradation via glycolysis. To dis-
tinguish between the two scenarios, we have used a thorough analysis
of a specific mass fragment at an m/z value of 232 (Ala-232) obtained
from the GC–MS analysis of silylated Ala. This fragment arises by
decarboxylation of the Ala-derivative and therefore reflects a molecular
species containing C-2 and C-3 of the original Ala molecule. Mass
analysis of this species provided evidence for significant excess of the
species at the m/z value of 234 similarly to the Ala fragment (Ala-260)
containing all three carbon atoms of the original Ala molecule (see also
supplemental Fig. S4). On this basis, it can be followed that C-2 and C-3
of Ala carried the 13C-labels. Thus, glucose is degraded via glycolysis
(EMP pathway) in F-W12 and not via the Entner-Doudoroff pathway.

3.6. Labelling experiments with [U-13C3]serine

[U-13C3]serine was taken up by F-W12, which was clearly seen by
the 13C-excess in methanol extracted free Ser (4 % 13C-enrichment) and
protein-derived Ser (14 %) (Fig. 4). The observed labelling profiles
suggested that Ser is degraded to form pyruvate, which is subsequently
converted into alanine or acetyl-CoA for e.g. fatty acid biosynthesis.

However, probably due to the presence of glucose in MT, Ser is not
effectively used for gluconeogenesis, as shown by the low incorporation
into Phe and Tyr, as well into the sugars (glucose from glycogen, free
fructose and amino sugars from cell wall). Overall, the metabolism of
Ser in F-W12 is similar to the one in Fno (Chen et al., 2017).

3.7. Labelling experiments with [U-13C3]glycerol

With the fraction obtained by methanolic extraction, it was found
that glycerol is highly 13C-enriched (93 mol%) from exogenous [U-13C3]
glycerol, which suggests efficient uptake of glycerol during the culti-
vation of F-W12. [U-13C3]glycerol is then metabolized into [U-13C3]
pyruvate which formed the detected [U-13C3]-Ala and [U-13C3]lactate
species (Fig. 4). Via [U-13C2]acetyl-CoA, Asp, Glu, TCA intermediates
and free fatty acids mainly acquired the M + 2 signature. Due to the
conversion of Asp into pyruvate, Ala and lactate were also found as M
+ 1 and M + 2 isotopologs (Fig. 4B). Tyr was predominantly M + 2
and M + 3 labelled, which indicated the utilization of [U-13C3]glycerol
via glucogenesis and PPP to form PEP and erythrose 4-phosphate, re-
spectively. Notably, cell wall amino sugars (glucosamine and muramic
acid) were highly labelled, which again provides evidence that glycerol
serves a good substrate for the formation of glucose phosphate required
for cell wall biosynthesis. However, free fructose and glycogen-derived
glucose were almost unlabelled, suggesting that unlabelled glucose
from the medium can be directly converted into these sugars in F-W12.

3.8. Differential substrate usage

As in our earlier work to analyse the main pathways for the meta-
bolism of glucose, glycerol and Ser by Francisella strains grown and
labelled in MT (Chen et al., 2017), we now normalized the 13C-en-
richments according to the presence of unlabelled glucose, glycerol and
Ser in free or polymeric form in MT. On the basis of this normalization,
the values from the experiment with [U-13C6]glucose were multiplied
by a factor of 8.5, from the experiment with [U-13C3]-Ser by a factor of
1.15, and from the experiment with [U-13C3]glycerol by a factor of 1.
The normalized values are shown in Fig. 5. It is obvious that exogenous
glucose is most efficiently used for glycogen and cell wall amino sugars.
However, significant carbon flux was also detected from glucose via
glycolysis and downstream processes into Ala, 3-hydroxybutyrate and
free fatty acids. The carbon fluxes from Ser and glycerol into the central
metabolism were lower (for serine<5 %, for glycerol< 15 %).

3.9. Analysis of main pathways for the metabolism of glucose and glycerol
of Francisella sp. strain W12-1067 ΔMyo mutant strain grown in MT

For further analyses of the core metabolism in F-W12 ΔMyo mutant
strain, we performed additional experiments with this mutant growing
in MT supplied with 11 mM [U-13C6]glucose or 25 mM [U-13C3]gly-
cerol. Using the same procedures as described above for the F-W12
wild-type strain, we again analysed the isolated sugars from glycogen
and cell walls, amino acids derived from proteins and free metabolites.
Based on the values for biological replicates and technical replicates,
averaged 13C-excess values (mol%) and fractional isotopologue dis-
tributions (%) were calculated (Fig. 6).

Experiments with [U-13C6]glucose: As in the wild-type, glucose from
glycogen, cell wall-derived amino sugars and free fructose were highly
labelled (about 10–12 %, Fig. 6A). The major isotopolog of glycogen-
derived glucose and free fructose was M + 6 by conversion of [U-13C6]
glucose into [U-13Cn]glycogen and [U-13C6]fructose. The cell wall-de-
rived amino sugar glucosamine had again higher fractions of M + 1 to
M + 5 (about 70 %) than glycogen-derived glucose and free fructose
(about 10 %). The ranking of 13C-excess in protein-derived amino acids
(Ala> Ser>Glu>Tyr) slightly differed from the order in the wild-
type. The isotopolog profiles of amino acids were similar to the ones in
the wild-type strain. Because of the highly labelled acetyl-CoA, free

F. Chen, et al. International Journal of Medical Microbiology 310 (2020) 151426

8



fatty acids and 3-hydroxybutyrate acquired the label at rates of 5–7 %.
Lactate was also highly labelled (10 %), reflecting its formation from
[U-13C6]glucose via [U-13C3]pyruvate.

Experiments with [U-13C3]glycerol: Using [U-13C3]glycerol as a
precursor, free fructose and glycogen-derived glucose were almost un-
labelled (Fig. 6). However, glucosamine was highly labelled (10 %),
which could again be explained by gluconeogenetic carbon flux from
glycerol into glucose 6-phosphate. [U-13C3]glycerol was also metabo-
lized into [U-13C3]pyruvate, which later formed [U-13C3]-Ala and
[U-13C3]lactate. [U-13C3]pyruvate was again degraded to form [U-13C2]
acetyl-CoA. Consequently, Glu, TCA intermediates and free fatty acids
were mainly M + 2 labelled via [U-13C2]acetyl-CoA.

3.10. Differences between the 13C-profiles of Francisella sp. strain W12-
1067 and its ΔMyo mutant strain

In Fig. 7A, the normalized carbon fluxes for the ΔMyo mutant of F-
W12 are shown. The fluxes indicate that glucose was mainly in-
corporated into glycogen, cell wall amino sugars, alanine and fatty
acids. Lower fluxes occurred from glycerol into Ala, lactate and fatty
acids. To visualize the differences between the metabolic fluxes of the
ΔMyo mutant and its F-W12 wild-type, differences in the normalized

13C-incorporation (ΔMyo mutant – wild-type) are shown by the num-
bers in Fig. 7B. Lower fluxes in the ΔMyo mutant are indicated by ne-
gative numeric numbers. It is obvious that the ΔMyo mutant metabo-
lized glucose more efficiently into sugars, Ala and lactate, and less into
fatty acids and hydroxybutyrate. Using 13C-glycerol as precursor,
higher flux contributions were observed from glycerol into Ala and
lactate of the mutant, and less into Tyr and hydroxybutyrate. It can be
concluded that, in the mutant, 13C-flux from glucose or glycerol was
directed into glycolysis and its downstream products, but less into the
PPP due to the absence of enzymes involved in MI metabolism.

4. Discussion

In previous studies, it was shown that amino acids are important for
intracellular nutrition (Gesbert et al., 2014, 2015; Ramond et al., 2015;
Ziveri et al., 2017), but glycerol and glucose metabolism, as well as
gluconeogenesis is important for growth of different Francisella species
(Brissac et al., 2015; Chen et al., 2017; Radlinski et al., 2018; Ziveri
et al., 2017).

Phytate is an important phosphate and carbon storage component of
plants and is found at high amounts in fruits, nut seeds, and therefore
also in soil and aquatic habitats (Lim et al., 2007). Bacteria, fungi and

Fig. 5. Metabolic model and observed substrate usages in Francisella sp. strain W12-1067 from glucose (red labels), serine (green labels) and glycerol (blue labels).
The numbers present the normalized 13C-excess values and the arrow widths indicate the approximate relative fluxes. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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plants are able to generate MI from phytate by the enzymatic activity of
phytases (MI hexakisphosphate phosphohydrolase) (Rao et al., 2009).
We recently identified a new Francisella species (water-associated en-
vironmental isolate F-W12; (Rydzewski et al., 2014)) and, in this study,
in silico genome analysis revealed the presence of a putative MI (glu-
curonate) metabolism pathway in this species. The characteristic MI
oxygenase of F-W12 is 81–88 % identical to the respective enzymes of
different Francisella species and 41 % identical to the respective oxy-
genase of the plant Arabidopsis lyrata. A similar pathway has been
previously identified by genome analysis in Fno and F. philomiragia
ATCC 25015, but no experiments were performed to investigate the
function of this pathway (Siddaramappa et al., 2011). The pathway was
found in isolates with association to aquatic habitats but not in Ftt or Fth

and it was therefore postulated that it represents a more ancient operon
that was lost during adaptation to the host organisms (Siddaramappa
et al., 2011).

In this study, we could now demonstrate that the main glucuronate-
utilization pathway is present in F-W12. Growth and 2H-labelling ex-
periments clearly showed that this pathway is functional in F-W12 for
the usage of MI. More specifically, MI supported growth of F-W12 and
Fno Fx1 in MT-Glc. Final evidence was provided by labelling experi-
ments in CDM-Glc containing MI-C-2H6 as a substrate. Whereas the
wild-type strain showed high incorporation of 2H-labelled MI, only
minor fluxes from 2H-MI were detected for the mutant strain. Although
the MI transport protein (peg 283) was deleted in the mutant strain,
small amounts of MI may enter the cell due to the presence of a putative

Fig. 6. (A) 13C-Excess (mol%) and (B) the fractional isotopolog distributions (%) in key metabolites of the F-W12 ΔMyo mutant grown in MT supplied with 11 mM
[U-13C6]glucose (red labels, (1)) or 25 mM [U-13C3]glycerol (blue labels, (3)). 13C-Excess (mol%) and relative fractions of isotopologs (%) were determined by GC/MS
of the derivatives of different metabolites at the indexed m/z values. Error bars indicate standard deviations from the means of 6 values using 2 × biological
replicates and 3 × technical replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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minor MI transporter (peg 112, Pfam MFS_1) or the putative sugar
permease (peg 717, Pfam MFS_1). The 2H-incorporation observed in
multiple metabolic products leave no doubt that MI-C-2H6 served as an
efficient carbon substrate in F-W12. Interestingly, the labelling profile
in glucose is explained by its synthesis from M + 1 labelled pyruvate
and M + 2 labelled glyceraldehyde-3-P generated by the Eda enzyme
(peg 281) known from the Entner-Doudoroff pathway and also present
in the MI-utilizing operon of F-W12 (see also supplementary Fig. S2).
These precursors are both derived from M + 2 labelled 2-dehydro-3-
deoxy-D-gluconate, where the synthesis of pyruvate leads to loss of one
deuterium atom resulting in the M + 1 labelling, whereas during the
formation of glyceraldehyde-3-P both deuterium atoms are retained
leading to the M + 2 labelling. Either precursor enters glycolysis/glu-
coneogenesis then leading to the observed M + 1 and M + 2 iso-
topologs in glucose.

To get more clues about the metabolic capacity of the new
Francisella species, we further investigated the usages of main substrates
(glucose, serine and glycerol). Genes involved in the main metabolic
pathways of F-W12 are given in supplemental Fig. S3. On this basis, F-
W12 has the capacity to metabolize glucose, Ser and glycerol into su-
gars, protein-derived amino acids, free amino acids and free metabo-
lites, respectively. 13C-Labelling experiments shown in this study de-
monstrate that glucose serves an efficient precursor to form glycogen
and cell wall amino sugars, but can also be degraded via EMP not via the
ED or PPP, to provide the building blocks for amino acids, as well as for
fatty acids. However, the usage of glycerol was less active, and lead to
incorporation mostly into amino acids (Ala), lactate and fatty acids
when strain F-W12 was grown in the presence of additional unlabelled
glucose (MT). Exogenous Ser was mainly used directly for protein
biosynthesis or for biosynthesis (Ala>Gly> FA>Glu), but was not
effectively used for gluconeogenesis.

These data support that F-W12 utilized multiple carbon nutrients
following the concepts of a bipartite metabolism (Eisenreich et al.,
2015, 2019; Grubmüller et al., 2014). Compared to previous findings
using Fth and Fno (Chen et al., 2017), the whole metabolism of F-W12
seems to be more related to the one of Fno, especially for the usage of
glycerol and glucose as carbon substrates. The usage of Ser as a carbon
source for the generation of Ala is also more similar to Fno, whereas
fluxes into Gly, lactate and fatty acids are more similar to the earlier

findings with Fth (Chen et al., 2017).
The ΔMyo mutant of F-W12 lacking the whole MI-utilizing pathway,

had a more active EMP and less active PPP, as indicated by the higher
13C-incorporation into Ala, lactate and sugars. Interestingly, when
grown in MT, the metabolism of glucose and glycerol in the mutant
strain lead to higher incorporation into Ala (Pyr) and lower in-
corporation into Tyr, indicating that the Eda enzyme in the wild-type
strain may not only be involved in the metabolism of MI. The absence of
Eda may lead to a higher concentration of pyruvate and glycer-
aldehyde-3-P, since there is no carbon flux to KDPG (supplementary
Fig. S3). The role of the Eda enzyme of the MI gene cluster on glucose
metabolism should therefore be further analysed by generating and
characterizing a specific ΔEda mutant strain of F-W12.

In conclusion, MI serves as an additional carbon source for F-W12,
thus confirming the in silico genome data. The labelling data of the F-
W12 ΔMyo mutant strain indicated that the Eda enzyme in the wild-
type strain may not only be involved in the metabolism of MI or phy-
tate. Moreover, our data are also in agreement with multiple substrate
usage by F-W12 using exogenous glucose, Ser and glycerol. The bi-
partite metabolism of F-W12 could be an argument for host specific
virulence or persistence within the environment. For L. pneumophila, an
aquatic human pathogen replicating in amoeba and other protozoa in
its environmental habitat, it has been demonstrated that MI is sup-
porting the multiplication of L. pneumophila in macrophages and
amoebae (Manske et al., 2016). L. pneumophila also exhibits a bipartite
metabolism (Eisenreich and Heuner, 2016; Gillmaier et al., 2016;
Häuslein et al., 2016, 2017). In addition, phytate has a role for in-
tracellular growth restriction of L. pneumophila in amoebae and the
phytase of L. pneumophila counteracts this restriction (Weber et al.,
2014)., For Francisella further research is needed to investigate the
enzymatic activity and the role of the putative phytase in F-W12 to
elucidate if phytate can be used and may be causative for the persis-
tence of Francisella species at least within the aquatic habitat.
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Fig. 7. (A) Observed metabolic pathways and fluxes in F-W12 ΔMyo mutant from exogenous glucose (red labels) and glycerol (blue labels). For more details, see
legend to Fig. 5. (B) Differences in the metabolic fluxes between F-W12 wild-type and its isogenic ΔMyo mutant. For this, differences in the normalized 13C-
incorporation were calculated (values in the experiment with theΔMyo mutant minus the respective values observed for the wild-type). Metabolites detected by
GC–MS-analysis are indicated by the black boxes. The numbers indicate normalized overall 13C-incorporation (from labelled glucose and glycerol in red and blue,
respectively). The arrow widths roughly indicate the relative fluxes. Fluxes conducive to enrichments< 1 % are not shown. In (B) the numbers indicate the
differences in the normalized overall 13C-enrichments (ΔMyo mutant – wild-type). Lower fluxes in ΔMyo mutant are indicated by a negative numeric value. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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