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Abstract

Francisella tularensis is a Gram-negative bacterium that causes a potentially fatal disease
called tularemia. The highly infectious agent can spread via arthropod vectors, including ticks
and via rodents such as rabbits or beavers. The facultative intracellular pathogen typically
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invades human macrophages at the onset of human infection. For intracellular replication of
the bacteria, the usage of amino acids from the host cells and gluconeogenesis seem to be
detrimental, but other carbon sources including glucose and glycerol are also utilized. Here,
we compared the growth phase-dependent degradation of glucose, glycerol, and alanine in F.
tularensis subsp. holarctica isolated from an infected beaver with the respective metabolism
in the less virulent strains F. novicida strain U112 and Francisella sp. strain W12-1067.
To this aim, we performed 13C-labeling experiments with the bacteria growing in medium
T supplemented with either [U-13Cg]glucose, [U-13Cs]glycerol, or [2,3-13Cs]alanine during

s different growth phases. After cell harvest, mechanical disruption, and hydrolysis of cellular
fractions, we determined the 13C-profiles in various metabolites by mass spectrometry. The
detected 13C-patterns elucidated the metabolic fate of the supplied carbon nutrients and
revealed minor, but significant differences indicative of various metabolic phenotypes of the
Francisella strains under study. Glucose served as the main substrate for all strains under the
experimental conditions. The sugar was degraded via the Embden-Meyerhof-Parnas pathway
t: Authors contributed equally as the major catabolic route during growth. At lower rates, exogenous glycerol and alanine
to this work. were used as co-substrates, particularly in the less pathogenic strains during the later growth
phases. Our data support the hypothesis that, among other factors, the capability to adapt
substrate usages efficiently and metabolic fluxes could determine the virulence of Francisella
strains.
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Introduction many (Rydzewski et al., 2014; Appelt et al., 2020). The
F-W12 strain is negative for the classical Francisella

Francisella tularensis is an intracellular Gram-negative R )
pathogenicity island and seems to be less virulent.

bacterium, which infects a wide range of animals and

humans (Ellis et al., 2002; Sjostedt, 2011). In Germany, 5 }?lovicid}clz (Fn.o)f is le.ss p;‘thogenﬁc fo}rl huI{)lans but
so far, only F. tularensis subsp. holarctica (Fth) could ighly pathogenic for mice. fno 1s thought to be an op-

be identified as the causative agent of tularemia. F. portunistic pathogen, infecting immune-compromised
tularensis subsp. tularensis (F'tt), being much more humans only. (.Slddar.amappa et al., 2011,)' Fro strain
infectious than Fth, is mainly found in North America U112 was originally isolated from water in Utah (Lar-

(Ellis et al., 2002; Appelt et al., 2020). son et al., 1955,)' . f
In 2014, a second Francisella species (F. sp. strain Many studies about Francisella were performed

W12-1067 [F-W12]), isolated from the water reservoir with the Fth strain LVS (live vaccine strain) since it is
of a cooling tower, v:/as described to be present in Ger- apathogenic for humans and its laboratory handling is

19


https://gmpc-akademie.de/journals/gjm
mailto:HeunerK@rki.de
mailto:wolfgang.eisenreich@mytum.de
https://doi.org/10.51585/gjm.2022.1.0012

much easier. Here, we have investigated the Fth wild
type (WT) strain A-271_1, freshly isolated from the
carcass of a beaver deceased from tularemia (Schulze
et al., 2016). The isolate was used without serial pas-
saging on agar plates. Phylogenetically, this strain be-
longs to the B.12 subclade (biovar II, erythromycin
resistant) of Francisella (Schulze et al., 2016; Appelt
et al., 2019). The complete genome of this strain is
known and displays genes for all classical virulence
factors of Fth (Sundell et al., 2020). Notably, strains
of biovar II are also frequently isolated from patients
in Germany suffering from tularemia (Appelt et al.,
2019).

Efficient replication of intracellular bacteria such as
Francisella not only depends on special virulence fac-
tors but also on the metabolic adaptation of the bac-
terium to its host (cell) conditions (Eisenreich et al.,
2010). Among Francisella species, diverse carbon sub-
strates can be exploited for energy generation and an-
abolic demands (Gyuranecz et al., 2010; Huber et al.,
2010; Chen et al., 2017). It was reported that glycol-
ysis is dispensable for F. tularensis virulence, whereas
gluconeogenesis is necessary for intracellular growth
(Radlinski et al., 2018). Similar results were demon-
strated for Fth and Fno (Brissac et al., 2015; Ziveri
et al., 2017a,b). Indeed, glycerol was shown to serve as
a substrate for intracellular F¢t and Frno (Brissac et al.,
2015; Radlinski et al., 2018), but amino acids from the
host are also important for intracellular replication of
Francisella. These co-substrates are either catabolized
to provide energy or used for gluconeogenesis (Barel
et al., 2012; Gesbert et al., 2014; Ramond et al., 2014;
Barel et al., 2015; Brissac et al., 2015; Gesbert et al.,
2014, 2015; Ziveri et al., 2017a; Radlinski et al., 2018).

Under in-vitro conditions, the metabolism of Fran-
cisella is more diverse. It was shown that thre-
onine, proline, methionine, lysine, tyrosine, trypto-
phan, asparagine, phenylalanine, alanine and serine
improve growth in the absence of glucose, whereas glu-
tamine, glutamate, leucine, isoleucine, histidine and
arginine do not (Brissac et al., 2015). Indeed, Fth and
Fno replicate well in Chamberlain’s chemically defined
medium (CDM) containing glucose as well as in the
glucose-rich medium T (Brissac et al., 2015; Becker
et al., 2016; Chen et al., 2017; Koéppen et al., 2019).
However, Fno and F. tularensis are unable to utilize
glucose-6-phosphate since no glucose-phosphate trans-
porter seems to be present in these strains (Gyuranecz
et al., 2010; Huber et al., 2010; Gesbert et al., 2014;
Ziveri et al., 2017b).

In addition, there seems to be no phosphotrans-
ferase system (PTS) system in Fno or F. tularensis,
and it is still unclear which protein is responsible for the
uptake of glucose in both species (Ziveri et al., 2017a).
Thus, Francisella appears to be unable to directly use
glucose-6-phosphate from the host cytosol (Ziveri et al.,
2017b). Using a glucokinase mutant strain to support
this hypothesis, we could demonstrate that F-W12 also
lacks a functional PTS system. On the other hand, ex-
ogenous glucose within the medium highly improved
the growth of this strain (Képpen et al., 2019). The
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same phenotype was also demonstrated for the intra-
cellular growth of F. tularensis (Radlinski et al., 2018).

In earlier in-vitro '3C-labeling studies, we could
confirm that exogenous glucose serves as the major
substrate for Fth and Fno (Chen et al., 2017). The
observed '2C-distribution in metabolic products re-
vealed that the sugar is metabolized mainly through
the Embden-Meyerhof-Parnas (EMP) pathway. We
could also show that, next to glucose, glycerol is con-
sumed as a co-substrate from the medium. The label-
ing patterns reflected that glycerol is converted into
acetyl-CoA as a substrate for the TCA cycle, but
it also serves as a gluconeogenetic precursor in Fno,
and at lower rates also in Fth (Brissac et al., 2015;
Chen et al., 2017; Ziveri et al., 2017b; Radlinski et al.,
2018). This co-substrate usage suggested a bipar-
tite metabolism in Francisella, similar to the earlier
ones described for Legionella pneumophila and other
pathogens (Grubmiiller et al., 2014; Eisenreich et al.,
2015; Gillmaier et al., 2016; Chen et al., 2017, 2020).

For better understanding of the dynamics in sub-
strate usages of different Francisella strains, we here
report in-vitro 13C-labeling experiments during dif-
ferent growth phases, namely during (i) the expo-
nential growth phase, (ii) the late-exponential/post-
exponential phase, and (iii) the stationary phase.
To this aim, the bacteria were grown in medium T
(Becker et al., 2016) either containing [U-13Cg]glucose,
[U-13C3]elycerol, or [2,3-13Cy]alanine as tracers. To
specifically address the question of how virulence and
pathogenicity are connected to substrate usages and
metabolism, we compared the highly pathogenic Fth
WT strain (A-271_1; ”beaver isolate”) (Schulze et al.,
2016) with the Fno strain U112 (less pathogenic for
humans) and the environmental aquatic F. sp. isolate
W12-1067 (F-W12) (Rydzewski et al., 2014). To de-
termine differences in the incorporation rates and the
metabolic routes of the labeled supplements, we com-
pared the '?C-excess values and isotopologue profiles
in multiple metabolites, e.g. in amino acids and cell
wall sugars.

Material and Methods

Strains, growth conditions, media, and buffers

Strains used in this study were Fth wild type strain
[isolate A-271_1; (Schulze et al., 2016)], Fno strain
U112 [ATCC 15482; (Larson et al., 1955)] and Fran-
cisella sp.  strain W12-1067 (Rydzewski et al.,
2014).  Francisella strains were cultivated at 37°C
in medium T (Becker et al., 2016) containing 1%
brain heart infusion broth (Difco Laboratories, Inc.,
Sparks, MD, USA), 1% bacto tryptone (Difco), 1%
technical casamino acids (Difco), 0.005 g of MgSQy,
0.01% FeSOy, 0.12% sodium citrate, 0.02% KCl, 0.04%
KoHPOy, 0.06% L-cysteine and 1.5% glucose.

Labeling experiments

One liter of growth medium (medium T) was sup-
plemented with either 2 g of [U-13Cglglucose (11
mM), 0.46 g of [2,3-13Cqlalanine (5 mM), or 2.5 g
of [U-13Cj3]glycerol (25 mM), respectively (Eurisotop,



Saarbriicken, Germany). Volumes of 250 ml of supple-
mented medium T were inoculated with 20-40 ml of an
over-night culture of the Francisella strains. Incuba-
tion was carried out at 37°C and 250 rpm. The optical
density at 600 nm (OD600) was determined at regular
intervals. Labeling experiments were done during the
exponential (E), late/post-exponential (LE/PE), and
stationary (S) phases, as indicated in Figure 1a. Before
harvesting, a culture aliquot was plated onto lysogeny
broth (LB) agar (Bertani, 1951, 2004) to rule out the
possibility of contamination. At the end of each respec-
tive growth phase, the bacteria were pelleted at 4,700
g and 4°C for 15 min. The supernatant was discarded.
The bacterial pellet was washed once with PBS and
autoclaved at 120°C for 20 min. The pellet was resus-
pended in 4 ml of water and lyophilized.

In a control experiment, the concentration of free
alanine, glucose, and glycerol in the supernatant was
measured as described below after incubation of the
strains at the start point, after the E phase and after
the LE/PE phase in medium T. These values indicate
the amount of free unlabeled substrates at the time
points of the addition of labeled substrates which were
subsequently used to determine the multiplication fac-
tors to normalize the mol% incorporation values of the
labeled substrates (glucose, glycerol, alanine).

Workup of Francisella cells

Analysis of Francisella cell pellets was performed as
described earlier (Chen et al., 2017). In brief, the
lyophilized cell pellet was used to extract cytosolic
metabolites, including free fructose. Proteins, cell
wall or acid-labile polysaccharides were hydrolyzed,
and amino acids, bound glucose from glycogen and
glucosamine were isolated from the respective hy-
drolysates. The metabolites were subsequently deriva-
tized and analyzed by GC-MS to determine 3C-
incorporation, as described earlier (Chen et al., 2017).
Each experiment was performed twice, and each GC-
MS sample was analyzed in three technical replicates.
The results given below represent mean values and
standard deviations, using six values for each metabo-
lite under study (Tables S1-527).

Analysis of the Francisella growth media

Analysis of Francisella growth media was performed
as described earlier (Chen et al., 2017). In brief, after
0/5/15 h of growth (Fno and F-W12) or 0/10/25 h
in the case of Fth, 1 mL of the supernatant was used
for analysis with norvaline (5 mM) as an internal stan-
dard. Metabolite quantification was done via GC-MS.
Each experiment was performed twice, and each GC-
MS sample was analyzed in three technical replicates.
Therefore, the results given below represent mean val-
ues and standard deviations using six values.

Results

Growth phase characterization in Fth, Fno, and F-
W12 strains

At first, we investigated the growth curves of Fth A-271
(“beaver isolate”), Fno U112 and F-W12 in medium T
at 37°C. We chose the Fth wild type strain for the com-
parative study since the highly virulent strain could
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allow correlating metabolism with virulence in com-
parison to the apparently less virulent strains under
study. We observed a slower replication phenotype
and delayed growth of Fth A-271 in medium T (Fig-
ure la). Notably, this slower replication resulting in
delayed growth could not be observed for Fth strain
LVS (data not shown). However, we could demonstrate
previously that the general carbon flux in Fth LVS is
similar to that of Fth strain A-271 in-vitro (Chen et al.,
2017).

The prolonged E/PE phase of Fth A-271 was also
considered for the time settings in the experiments
with '3C-labeled substrates. In Figure la, the time
intervals of the respective growth phases (exponential
phase [E], late exponential to post-exponential phase
[LE/PE], and stationary phase [S]) are indicated. The
13C-labeled substrates were added to the medium at
the start of each phase, respectively. The unexpected
slight raise of OD600 values detected for Fno after 25
h of growth were not correlated to bacterial growth
as there was no increase of CFU values detectable for
Fno during this growth phase (data not shown). In
contrast, for the raise of OD600 values from 20 to 30 h
for strain F'th A-271, also increasing CFU values could
be observed (data not shown).

Using a glucokinase mutant strain of F-W12, we
demonstrated in previous research that glucose has a
positive effect on the growth of this strain during the
late replicative phase (Koppen et al., 2019). To in-
vestigate if this also holds true for Fth and Fno, we
performed growth experiments using medium T [MT
(15 g glucose per L)] and medium T without glucose
(MT-Glc) (Figure 1b). Indeed, the positive effect of
glucose on growth was visible during the late to post-
exponential phase for all three strains under investiga-
tion, but for Fth, a slight increase in bacterial growth
was already detected in the E phase of growth (Fig-
ure 1b). Therefore, and as a control for the labeling
experiments, we also determined the concentrations of
free glucose, alanine, and glycerol in the supernatants
of the three Francisella strains grown in medium T at
the starting point of the experiment (0 h), the end of
E phase (5 h/10 h) and the end of the LE/PE phase
of growth (15 h/25 h) (Table 1).

Glycerol was not detectable except for the medium
of F'th after 25 h of growth, albeit at a low concentra-
tion of 1.4 mmol 1"'. The concentration of free alanine
slightly increased over time (F-W12>> Fno>Fth). In-
terestingly, despite the presence of a high concentration
of free glucose (75 mM) in medium T at 0 h, the concen-
trations of free glucose in the supernatants of Fno and
F-W12 slightly increased during the E phase and then
decreased again, whereas, for Fth, the amount of glu-
cose generally decreased over time. This suggested that
glucose is used as an early substrate in Fth compared to
Fno or F-W12, which agrees with the differences men-
tioned above between the three strains regarding the
growth enhancement due to glucose (Figure 1b). The
amounts of free, unlabeled glucose, alanine, and glyc-
erol in the supernatant were further used to normalize
the 13C-mol% values of metabolites in the labeling ex-
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Figure 1: Growth behavior of the different Francisella strains under study. (a) Growth of Francisella novicida (Fno

U112), Francisella tularensis subsp. holarctica (Fth A-271),

and Francisella F-W12 (F-W12) in medium T. Results are

mean values with standard deviations of three independent experiments. Bacterial cells were harvested at the exponential
(E), late-exponential /post-exponential (LE/PE), and stationary (S) phases of growth. Time periods of the '*C-labeling

experiments for Fno U112, F-W12 (black arrows), and Fth

A-271 (red arrows) are indicated. (b) Growth of Fno (Fno

U112), Fth (Fth A-271), and F-W12 (F-W12) in medium T with (MT) and without (MT-Glc) glucose was investigated
at different time points over 24 h of incubation. Results are mean values and standard deviations of three independent

experiments.

periments with respect to the ratio between unlabeled
and labeled substrates in the medium. Therefore, the
different substrates are directly comparable in terms of
their relative usage rates, and the values mentioned be-
low refer to these normalized '>C-excess values in the
respective metabolite.

Comparative 3C-isotopologue profiling analysis
In earlier work, we analyzed the metabolic capabili-
ties of Fth and Fno through isotopologue profiling us-
ing 13C-glucose, '3C-glycerol as well as '3C-serine as
tracers. Herein, a general metabolic model could be
established based on '3C-incorporation and isotopo-
logue distributions (Chen et al., 2017). The same
metabolic model now served for data analysis to reveal
the metabolic pathways under the various conditions.
For analysis of the metabolic fluxes, different classes
of metabolites were analyzed. Mechanical disruption of
the cells allowed direct analysis of cytosolic, un-bound

metabolites, while chemical lysis yielded data for cell-
wall-bound sugars and protein-bound amino acids.

F. tularensis subsp. holarctica WT

Figure 2 represents the simplified metabolic scheme for
growth phase-dependent substrate usages in Fth. In
the scheme, Figure 2a summarizes the carbon fluxes
from exogenous [U-'3Cglglucose, Figure 2b from ex-
ogenous [U-13Cslglycerol, and Figure 2c from exoge-
nous [2,3-13Cs]alanine, respectively.

In general, the C3-compounds, glycerol, alanine,
and lactate, derived from the glycolytic intermediates,
glyceraldehyde phosphate, and pyruvate, respectively,
displayed significant '*C-incorporation from the sup-
plied [U-13Cg|glucose (glycerol, 66 to 36%; alanine, 64,
75 and 51%; lactate, 41 to 13%, Figure 2a, Tables S10-
S12). Their isotopologue profiles were dominated by
M+3 labeling, i.e., reflecting three '>C-labels in the
metabolites (data not shown). Additionally, the pres-
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Table 1: Concentrations of unlabeled alanine, glycerol, and glucose [mM] in the supernatant during different time
points of Francisella growth in medium T as determined by GC-MS. 0 h represents the start of the exponential growth
phase, 5 h/10 h represents the beginning of the late/post-exponential growth phase, and 15 h/25 h represents the be-
ginning of the stationary phase (Figure 1a). Values are given as means of two biological replicates with three technical
replicates each. #Values were taken from an earlier work under similar conditions (Chen et al., 2017).

Concentration [mM]

Strain Time
Alanine Glycerol Glucose
0h 0.4% 0% 75.3%
F. tularensis subsp. holarctica 10 h 2.6 0 55.3
25 h 4.6 1.4 28.4
0h 0.4% 0% 75.3%
F. novicida 5h 0.8 0 95.4
15h 4.9 0 45.7
0h 0.4% 0% 75.3%
Francisella sp. strain W12-1067 5 h 3 0 101.1
15 h 11.5 0 68

ence of M+1 and M+2 labeling in alanine and lactate
suggested active decarboxylation of a C4-intermediate
(with M+1 and M+2 labeling) from the TCA cycle,
e.g., via PEP carboxy-kinase, malate dehydrogenase,
or aspartate 4-decarboxylase.

The production of labeled acetyl-CoA was reflected
by the '3C-excess and isotopologue profiles of the
fatty acids, palmitate, and stearate (38 and 29% '3C-
incorporation, respectively). Labeled acetyl-CoA also
entered the TCA cycle, leading to '3*C-incorporation
into the TCA intermediates, a-ketoglutarate resp. glu-
tamate (25, 20, and 9%) as its direct transamination
product and succinate (13, 32, and 17%). Notably,
all TCA cycle-related intermediates and products dis-
played significant 13C-excess and diverse isotopologue
profiles (Tables S10-S12) arising through the propaga-
tion of the acetyl-CoA moiety via the TCA cycle and
eventual combination of labeled precursors in the cit-
rate synthase reaction. For a detailed interpretation of
the labeling profiles, see also (Chen et al., 2017).

The analysis of hexose sugars (i.e., of detected glu-
cose, fructose, and glucosamine) mostly resulting from
hydrolysis of the cell wall revealed high '2C-excess
values through the incorporation of [U-?Cglglucose
during the E phase for cell wall-derived glucosamine
(76%), free fructose (85%) and bound glucose (100%,
Tables S10-S12, S19-S21). However, these sugars dis-
played diverse isotopologue profiles, not only reflecting
the expected M+6 species (i.e., molecules carrying six
13(C-labels) but also showing lighter isotopologues (e.g.,
M+3), especially in glucosamine (data not shown).
This was taken as evidence for active gluconeogenesis
using M+3 and lighter labeled precursors. Together
with the high '>C-excess values, this suggested an ac-
tive synthesis of cell wall sugars in the E phase.

In the LE/PE phase, glucose metabolization led
to an increase in '3C-excess in most metabolites ex-
cept for sugars, glycerol, and lactate (Tables S1-S3,
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S10-S12, S10-S12). The '3C-excess in glucosamine
and fructose decreased significantly from 76% to 40%
and 85% to 58%, respectively (Figure 2a). However,
TCA cycle intermediates, protein bound amino acids
(alanine, glutamate, tyrosine, and aspartate), free ala-
nine, and fatty acids showed a significant increase (Fig-
ure 2a). Additionally, isotopologue profiles of fatty
acids displayed higher abundances of heavier isotopo-
logues (data not shown). This suggested increased
carbon flux from the supplied 3C-glucose into acetyl-
CoA, serving for fatty acid synthesis and the TCA cycle
during the PE phase.

Interestingly, glutamate did not show this increased
13C-incorporation, probably reflecting lower rates of de
novo glutamate formation after the exponential growth
phase. In the S phase, the 13C-excess values using '3C-
labeled glucose generally decreased (Figure 2a). Thus,
the carbon flux from glucose into metabolites in Fth,
in general, was highest during the LE/PE phase of
growth. [U-13Cjzlglycerol was efficiently taken up, re-
sulting in more than 87% (E), 86% (LE/PE), and 93%
(S) of re-isolated cytosolic glycerol (Tables S13-S15).
Nevertheless, the carbon flux from glycerol into other
metabolites in Fth was 10 to 50 times lower than that
utilizing glucose (Figure 2b), although similar isotopo-
logue compositions were produced in the downstream
metabolites as in the experiment with [U-'3Cg]glucose
(Tables S4-S6, S13-S15, S22-S24). This indicated that
the supplied glycerol was shuffled into glycolysis as
M+3 3-phosphoglycerate, which was also a key inter-
mediate from glucose degradation.

There were also low but significant levels of 3C-
excess in glucosamine (1.4%) and fructose (0.8%),
confirming active gluconeogenesis (Tables S22-524).
When comparing the labeling data during the differ-
ent growth phases, glycerol usage was highest in the E
phase of growth and then steadily decreased towards
the S phase (Figure 2b).
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Figure 2: Overview of growth phase-dependent metabolization of (a) glucose, (b) glycerol, and (c) alanine in F. tularen-
sis subsp. holarctica (Fth). Boxes indicate the supplied 13C-labeled substrates. Red arrows represent metabolic fluxes
in the early exponential growth phase, green arrows represent the late/post-exponential growth phase, and blue arrows
represent metabolism during the stationary phase. The thickness of the arrows is proportional to the *C-incorporation
into the respective metabolite (Tyr refers to protein-bound Tyr; hexoses include free fructose, bound glucose, and cell
wall-derived glucosamine; the other metabolites were isolated from the cytosol), which is also indicated by relative fluxes
in % below the arrows. Glucose-P: glucose-phosphate; PPP: pentose phosphate pathway; 2-OG: 2-oxoglutarate; TCA:

tricarboxylic acid cycle.

In the experiments with [2,3-13Cy]alanine, the 13C
data showed that the labeled amino acid was used di-
rectly for protein biosynthesis or that it was trans-
formed to M+2 pyruvate and further downstream
products (Figure 2¢), although an alanine transami-
nase or dehydrogenase is not annotated in the genome
of Fth (Ziveri et al., 2017b) (Tables S7-S9, S16-S18,
S525-527). Further reactions led to M+2 acetyl-CoA,
which causes similar isotopologue distributions in fatty
acids and TCA cycle-related metabolites as observed in
the experiments with labeled glucose and glycerol, re-
spectively.

Gluconeogenesis from alanine occurred only at very
low levels but was highest in the S phase of growth (Ta-
bles 525-S27). The 13C-excess of free alanine decreased
over time, which may be due to the increasing amount
of unlabeled alanine in the supernatant of Fth over the
whole time, as observed through the analysis of the
medium (Table 1).

Francisella novicida

When feeding [U-'3Cg]glucose, Frno showed similar val-
ues and isotopologue distributions as Fth during ex-
ponential growth (Figure 3). However, it should be
mentioned that the '3C-excess values were generally

slightly higher (Tables S1-S3, S10-S12, S19-S21). Ex-
cess values were highest in fructose (92%) and glu-
cosamine (77%), both showing indications for gluco-

neogenesis, despite high levels of glucose in the medium
(Table 1).

In the LE/PE phase, glucose usage gener-
ally increased, especially leading to increased 3C-
incorporation into glycerol (94%), lactate (87%), and
alanine (98%) which are directly derived from gly-
colytic intermediates (Tables S10-S12). Following this
tendency, TCA cycle intermediates and acetyl-CoA-
derived metabolites also showed increased !3C-excess
compared to the preceding growth phase (fatty acids
[67%], succinate [57%], and glutamate [47%]). In gen-
eral, glucose usage was highest in the LE/PE phase and
decreased again in the stationary phase, as already de-
scribed for Fth. [U-13Cs]glycerol was metabolized sim-
ilarly to glucose but at a substantially lower rate, espe-
cially for gluconeogenesis (Tables S4-S6, S13-S15, S22-
S24). Still, excess values of 4.0% in glucose, 4.7% in
glucosamine, and 2.8% in fructose during the E phase
showed active gluconeogenesis from [U-13Cj]glycerol in
Fno.

In the post-exponential phase, glycerol usage in-
creased significantly. Alanine and lactate showed al-
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Figure 3: Overview of growth phase-dependent metabolization of (a) glucose, (b) glycerol, and (c) alanine in Fran-
cisella novicida (Fno). Boxes indicate the supplied '3C-labeled substrates. For more details, see the legend of Figure 2.

most exclusively M+3 labeling with '3C-excess values
of 24% and 17%. In addition, in the PE phase, fatty
acids (14%) were predominantly evenly labeled with
similarly high '3C-excess values. The high portion of
M-+2 acetyl-CoA also led to an enrichment of multiply
labeled TCA cycle-related metabolites. The glycerol
uptake in the stationary phase seemed to be highly
reduced, leading to a decrease in the '3C-excess of cy-
tosolic glycerol from >80% to 49% during this phase
(Tables S13-S15). Subsequently, the 13C-excess values
in all metabolites were lowered.

The 13C-Incorporation from [2,3-'3Csylalanine was
again much lower than that from '3C-glucose and 3C-
glycerol but, in contrast to these substrates, metabo-
lization and especially gluconeogenesis decreased dur-
ing the post-exponential growth and then increased in
the S phase (Tables S7-S9, S16-S18, S25-S27). No-
tably, the 3C-excess values in lactate were higher in
all growth phases compared to Fth.

Francisella sp. strain W12-1067

Similar to the other strains, F-W12 showed efficient
glucose usage via the pathways discussed before for Fith
and Fno (Tables S1-S3, S10-S12, S19-S21). Neverthe-
less, the incorporation rates were lower in F-W12 for
all metabolites under study (Figure 4a). During the
post-exponential phase (PE), glucose utilization gen-
erally increased. Thus, glucose was used more inten-
sively during the PE phase, leading to high excess val-
ues in glucosamine (52%), lactate (77%), fatty acids
(43%), and TCA intermediates/products (succinate

25

70%, glutamate 24%). However, during the stationary
phase, fatty acids showed reduced *C-incorporation,
while TCA cycle-related metabolites revealed higher
13C-excess values than those in the preceding growth
phases.

Glycerol was taken up at a very high rate, result-
ing in a '3C-excess of 92.5% for cytosolic glycerol in all
three growth phases (Tables S13-S15). Subsequently,
glycerol metabolization led to '*C-incorporation simi-
lar to the rates observed for Fno. In the LE/PE phase,
glycerol utilization generally increased, with gluconeo-
genesis being the only exception. Metabolites derived
from pyruvate showed a constant increase over time (S
phase: lactate 21%, free alanine 21%), while acetyl-
CoA-derived metabolites showed more pronounced la-
beling in the LE/PE phase, followed by a decrease
again during stationary growth. Gluconeogenesis from
glycerol was highest in the E phase (Tables S22-524).
This declined over time but was still higher in F-W12
during all growth phases when compared to Fth or Frno.

Alanine was also taken up and utilized by F-W12
during all growth phases at higher rates than in Fth
or Fno (Tables S16-S18). Alanine usage during the
LE/PE phase was rather differentiated, as TCA cy-
cle intermediates showed a decrease in '3C-excess com-
pared to than in the E phase, while fatty acids revealed
higher '*C-incorporation. In the S phase, utilization of
alanine was highest in F-W12 strain. This became es-
pecially apparent in lactate (18%), FA (21%), and glu-
tamate (7%) but was also true for glucosamine (3%) as
a product of gluconeogenesis.
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Figure 4: Overview of growth phase-dependent in Francisella F-W12 strain. Boxes indicate the supplied **C-labeled

substrates. For more details, see the legend of Figure 2.

Discussion
Glucose as a carbon substrate

Glucose is metabolized in Francisella strains mainly
via the Embden-Meyerhof-Parnas pathway and via the
pentose phosphate pathway (Brissac et al., 2015; Chen
et al., 2017; Ziveri et al., 2017b; Rytter et al., 2021).
Here, we could confirm that these pathways are highly
active during all growth phases, with a glucose usage
rate in Fno> Fth>F-W12. In our comparative study,
we could now demonstrate that carbon flux from glu-
cose was highest in the LE/PE phase for all strains
under study, underlining the observed positive effect of
exogenous glucose on the growth of Francisella, espe-
cially during the late exponential phase (Figure 1b).

In contrast to F'th, the usage of labeled glucose for
glucosamine biosynthesis was even still high in the S
phase of Fno and F-W12. The diverse isotopologue
profile in glucosamine clearly reflects that the supplied
13Cg-glucose (M+6) was directly incorporated into the
hexose for, e.g., cell wall biosynthesis (based on the ob-
servation of M+6 isotopologues in glucosamine). How-
ever, the observation of M43 isotopologues in glu-
cosamine revealed that exogenous glucose was also
first degraded into 3Cs-trioses followed by glucogene-
sis where the triple 13C-labeled triose is paired with an
unlabeled triose resulting in the detected '3Cs-hexose
specimens.

In relation to the observed differential influence of
glucose on the growth of Fth in the E phase (Figure 1b)
and the reduction of glucose levels in the medium su-
pernatant in the E phase, it seemed that, during ex-

ponential growth of Fth, more glucose is required for
the generation of energy (ATP) through the TCA cy-
cle and respiration as compared to Fno and F-W12
that would lead to higher consumption of Oy and a
loss of C as '3CO,. This could explain why Fth in-
corporated less labeled carbon from glucose than Fno,
despite apparently consuming more glucose from the
medium (Table 1). In addition, due to the absence of
glucose-6-phosphate dehydrogenase (ED pathway) and
the presence of lactate dehydrogenase (Hill and Mills,
1954; Kanehisa et al., 2016; Radlinski et al., 2018), this
may also lead to the observed higher flux into lactate
(under Oy deficit) of Fth and thus to a lower car-
bon flux into metabolites when compared to Fno or
F-W12. Generally, flux into lactate was high, but only
Fth showed its maximum already in the E phase.

In addition to early glucose usage through the TCA
cycle, it seems that amino acid and protein biosynthe-
sis in Fth was highest during the E phase and subse-
quently reduced in the PE phase as mol% values of la-
beled protein-bound alanine did not further increase in
the PE phase, whereas the '3C-incorporation into free
alanine was still high. In contrast, Fno and F-W12
showed an increase in the >C-excess of both free and
protein-bound alanine during the PE phase. In com-
parison to the aquatic F-W12 and Fno strains, glucose
metabolism seems to play a more relevant role in the
apparently more pathogenic Fth strain, at least under
in-vitro conditions, since F'th massively used glucose al-
ready in the early E phase probably to generate energy
via the TCA cycle for, e.g., protein biosynthesis. In
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line with this conclusion, glucose also enhanced intra-
cellular growth of Ftt in cell culture (Radlinski et al.,
2018), and recent studies suggested that intracellular
Francisella require the pentose phosphate pathway and
glycolysis during their initial phase of replication (Ryt-
ter et al., 2021).

On the other hand, glycolysis was reported to be
dispensable for Ftt virulence under in-vivo conditions
indicating the highly adaptive glucose metabolism of
the pathogen. Thus, when intracellular glucose be-
comes limiting, Francisella is capable of switching to
gluconeogenesis.

Glycerol as a co-substrate

We here show that Fth efficiently takes up glycerol
during all growth phases but that it is hardly used
as a carbon substrate in the glucose-rich medium T.
This stands in contrast to the presence of a glycerol ki-
nase in the Fth genome as well as the ability of Fth to
metabolize glycerol phosphate (Gyuranecz et al., 2010;
Huber et al., 2010; Chen et al., 2017), but confirms pre-
vious observations regarding the role of glycerol in Fth
metabolism (Petersen and Schriefer, 2005; Gyuranecz
et al., 2010; Huber et al., 2010; Gesbert et al., 2014,
Brissac et al., 2015; Chen et al., 2017, 2020). Still, the
high uptake rate suggests the utilization of glycerol po-
tentially for the synthesis of glycerolipids which were
not analyzed in our study. However, it should be kept
in mind that Ftt SchuS4 can efficiently metabolize glyc-
erol as a carbon nutrient. Remarkably, this phenotype
is used to distinguish F. tularensis type A (F'tt) from
type B (Fth) (Petersen and Schriefer, 2005; Gyuranecz
et al., 2010; Huber et al., 2010; Mackie et al., 2012).
In contrast to Fth, glycerol provides a more valuable
co-substrate for Fno and F-W12 under our conditions,
especially during the LE/PE and S phases.

Metabolization mostly occurred via downstream
conversion of pyruvate, but there were also indications
for gluconeogenesis at low rates. The low gluconeo-
genetic activity might be due to the high amounts
of glucose in the medium, but the labeling data gen-
erally proves glycerol’s potential as a gluconeogenic
substrate. Similar to glucose usage in both strains,
glycerol utilization was highest in the LE/PE phase,
thereby corroborating the co-usage of these two sub-
strates. Interestingly, in Fno, glycerol uptake de-
creased sharply but remained unchanged in F-W12.
Although both strains represent environmental aquatic
isolates, there appears to be a difference regarding the
role of glycerol during the S phase.

Alanine as a co-substrate

Surprisingly, alanine concentration in medium T dur-
ing growth increased for all three species under study
(Table 1). This may underline the proteolytic activity
of Francisella strains, leading to the degradation of the
available proteins and peptides in the medium (e.g., of
brain heart infusion and bacto tryptone). However,
in the presence of glucose at high concentrations, ala-
nine may be generated and secreted into the medium in
parallel to lactate from pyruvate to regenerate NAD™,
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when Oy is decreasing, although high amounts of la-
beled alanine were produced from glucose as a labeled
substrate. To confirm this hypothesis, we demon-
strated in a control experiment that a high amount of
13C-alanine (27% in the supernatant), generated from
13(C-glycerol during the PE/LE phase of growth of Fno,
was secreted into the medium (Table S28). The data
confirm our hypothesis and may also explain the ob-
served increasing amount of alanine within the medium
during the growth of the strains investigated (Table 1).

Amino acids are well known to be important for in-
tracellular replicating Francisella (Barel et al., 2012;
Gesbert et al., 2014; Ramond et al., 2014; Barel et al.,
2015; Gesbert et al., 2015; Radlinski et al., 2018). In
contrast to glucose or glycerol, we observed that car-
bon flux from alanine was highest in the S phase into
most of the metabolites under study. However, con-
sidering the relatively low '3C-incorporation values in
comparison to the experiments with labeled glucose or
glycerol, it is obvious that alanine and other amino
acids are used to a lesser extent as carbon substrates
by Francisella when growing in medium T, although
alanine was reported to be an efficient carbon source
in Fno (Brissac et al., 2015; Ziveri et al., 2017a).

Specifically, it was observed for Fno that the growth
reduction by a reduced glucose concentration could be
compensated by adding 30 mM alanine (Brissac et al.,
2015). We do not know if this is also true for Fth,
but it is interesting that in the presence of labeled ala-
nine as a co-substrate, nearly no labeled lactate was
produced by Fth, in contrast to Frno and F-W12. In
general, carbon flux from alanine was mainly found in
fatty acids, lactate, and TCA cycle-related metabolites
in the E and S phase. Surprisingly, F-W12 showed the
highest alanine usage, especially in the S phase, again
underlining the differences between Fno and F-W12.
The observed low carbon flux rates from labeled amino
acids in Fth and Fno grown in medium T could also
be shown for glutamine (preliminary results, data not
shown) and may also be due to the high amount of
glucose in this medium (Chen et al., 2017).

Conclusion

The specific 13C-patterns in multiple metabolites re-
vealed minor but significant differences in the relative
rates of substrate usages and carbon fluxes of the three
Francisella strains under study. In general, the usage
and carbon flux rates into most metabolites was: glu-
cose >> glycerol = alanine. The '3C-isotopologue pro-
files confirmed that glycerol could serve as a minor glu-
coneogenic substrate for all studied strains (Chen et al.,
2017). This is now demonstrated for the first time also
for alanine. Moreover, we here corroborated that the
Embden-Meyerhof-Parnas pathway and gluconeogen-
esis are simultaneously active, as expected before by
(Brissac et al., 2015), although glucose was present at
high amounts in the medium until the stationary phase.

Glycerol was a good gluconeogenic substrate for
Fno and F-W12, especially during the early exponen-
tial and LE/PE phase. In the LE/PE phase, the car-
bon flux from glucose and glycerol increased, and the



TCA cycle was more active in all three strains un-
der study. Furthermore, carbon fluxes from glucose or
glycerol into lactate increased during the later growth
phases. Based on this observation, lactate dehydroge-
nase (and Glu dehydrogenase) could be important for
stabilizing the redox status of the bacteria or for using
intracellular lactate as another co-substrate for survival
(Radlinski et al., 2018). Regarding the connection be-
tween metabolism and virulence, the apparently more
virulent Fth strain is more dependent on glucose, as
its metabolization is initiated earlier compared to Fno
and F-W12, although the growth of Fth was slightly
delayed. Also, the overall glucose consumption from
the medium was highest for the Fth strain, while the
potential co-substrates were used to a much lesser ex-
tent as compared to Fno and F-W12.

Further in-vivo studies using different Fth WT
strains (e.g., different biovars or strains isolated from
different hosts) are now necessary to better understand
the puzzling role of glucose during the infection cycle of
F'th as compared to earlier results obtained with Fno or
Ftt (Radlinski et al., 2018; Rytter et al., 2021). How-
ever, all data about nutrients usage and metabolism of
Francisella underline the metabolic plasticity of these
bacteria to adjust to environmental conditions rapidly.
This might be especially relevant to adapting their
metabolism to host cells’ rapidly changing milieu dur-
ing intracellular growth.
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Table S1: '3C-Excess of proteinogenic amino acids in Fth, Fno and F-W12 during the exponential growth phase in
medium T with the addition of 11 mM [U-'3Cg]glucose. Mean values and standard deviations are based on two biological
replicates with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean SD
Ala 5,26% 0,26% 6,16% 1,19% 1,50% 0,19%
Asp 1,01% 0,06% 0,32% 0,13% 0,20% 0,08%
Glu 2,00% 0,08% 2,96% 0,56% 0,74% 0,07%
Gly 0,27% 0,05% 0,23% 0,08% 0,18% 0,05%
His 0,21% 0,03% 0,05% 0,04% 0,40% 0,36%
lle 0,15% 0,03% 0,11% 0,06% 0,10% 0,03%
Leu 0,18% 0,03% 0,05% 0,05% 0,05% 0,04%
Lys 0,26% 0,03% 0,07% 0,02% 0,08% 0,01%
Met 0,11% 0,04% 0,07% 0,10% 0,07% 0,04%
Phe 0,28% 0,04% 0,10% 0,03% 0,24% 0,02%
Pro 0,51% 0,09% 0,29% 0,02% 0,25% 0,03%
Ser 0,89% 0,09% 0,16% 0,02% 0,13% 0,03%
Thr 0,78% 0,05% 0,40% 0,08% 0,40% 0,10%
Tyr 1,45% 0,41% 1,49% 0,19% 0,38% 0,07%
Val 0,09% 0,01% 0,05% 0,03% 0,01% 0,01%

Table S2: '*C-Excess of proteinogenic amino acids in Fth, Fno and F-W12 during the post exponential /late exponential
growth phase in medium T with the addition of 11 mM [U-13CG} glucose. Mean values and standard deviations are based
on two biological replicates with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean SD
Ala 6,95% 0,73% 7.25% 0,30% 4,79% 0,44%
Asp 2,23% 0,45% 0,61% 0,13% 0,85% 0,14%
Glu 4,04% 0,39% 3,49% 0,27% 1,96% 0,04%
Gly 0,26% 0,04% 0,75% 0,10% 0,38% 0,05%
His 0,21% 0,03% 0,02% 0,02% 0,05% 0,03%
lle 0,14% 0,02% 0,09% 0,03% 0,13% 0,04%
Leu 0,15% 0,04% 0,07% 0,03% 0,07% 0,05%
Lys 0,23% 0,03% 0,09% 0,01% 0,09% 0,02%
Met 0,12% 0,07% 0,11% 0,09% 0,14% 0,11%
Phe 0,20% 0,05% 0,16% 0,06% 0,13% 0,04%
Pro 0,47% 0,08% 0,26% 0,07% 0,27% 0,02%
Ser 0,85% 0,07% 0,49% 0,06% 2,26% 0,09%
Thr 0,75% 0,07% 0,52% 0,08% 0,46% 0,07%
Tyr 1,67% 0,37% 1,41% 0,11% 0,94% 0,05%

Val 0,09% 0,02% 0,08% 0,04% 0,01% 0,01%
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Table S3: '3C-Excess of proteinogenic amino acids in Fth, Frno and F-W12 during the stationary growth phase in
medium T with the addition of 11 mM [U-'3Cg]glucose. Mean values and standard deviations are based on two biological
replicates with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean SD
Ala 5,28% 0,02% 6,58% 0,36% 3,76% 0,43%
Asp 1,43% 0,15% 1,05% 0,12% 0,60% 0,15%
Glu 2,60% 0,13% 3,31% 0,14% 1,62% 0,15%
Gly 0,26% 0,04% 1,37% 0,13% 0,21% 0,07%
His 0,20% 0,03% 0,04% 0,02% 0,05% 0,02%
lle 0,13% 0,03% 0,12% 0,04% 0,09% 0,05%
Leu 0,16% 0,03% 0,09% 0,06% 0,07% 0,04%
Lys 0,26% 0,04% 0,08% 0,03% 0,08% 0,01%
Met 0,13% 0,03% 0,23% 0,23% 0,07% 0,05%
Phe 0,16% 0,01% 0,22% 0,07% 0,23% 0,07%
Pro 0,49% 0,07% 0,26% 0,04% 0,27% 0,03%
Ser 0,88% 0,08% 1,35% 0,08% 1,65% 0,22%
Thr 0,74% 0,05% 0,46% 0,06% 0,44% 0,06%
Tyr 1,18% 0,38% 2,33% 0,09% 0,93% 0,10%
Val 0,09% 0,04% 0,01% 0,01% 0,01% 0,01%

Table S4: '3C-Excess of proteinogenic amino acids in Fth, Fno and F-W12 during the exponential growth phase in
medium T with the addition of 25 mM [U-'*Cj]glycerol. Mean values and standard deviations are based on two biological
replicates with three technical replicates each.

Fth Fno F. W12

Mean SD Mean SD Mean SD
Ala 2.46% 0,05% 16,13% 0,32% 6,46% 0,19%
Asp 0,60% 0,07% 0,68% 0,24% 0,16% 0,10%
Glu 1,12% 0,13% 8,85% 0,18% 2,25% 0,08%
Gly 0,19% 0,04% 0,54% 0,05% 0,12% 0,05%
His 0,21% 0,03% 1,22% 1,53% 0,13% 0,10%
lle 0,13% 0,04% 0,14% 0,03% 0,09% 0,02%
Leu 0,14% 0,03% 0,05% 0,06% 0,03% 0,03%
Lys 0,23% 0,04% 0,10% 0,04% 0,09% 0,02%
Met 0,64% 0,78% 0,19% 0,20% 1,12% 0,09%
Phe 0,17% 0,02% 0,14% 0,01% 0,82% 0,08%
Pro 0,48% 0,08% 0,23% 0,08% 0,23% 0,04%
Ser 0,81% 0,06% 0,28% 0,06% 0,19% 0,11%
Thr 0,73% 0,06% 0,38% 0,13% 0,28% 0,13%
Tyr 1,11% 0,51% 3,43% 0,15% 1,37% 0,20%

Val 0,06% 0,02% 0,16% 0,01% 0,02% 0,02%




Table S5: '*C-Excess of proteinogenic amino acids in Fth, Fno and F-W12 during the post exponential /late exponential
growth phase in medium T with the addition of 25 mM [U-'3Cs]glycerol. Mean values and standard deviations are based
on two biological replicates with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean sSD
Ala 1,43% 0,15% 19,39% 0,28% 12,17% 0,68%
Asp 0,56% 0,10% 1,30% 0,14% 0,78% 0,08%
Glu 0,98% 0,13% 9,19% 0,12% 4,05% 0,37%
Gly 0,18% 0,03% 1,83% 0,04% 0,33% 0,12%
His 0,16% 0,04% 0,09% 0,07% 0,28% 0,35%
lle 0,12% 0,03% 0,13% 0,04% 0,05% 0,03%
Leu 0,12% 0,03% 0,07% 0,03% 0,03% 0,02%
Lys 0,20% 0,04% 0,09% 0,03% 0,08% 0,04%
Met 1,86% 1,67% 0,18% 0,16% 1,52% 2,54%
Phe 0,11% 0,01% 0,14% 0,07% 0,20% 0,10%
Pro 0,43% 0,09% 0,34% 0,09% 0,23% 0,04%
Ser 0,79% 0,06% 1,71% 0,33% 4,04% 0,48%
Thr 0,66% 0,07% 0,51% 0,06% 0,32% 0,14%
Tyr 1,58% 0,59% 2,86% 0,08% 1,57% 0,08%
Val 0,07% 0,02% 0,16% 0,03% 0,01% 0,02%

Table S6: '*C-Excess of proteinogenic amino acids in Fth, Fno and F-W12 during the stationary growth phase in
medium T with the addition of 25 mM [U-'*Cj]glycerol. Mean values and standard deviations are based on two biological
replicates with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean SD
Ala 0,18% 0,02% 8,31% 0,64% 12,53% 5,35%
Asp 0,44% 0,09% 0,67% 0,54% 0,21% 0,22%
Glu 0,30% 0,10% 2,68% 0,87% 2,02% 0,21%
Gly 0,18% 0,04% 0,91% 0,42% 0,11% 0,07%
His 0,16% 0,03% 0,06% 0,04% 0,03% 0,03%
lle 0,13% 0,02% 0,10% 0,05% 0,08% 0,05%
Leu 0,11% 0,02% 0,07% 0,06% 0,06% 0,07%
Lys 0,21% 0,04% 0,08% 0,03% 0,15% 0,22%
Met 2,15% 1,12% 0,22% 0,25% 0,23% 0,46%
Phe 0,07% 0,01% 0.21% 0,08% 0,42% 0,37%
Pro 0,47% 0,06% 0,30% 0,08% 0,28% 0,12%
Ser 0,86% 0,08% 1,01% 0,48% 1,33% 0,83%
Thr 0,66% 0,05% 0,43% 0,06% 0,79% 0,65%
Tyr 1,48% 0,39% 1,64% 0,36% 1,05% 0,40%

Val 0,05% 0,03% 0,04% 0,04% 0,03% 0,03%




Table S7: '3C-Excess of proteinogenic amino acids in Fth, Fno and F-W12 during the exponential growth phase in
medium T with the addition of 5 mM [2,3-'3Cs]alanine. Mean values and standard deviations are based on two biological
replicates with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean SD
Ala 5,38% 0,16% 9,57% 1,18% 12,16% 0,21%
Asp 1,33% 0,09% 0,66% 0,20% 0,49% 0,28%
Glu 2,11% 0,16% 3,27% 0,20% 1,83% 0,58%
Gly 0,13% 0,09% 0,21% 0,08% 0,13% 0,16%
lle 0,17% 0,04% 0,10% 0,04% 0,09% 0,03%
Leu 0,24% 0,07% 0,08% 0,09% 0,10% 0,09%
Lys 0,30% 0,09% 0,20% 0,12% 0,23% 0,12%
Pro 0,42% 0,02% 0,42% 0,11% 0,38% 0,20%
Ser 0,95% 0,08% 0,95% 0,21% 0,88% 0,13%
Thr 0,60% 0,06% 0,48% 0,09% 0,54% 0,22%
Tyr 0,20% 0,03% 0,17% 0,09% 0,18% 0,04%
Val 0,19% 0,06% 0,14% 0,05% 0,05% 0,06%

Table S8: '*C-Excess of proteinogenic amino acids in Fth, Fno and F-W12 during the post exponential /late exponential
growth phase in medium T with the addition of 5 mM [2,3-'*Cs]alanine. Mean values and standard deviations are based
on two biological replicates with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean SD
Ala 3,37% 0,32% 3,04% 0,33% 6,52% 0,35%
Asp 1,78% 0,69% 0,60% 0,16% 0,87% 0,17%
Glu 2,71% 0,43% 1,30% 0,11% 2,11% 0,44%
Gly 0,22% 0,31% 017% 0,08% 0,16% 0,08%
lle 0,25% 0,07% 0,16% 0,06% 0,17% 0,09%
Leu 0,24% 0,09% 0,16% 0,05% 0,28% 0,12%
Lys 0,24% 0,22% 0,19% 0,20% 0,21% 0,15%
Pro 0,40% 0,32% 0,53% 0,28% 0,52% 0,33%
Ser 0,93% 0,24% 0,81% 0,07% 0,89% 0,11%
Thr 0,79% 0,21% 0,57% 0,06% 0,54% 0,12%
Tyr 0,22% 0,16% 0,18% 0,13% 0,14% 0,06%

Val 0,11% 0,08% 0,14% 0,07% 0,07% 0,04%




Table S9: '3C-Excess of proteinogenic amino acids in Fth, Frno and F-W12 during the stationary growth phase in
medium T with the addition of 5 mM [2,3-'3Cs]alanine. Mean values and standard deviations are based on two biological
replicates with three technical replicates each.

Fth Fno F. W12

Mean SD Mean SD Mean SD
Ala 1,43% 0,56% 1,29% 0,21% 2,13% 0,55%
Asp 0,61% 0,43% 0,49% 0,13% 0,52% 0,33%
Glu 0,99% 1,02% 0,61% 0,16% 0,91% 0,21%
Gly 0,30% 0,29% 0,06% 0,12% 0,19% 0,14%
lle 0,20% 0,07% 0,12% 0,08% 0,17% 0,05%
Leu 0,09% 0,07% 0,08% 0,07% 0,13% 0,09%
Lys 0,13% 0,09% 0,17% 0,12% 0,24% 0,13%
Pro 0,71% 0,06% 0,40% 0,07% 0,47% 0,29%
Ser 0,75% 0,12% 0,90% 0,17% 0,90% 0,17%
Thr 0,47% 0,12% 0,58% 0,16% 0,53% 0,24%
Tyr 0,13% 0,04% 0,11% 0,05% 0,20% 0,04%
Val 0,08% 0,04% 0,09% 0,07% 0,06% 0,10%

Table S10: '*C-Excess of cytosolic metabolites in Fth, Fno and F-W12 during the exponential growth phase in medium
T with the addition of 11 mM [U-'*Cs]glucose. Mean values and standard deviations are based on two biological replicates
with three technical replicates each.

Fth Fno F. W12

Mean sSD Mean sSD Mean sSD
Ala 8,16% 0,48% 8,46% 1,97% 2,75% 0,32%
Asp 0,71% 0,07% 0,12% 0,06% 0,05% 0,07%
Gly 0,20% 0,04% 0,15% 0,07% 0,04% 0,04%
Glu 3,23% 0,27% 3,66% 0,79% 0,76% 0,22%
lle 0,57% 0,07% 0,29% 0,16% 0,28% 0,10%
Leu 0,19% 0,02% 0,03% 0,04% 0,02% 0,02%
Ser 1,18% 0,08% 0,82% 0,41% 0,96% 0,32%
Thr 0,06% 0,05% 0,12% 0,08% 0,13% 0,08%
Val 0,09% 0,01% 0,04% 0,02% 0,01% 0,01%
Fumarate 2,08% 0,45% 3,92% 1,26% 1,31% 0,48%
Glycerol 8,42% 0,41% 10,12% 2,43% 5,36% 0,44%
Lactate 5,28% 0,29% 8,56% 2,10% 4,61% 0,61%
Palmitate 3,09% 0,19% 4,73% 1,21% 1,44% 0,16%
Stearate 4,48% 0,28% 5,39% 1,40% 2,12% 0,23%
Succinate  1,64% 0,33% 4,19% 1,02% 2,44% 1,35%

Fructose 10,87% 0,91% 11,74% 2,62% 8,58% 4,37%




Table S11: '3C-Excess of cytosolic metabolites in Fth, Fno and F-W12 during the post exponential/late exponential
growth phase in medium T with the addition of 11 mM [U-'3*Cg]glucose. Mean values and standard deviations are based
on two biological replicates with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean SD
Ala 12,39%  0,56% 10,07% 1,04% 8,01% 0,23%
Asp 0,55% 0,06% 0,52% 0,19% 0,18% 0,12%
Gly 0,25% 0,04% 0,69% 0,15% 0,32% 0,09%
Glu 3,25% 0,13% 4,89% 0,52% 2,38% 0,33%
lle 0,56% 0,06% 0,35% 0,09% 0,22% 0,11%
Leu 0,18% 0,02% 0,02% 0,02% 0,04% 0,03%
Ser 1,24% 0,07% 0,78% 0,46% 0,70% 0,24%
Thr 0,10% 0,06% 0,17% 0,11% 0,12% 0,09%
Val 0,08% 0,02% 0,03% 0,03% 0,01% 0,02%
Fumarate 3,64% 0,19% 4,85% 1,45% 1,94% 0,86%
Glycerol 9,58% 0,09% 9.72% 0,44% 5.25% 1,26%
Lactate 5,87% 0,44% 9,03% 0,65% 7,56% 0,40%
Palmitate 4,10% 0,11% 5,19% 0,22% 3,57% 0,23%
Stearate 6,36% 0,34% 6,98% 0,22% 4.22% 0,40%
Succinate 5,38% 0,19% 5,89% 0,87% 6,88% 4.13%
Fructose 9,54% 0,72% 9,50% 3,70% 8,42% 4,93%

Table S12: '3C-Excess of cytosolic metabolites in Fth, Fno and F-W12 during the stationary growth phase in medium
T with the addition of 11 mM [U-'*Cg]glucose. Mean values and standard deviations are based on two biological replicates
with three technical replicates each.

Fth Fno F. w12

Mean sSD Mean SD Mean sD
Ala 14,11%  0,15% 13,43% 2,23% 8,84% 0,49%
Asp 0,55% 0,05% 0,43% 0,27% 0.30% 0,28%
Gly 0,17% 0,05% 2,25% 0,25% 0,06% 0,04%
Glu 2,37% 0,36% 6,11% 0,30% 3.25% 0,11%
lle 0,55% 0,06% 0,26% 0,10% 0,28% 0,12%
Leu 0,16% 0,02% 0,02% 0,02% 0,03% 0,02%
Ser 1,24% 0,10% 1,01% 0,33% 0,50% 0,15%
Thr 0,08% 0,06% 0,21% 0,08% 0,13% 0,03%
Val 0,07% 0,02% 0,06% 0,03% 0,02% 0,03%
Fumarate 3,56% 0,63% 8,33% 1,40% 2,48% 1,02%
Glycerol 10,00% 0,55% 12,85% 1,13% 4,80% 0,41%
Lactate 3,70% 1,28% 13,32% 1,45% 8,21% 0,70%
Palmitate 3,35% 0,39% 5,26% 0,11% 2,30% 0,26%
Stearate 5,64% 0,35% 7,37% 0,09% 2,84% 0,36%
Succinate  4,85% 0,08% 11,88% 2,64% 12,17% 14,12%

Fructose 8,59% 1,07% 7,89% 3,61% 10,79% 4,77%




Table S13: '3C-Excess of cytosolic metabolites in Fth, Fno and F-W12 during the exponential growth phase in medium
T with the addition of 25 mM [U-'3C3]glycerol. Mean values and standard deviations are based on two biological replicates
with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean SD
Ala 3,54% 0,06% 12,44% 0,34% 8,22% 0,25%
Asp 0,56% 0,07% 0,21% 0,14% 0,08% 0,10%
Gly 0,12% 0,04% 0,43% 0,16% 0,09% 0,08%
Glu 2,00% 0,35% 9,65% 0,13% 2,46% 0,17%
lle 0,58% 0,06% 0,03% 0,03% 0,34% 0,09%
Leu 0,18% 0,02% 0,28% 0,04% 0,02% 0,04%
Ser 1,23% 0,09% 1,11% 0,44% 0,47% 0,24%
Thr 0,05% 0,03% 0,15% 0,13% 0,06% 0,08%
Val 0,08% 0,02% 0,12% 0,05% 0,01% 0,01%
Fumarate 0,55% 0,02% 10,93% 2,41% 3,00% 1,25%
Glycerol 87,22%  0,03% 87,72% 0,33% 92,49% 1,08%
Lactate 0,77% 0,05% 10,96% 0,45% 9,16% 0,24%
Palmitate 1,48% 0,07% 9,69% 4,39% 3,81% 2,31%
Stearate 2,62% 0,08% 11,09% 3,13% 5,82% 1,87%
Succinate  1,14% 0,09% 11,84% 1,82% 4,79% 3,01%
Fructose 0,83% 0,13% 2,82% 0,83% 1,38% 1,37%

Table S14: '3C-Excess of cytosolic metabolites in Fth, Fno and F-W12 during the post exponential/late exponential
growth phase in medium T with the addition of 25 mM [U-'3Cs]glycerol. Mean values and standard deviations are based
on two biological replicates with three technical replicates each.

Fth Fno F. W12

Mean SD Mean SD Mean SD
Ala 2,39% 0,28% 23,68% 0,90% 18,09% 1,42%
Asp 0,42% 0,03% 0,29% 0,25% 0,39% 0,24%
Gly 0,12% 0,02% 2,28% 0,12% 0,63% 0,09%
Glu 1,13% 0,34% 15,00% 0,45% 6,38% 0,77%
lle 0,58% 0,06% 0,03% 0,03% 0,27% 0,12%
Leu 0,16% 0,02% 0,31% 0,09% 0,01% 0,01%
Ser 1,19% 0,12% 0,93% 0,29% 0,94% 0,33%
Thr 0,06% 0,07% 0,20% 0,11% 0,16% 0,10%
Val 0,11% 0,03% 0,12% 0,02% 0,02% 0,03%
Fumarate 0,36% 0,11% 14,54% 1,28% 514% 1,54%
Glycerol 85,52% 1,77% 80,67% 0,86% 95,14% 3,29%
Lactate 0,69% 0,05% 16,98% 0,41% 14,31% 0,92%
Palmitate 0,95% 0,10% 9,95% 4,45% 5,16% 2,59%
Stearate 1,81% 0,18% 14,45% 3,94% 6,87% 2,39%
Succinate  0,42% 0,11% 21,52% 1,53% 20,58% 17,32%

Fructose 0,90% 0,40% 1,32% 0,35% 0,81% 0,28%




Table S15: *C-Excess of cytosolic metabolites in Fth, Frno and F-W12 during the stationary growth phase in medium
T with the addition of 25 mM [U-'*Cslglycerol. Mean values and standard deviations are based on two biological
replicates with three technical replicates each.

Fth Fno F. W12

Mean SD Mean SD Mean SD
Ala 0,15% 0,02% 18,53% 1,67% 20,81% 1,81%
Asp 0,36% 0,02% 0,09% 0,17% 0,02% 0,04%
Gly 0,01% 0,02% 1,29% 0,47% 0,09% 0,11%
Glu 0,25% 0,02% 4,27% 0,32% 3,70% 1,21%
lle 0,58% 0,07% 0,06% 0,06% 0,28% 0,13%
Leu 0,20% 0,03% 0,36% 0,11% 0,05% 0,03%
Ser 1,25% 0,10% 0,74% 0,34% 0,73% 0,15%
Thr 0,07% 0,04% 0,12% 0,09% 0,16% 0,16%
Val 0,09% 0,02% 0,12% 0,04% 0,01% 0,01%
Fumarate 0,11% 0,05% 12,87% 5,49% 2,50% 1,12%
Glycerol 85,23% 1,07% 49,01% 26,43% 96,95% 1,48%
Lactate 0,30% 0,03% 13,42% 1,89% 20,89% 1,03%
Palmitate 0,19% 0,06% 5,09% 3,81% 2.47% 1,72%
Stearate 0,52% 0,14% 10,09% 4,28% 4,10% 2,54%
Succinate  0,09% 0,01% 18,73% 0,81% 11,94% 1,06%
Fructose 0,81% 0,67% 1,28% 0,55% 2,02% 1,55%

Table S16: '*C-Excess of cytosolic metabolites in Fth, Fno and F-W12 during the exponential growth phase in medium
T with the addition of 5 mM [2,3-'3Cz]alanine. Mean values and standard deviations are based on two biological replicates
with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean SD
Ala 7.12% 0,34% 8,53% 0,42% 4,90% 0,39%
Asp 0,68% 0,08% 0,39% 0,14% 0,58% 0,31%
Gly 0,17% 0,05% 0,14% 0,08% 0,13% 0,18%
Glu 2,78% 0,15% 2,92% 0,22% 1,88% 0,53%
lle 0,55% 0,08% 0,45% 0,05% 0,46% 0,07%
Leu 0,09% 0,06% 0,10% 0,08% 0,11% 0,11%
Ser 1,25% 0,22% 1,41% 0,29% 1,42% 0,20%
Thr 0,14% 0,07% 0,20% 0,05% 0,18% 0,11%
Val 0,11% 0,08% 0,04% 0,02% 0,12% 0,12%
Fumarate 1,18% 0,25% 3,28% 0,56% 1,53% 1,52%
Glycerol 1,06% 0,14% 0,81% 0,24% 1,05% 0,24%
Lactate 0,29% 0,15% 4,01% 0,17% 1,68% 0,16%
Palmitate 3,08% 0,20% 5,75% 0,55% 0,84% 0,40%
Stearate 2,03% 0,12% 3,81% 0,67% 0,75% 0,33%
Succinate  0,99% 0,09% 2,18% 0,30% 2,20% 0,67%

Fructose 0,94% 0,36% 1,48% 0,91% 0,91% 0,15%




Table S17: 3C-Excess of cytosolic metabolites in Fth, Fno and F-W12 during the post exponential/late exponential
growth phase in medium T with the addition of 5 mM [2,3-'*Cy]alanine. Mean values and standard deviations are based
on two biological replicates with three technical replicates each.

Fth Fno F. w12

Mean SD Mean SD Mean sSD
Ala 2,92% 0.09% 6,55% 0,72% 5,14% 0,39%
Asp 0,38% 0,10% 0,42% 0,14% 0,41% 0,15%
Gly 0,10% 0,12% 0,12% 0,09% 0,02% 0,03%
Glu 1,62% 0,57% 1,43% 0,35% 1,64% 0,11%
lle 0,46% 0,07% 0,42% 0,11% 0,51% 0,10%
Leu 0,09% 0,03% 0,07% 0,04% 0,10% 0,06%
Ser 1,15% 0,30% 1,25% 0,25% 1,13% 0,21%
Thr 0,19% 0,16% 0,27% 0,17% 0,25% 0,13%
Val 0,07% 0,03% 0,06% 0,06% 0,07% 0,04%
Fumarate 0,87% 0,41% 1,46% 0,84% 0,88% 0,48%
Glycerol 0,71% 0,23% 0,79% 0,15% 0,80% 0,35%
Lactate 0,21% 0,03% 4,04% 0,76% 2,46% 0,27%
Palmitate 2,77% 0.50% 1,79% 0,46% 3,78% 1,37%
Stearate 2,09% 0,61% 2,32% 0,73% 4,35% 0,99%
Succinate 0,98% 0,17% 0,65% 0,07% 0,42% 0,24%
Fructose 0,91% 0.23% 0,79% 0.22% 1,04% 0,41%

Table S18: '3C-Excess of cytosolic metabolites in Fth, Fno and F-W12 during the stationary growth phase in medium
T with the addition of 5 mM [2,3-'3Cz]alanine. Mean values and standard deviations are based on two biological replicates
with three technical replicates each.

Fth Fno F. Wiz

Mean SD Mean SD Mean sD
Ala 4,76% 2,73% 6,32% 0,15% 12,40% 1,38%
Asp 0,29% 0,09% 0,58% 0,21% 0,54% 0,19%
Gly 0,10% 0,11% 0,07% 0,10% 0,10% 0,12%
Glu 0,75% 0,22% 1,10% 0,66% 2,11% 0,18%
lle 0,42% 0,09% 0,40% 0,10% 0,47% 0,06%
Leu 0,10% 0,06% 0,22% 0,24% 0,10% 0,08%
Ser 1,37% 0,32% 1,51% 0,32% 1,30% 0,10%
Thr 0,30% 0,11% 0,31% 0,16% 0,26% 0,12%
Val 0,08% 0,06% 0,06% 0,04% 0,06% 0,05%
Fumarate 0,50% 0,14% 2,24% 0,89% 2,02% 0,39%
Glycerol 0,84% 0,08% 0,82% 0,29% 0,89% 0,10%
Lactate 0,15% 0,04% 3.87% 0,29% 5,41% 0,26%
Palmitate 0,88% 0,58% 0,88% 0,70% 5,08% 0,30%
Stearate 1,33% 0,33% 1,23% 0,50% 6,29% 0,69%
Succinate 0,44% 0,13% 1,20% 0,17% 0,86% 0,60%
Fructose 0,86% 0,11% 0,96% 0,27% 0,82% 0,33%

Table S19: 3C-Excess of sugars obtained after hydrolysis in Fth, Fno and F-W12 during the exponential growth
phase in medium T with the addition of 11 mM [U-'3Cg]glucose. Mean values and standard deviations are based on two
biological replicates with three technical replicates each.

Fth Fno F. W12
Mean SD Mean SD Mean SD
Glucose in 12,75%  3,46% 8,73% 1,78% 7,60% 0,92%

glycogen
Glucosamine 9,74% 1,18% 9,88% 2,44% 4,47% 0,75%

Table S20: '3C-Excess of sugars obtained after hydrolysis in Fth, Fno and F-W12 during the post exponential/late
exponential growth phase in medium T with the addition of 11 mM [U-"*Cg]glucose. Mean values and standard deviations
are based on two biological replicates with three technical replicates each.

Fth Fno F. W12
Mean SD Mean SD Mean SD
Glucose in 11,17% 0,84% 6,75% 0,73% 7.27% 0,92%

glycogen
Glucosamine 6,69% 0,26% 5,63% 0,38% 5,08% 0,46%




Table S21: '3C-Excess of sugars obtained after hydrolysis in Fth, Frno and F-W12 during the stationary growth phase
in medium T with the addition of 11 mM [U-'*Cs]glucose. Mean values and standard deviations are based on two
biological replicates with three technical replicates each.

Fth Fno F. w12
Mean sD Mean sD Mean sD
Glucose in 9,11% 0,50% 10,41% 0,87% 6,98% 0,48%

glycogen
Glucosamine 3,07% 0,50% 9,00% 4,67% 4,36% 3,46%

Table S22: '3C-Excess of sugars obtained after hydrolysis in Fth, Fno and F-W12 during the exponential growth
phase in medium T with the addition of 25 mM [U-13C3]glycerol. Mean values and standard deviations are based on
two biological replicates with three technical replicates each.

Fth Fno F. w12
Mean SD Mean SD Mean SD
Glucose in 0,59% 0,13% 4,97% 1,90% 2,68% 1,68%

glycogen
Glucosamine 1,37% 0,16% 4,66% 0,35% 8,07% 0,41%

Table S23: '3C-Excess of sugars obtained after hydrolysis in Fth, Fno and F-W12 during the post exponential/late
exponential growth phase in medium T with the addition of 25 mM [U-'3C3]glycerol. Mean values and standard deviations
are based on two biological replicates with three technical replicates each.

Fth Fno F. W12
Mean SD Mean SD Mean SD
Glucose in 0,24% 0,07% 2,23% 1,53% 4.84% 4,88%

glycogen
Glucosamine 1,15% 0,14% 1,82% 0,24% 2,22% 0,26%

Table S24: '3C-Excess of sugars obtained after hydrolysis in Fth, Fno and F-W12 during the stationary growth phase
in medium T with the addition of 25 mM [U-'3Cs]glycerol. Mean values and standard deviations are based on two
biological replicates with three technical replicates each.

Fth Fno F. W12
Mean SD Mean SD Mean SD
Glucose in 0,10% 0,07% 0,91% 0,69% 4,20% 4,59%

glycogen
Glucosamine 0,85% 0,09% 0,91% 0,06% 2,22% 2,13%

Table S25: !3C-Excess of sugars obtained after hydrolysis in Fth, Fno and F-W12 during the exponential growth
phase in medium T with the addition of 5 mM [2,3-'3*Cz]alanine. Mean values and standard deviations are based on two
biological replicates with three technical replicates each.

Fth Fno F. W12
Mean sD Mean SD Mean SD
Glucose in 0,03% 0,10% 0,.67% 0,86% 0,07% 0,12%

glycogen
Glucosamine 1,18% 0,42% 0,90% 0,33% 1,12% 0,18%

Table S26: '*C-Excess of sugars obtained after hydrolysis in Fth, Fno and F-W12 during the ost exponential/late
exponential growth phase in medium T with the addition of 5 mM [2,3-'3Cz]alanine. Mean values and standard deviations
are based on two biological replicates with three technical replicates each.

Fth Fno F. W12
Mean SD Mean SD Mean SD
Glucose in 0,20% 0,13% 0,02% 0,09% 0,09% 0,09%

glycogen
Glucosamine 0,98% 0,20% 1,18% 0,09% 1,08% 0,40%




Table S27: '3C-Excess of sugars obtained after hydrolysis in Fth, Fno and F-W12 during the stationary growth phase
in medium T with the addition of 5 mM [2,3-'*Cz]alanine. Mean values and standard deviations are based on two

biological replicates with three technical replicates each.

Fth Fno F. W12

Mean SD Mean SD Mean SD
Glucose in 0,06% 0,05% 0,10% 0,05% 0,08% 0,09%
glycogen
Glucosamine 1,45% 0,17% 1,08% 0,18% 0,96% 0,21%

Table S28: '3C-Excess, isotopologue profile and concentration of alanine in the supernatant after growth of Fno in
medium T for 15 h. After 5 h of growth 25 mM [U-'C3]glycerol were added to the medium. Mean values and standard
deviations are based on two biological replicates with three technical replicates each.

Labeling profile

Concentration

Alanine Alanine [mM]
Mean SD Mean SD

13C-Excess 27,25% 1,47% 8,58 2,58

M+1 0,89 % 0,10%

M+2 1,82 % 0,34%

M+3 2573%  1,33%
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