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Abstract Accumulation of succinate as a fermentation product of Fusobacterium varium was
enhanced when the anaerobic bacterium was grown on complex peptone medium supplemented
with fumarate. Residual substrates and fermentation products were determined by proton NMR
spectroscopy. Cells collected from the fumarate-supplemented medium (8-10 h after inoculation)
supported the conversion of fumarate to succinate when suspended with fumarate and a co-substrate
(glucose, sorbitol, or glycerol). Succinate production was limited by the availability of fumarate or
reducing equivalents supplied by catabolism of a co-substrate via the Embden-Meyerhof-Parnas
(EMP) pathway. The choice of reducing co-substrate influenced the yield of acetate and lactate as
side products. High conversions of fumarate to succinate were achieved over pH 6.6-8.2 and initial
fumarate concentrations up to 300 mM. However, at high substrate concentrations, intracellular
retention of succinate reduced extracellular yields. Overall, the efficient utilization of fumarate
(<400 mM) combined with the significant extracellular accumulation of succinate (corresponding
to > 70% conversion) indicated the effective utilization of fumarate as a terminal electron acceptor
by F varium and the potential of the methodology for the bioproduction of succinate.

Keywords Biotransformation - Bioconversion - Fumaric acid reduction - Succinic acid -
Fusobacterium varium - Anaerobic metabolism - Fermentation - Cell suspensions - Sorbitol -
Glycerol

Introduction

A notable example of industrial biochemistry based on renewable resources is the bio-based
production of succinic acid [1-7], a platform chemical used in the food, chemical, and
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pharmaceutical industries [2, 6, 8, 9]. Recent implementations of large-scale, industrial
fermentation processes [1-3, 10, 11] have increased the supply of bio-derived succinic acid
in support of subsequent chemical transformations used in the sustainable manufacture of other
commodities, such as 1,4-butanediol, y-butyrolactone, tetrahydrofuran, and biodegradable
polymers [2, 6-9, 11, 12].

The organisms studied for the bioproduction of succinic acid are either natural over-
producers or genetically modified organisms [1, 3, 5, 8, 13—16]. Improvements achieved
through genetic engineering include the enhancement of succinate-producing pathways, the
elimination of competing metabolic pathways yielding unwanted by-products, and the en-
hanced production of reduced co-factors [1, 5, 9, 13, 17]. Aerobic production of succinate
relies on disruption of the tricarboxylic cycle by gene deletion (e.g., succinate dehydrogenase)
[3, 5,9, 17, 18]. By contrast, the reductive branch of the tricarboxylic acid pathway (oxalo-
acetate = malate = fumarate => succinate) is the main route utilized under anaerobic
conditions [3, 5, 9, 13, 17] with the final step catalyzed by fumarate reductase. The availability
of reducing equivalents and the formation of oxaloacetate by carboxylation of phosphoenol-
pyruvate are important factors sustaining the anaerobic production of succinate. In both
aerobic and anaerobic circumstances, succinate may also be formed by metabolism of
acetyl-CoA via the glyoxylate cycle [3, 5, 8, 9, 13, 17], whereas catabolism of glucose by
the Embden-Meyerhof-Parnas (EMP) pathway (glycolysis) is the usual source of succinate
precursors and reduced co-enzymes [1-3, 5, 9, 14, 16].

Otherwise, small amounts of succinate are commonly produced in mixed acid fermenta-
tions by many microorganisms [8, 9, 13]. Increased accumulations, however, were obtained
simply by addition of fumarate to glycerol cultures of the facultative anaerobe Enterococcus
faecalis [19, 20]. High rates of succinate production were achieved when the approach was
extended to immobilized cells and a flow system [21, 22]. Succinate also has been identified as
one of several fermentation products of the anaerobic bacterium Fusobacterium varium in
complex or chemically defined culture media [23]. Although Fusobacterium species are
recognized for their ability to produce butyrate and to obtain energy from amino acids [24],
F varium has more diverse metabolic capabilities [25-27]. Herein, we report the conversion of
exogenous fumarate to succinate by F. varium and the investigation of cell suspensions [28]
mediating this biotransformation under anaerobic conditions.

Materials and Methods
General Methods and Microorganism

Bacterial transfers and centrifugations were performed in air; cultures were incubated and
stored in anaerobic jars containing a palladium catalyst (Oxoid Canada, Nepean, ON) and an
atmosphere of N,:H,:CO, (80:10:10 v/v/v) established by three evacuation/pressurization
cycles. Culture media were autoclaved at 121 °C for 20 min. F varium ATCC 8501 was
maintained on brain heart infusion (BHI) agar (Fluka, Buchs, Switzerland) under anaerobic
conditions; a freshly inoculated BHI agar plate was prepared biweekly, incubated at 37 °C for
24 h, and then stored at 4 °C.

Peptone medium [23] containing proteose peptone, trypticase peptone, yeast extract (each
at5g L"), NaCl (5 gL', 8 mM), L-cysteine HCI (0.8 g L"), and varying concentrations of
a carbon source (e.g., 30 mM glucose, sorbitol, or glycerol; 5.40, 5.47, or 2.76 g L
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respectively) was adjusted to pH 7.4 and autoclaved. Starter cultures in peptone medium
(glucose, sorbitol, or glycerol; 30 mM) were inoculated with a colony of £ varium from BHI
agar and incubated at 37 °C under anaerobic conditions for 24 h.

Optical densities in cell cultures were measured at 660 nm (ODgg) in 1-cm cuvettes using
an Agilent 8453 UV-Vis spectrophotometer. Cells were separated from liquid cultures by
centrifugation (8000g, 20 °C, 10 min).

[2,3—2H2]Fumaric acid (98 atom% 2H) and [2H5]glycerol (99.5 atom%) were obtained from
Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA) and CDN Isotopes, Inc. (Pointe-
Claire, QC, Canada), respectively. Fumaric acid, D-glucose, glycerol, sorbitol, succinic acid, L-tartaric
acid, L-malic, and L-aspartic acid were supplied by Sigma-Aldrich, Canada (Oakville, ON, Canada).

Growth Cultures

Peptone medium (glucose, sorbitol, or glycerol; 30 mM) was inoculated (1% v/v) from a starter
culture (glucose, sorbitol, or glycerol; 30 mM) and incubated anaerobically at 37 °C. When
peptone medium was supplemented with a potential precursor (20 or 40 mM) to evaluate the
effect on succinate production, culture supernatants were collected after the incubation period
(typically 14 h), and processed for product/residual substrate determinations as described
below. F varium cells for suspension experiments were harvested from peptone medium
(normally 40 mM fumarate; 30 mM glucose) after incubation for 8 h (typically ODgg > 2)
and washed with phosphate-buffered saline (PBS; 138 mM NaCl, 2.7 mM KCI, 5 mM
Na,HPO,4, 5 mM NaH,PO,, pH 7.4).

Suspension Experiments

Washed F. varium cells from growth culture (typically 200 mL) were suspended in an
autoclaved solution (typically 10 mL, pH 7.4) containing fumarate and a co-substrate (glucose,
sorbitol, or glycerol) at various concentrations. After incubation under anaerobic conditions for
3 or 6 h, the cells were separated by centrifugation; in the time course experiments, samples
(1 mL) were removed periodically up to 24 h and centrifuged. The supernatants were
processed for product/residual substrate determinations as described below. For the determi-
nation of intracellular substrates, cells collected from a 10-mL suspension experiment (0.78 g)
were suspended in 70% ethanol (10 mL). The mixture was stirred for 1 h at ambient
temperature and centrifuged. The supernatant was rotary evaporated at reduced pressure. A
portion of the residue (44 of 98 mg) was mixed with L-tartaric acid (21 mg) and dissolved in
’H,0 for '"H NMR analysis.

MS and 'H NMR Analysis

The supernatants from growth cultures and cell suspensions were adjusted to pH 9.5 by
addition of 5 M NaOH and lyophilized. For mass spectral analysis, the lyophilized residues
were dissolved in methanol/water (1:1 v/v; 1 mg mL ") and analyzed by flow injection
(20 pL min ") using electrospray ionization (ESI; negative mode) and a Thermo-Finnigan
LCQ Duo mass spectrometer [29].

For analysis using "H NMR spectroscopy, L-tartaric acid (20 mg/10 mL supernatant) was
added to the supernatant prior to pH adjustment. The spectra (typically 16 scans) of the
lyophilized residues in *H,O (15 mg/0.75 mL) were acquired on a Bruker AVANCE 300-MHz
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spectrometer using standard acquisition parameters, except for a 10-s delay between pulses [23].
The data were processed using TopSpin software with line broadening of 0.3 Hz prior to Fourier
transformation. The baseline was corrected manually with a polynomial function. Peaks were
phase adjusted manually; chemical shifts were referenced to the residual water signal (5 4.80).
Concentrations were calculated from the integrated peak areas of metabolic products and residual
substrates relative to that of a known concentration of the internal standard L-tartrate (5 4.28, s,
2H). Quantitative data for acetate (& 1.86, s, 3H), lactate (6 1.28, d (/=7 Hz), 3H), fumarate (6
6.47, s, 2H), and succinate (5 2.35, s, 4H) were obtained from the area of one representative
signal, whereas the peak areas of doublets (1H) at & 5.19 (/=4 Hz) and 4.61 (J =8 Hz) were
combined to determine the concentration of glucose and the collection of resonances at & ~3.80—
3.50 were integrated to determine the concentrations of sorbitol (§8H) and glycerol (SH).

Results and Discussion
Bioconversion of Fumarate to Succinate

As a component of the metabolic footprint of £ varium, succinate typically accumulates at 1-2 mM
in cultures grown on complex or chemically defined minimal media [23]. In the current experiments,
a possible connection between low succinate production and the meager supply of a metabolic
precursor was probed by culturing F varium on complex peptone medium supplemented with a
putative precursor [1-3, 5, 13, 17]. The lyophilized culture supernatant was analyzed by 'H NMR
spectroscopy, a technique that detects organic substances containing nonexchangeable hydrogens.

When fumarate was added to the peptone growth medium (Table 1), significantly greater
accumulations of succinate and acetate were obtained, whereas the lactate concentration was
unchanged from the control culture lacking fumarate. The enhanced production of succinate
was consistent with fumarate reduction catalyzed by fumarate reductase [19], an enzyme
annotated in the F. varium genome [30, 31] and expressed during a proteomics study [26].
By contrast, L-malate and L-aspartate were ineffective in stimulating succinate production in
parallel cultures, although genes for fumarate hydratase and aspartate ammonia lyase also have
been annotated in the F. varium genome [30, 31].

Table 1 Accumulation of fermentation products at 14 h in peptone (30 mM glucose) growth cultures of
F varium (determined by "H NMR spectroscopy)

Substrate added Concentration (mM) Residual substrate (mM) Fermentation product (mM)?

Acetate Lactate Succinate
None® - - 6+2 29+6 2.3+0.6
Fumarate® 20 0.3+0.6 11+£2 305 16+2
40 12+14 20+2 27+7 301
L-Malate® 20 24+3 55+07 49+12  34+05
40 45+1 8+1 43 + 14 0.8+£0.3
L—Aspartateb 20 27+1 43+0.1 3341 1.9+0.2
40 40+1 6+1 41 +4 nd

nd not detected
 Average of three to five determinations + standard deviation

® Average of two determinations + one-half of the difference between the determinations
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The elevated succinate accumulation (Table 1) implied a metabolic connection with
exogenous fumarate. When the experiment was repeated with addition of [2,3-?H,]fumarate,
"H NMR analysis showed resonances corresponding to acetate (19 mM) and lactate (19 mM);
as well, two closely spaced signals at about 2.35 ppm were attributed to unlabelled succinate
(3 mM) and [2,3-2H2]succinate (32 mM). ESI(-)MS analysis (Fig. 1) showed predominant
accumulation of [2H2]succinate (m/z 119) along with unlabelled acetate (m/z 59) and lactate
(m/z 89). The low-intensity peaks at m/z 115 and 117 in the mass spectrum indicated low levels
of unlabelled fumarate, unlabelled succinate, and [*H,]fumarate. The labelling results establish
that succinate was produced by reduction of exogenous fumarate with little or no synthesis of
fumarate and succinate from other sources in the complex peptone medium.

Development of Cell Suspension Conditions

Variables affecting succinate production by F. varium were investigated using cells collected
from peptone growth cultures and suspended in fumarate solutions of defined composition
under anaerobic conditions. Consequently, potential effects and/or interferences of undefined
components in the culture medium were minimized. The number of fermentation products was
limited by incubating the suspended cells with only one or two substrates, an outcome that
may also simplify the subsequent purification of metabolic products [5, 810, 32]. By using
suspensions at high cell densities [28], the incubation time needed to observe high conversion
of fumarate to succinate was substantially shorter than that utilized for growth cultures
(Table 1) and the need for aseptic conditions was reduced. The results of the series of
experiments described below guided the establishment of conditions for the reliable biocon-
version of fumarate to succinate.

A dependence of succinate production on substrate availability was indicated when
F varium cells collected from peptone medium were suspended in phosphate-buffered saline
containing combinations of fumarate (0 or 40 mM) and glucose (0 or 30 mM) as substrates
(Supplementary Table S1). The accumulation of succinate was low (< 5 mM) when one
substrate was supplied and substantial amounts of unutilized substrate were detected. When
both substrates were present, conversions of about 80% were achieved in PBS or in water, the
latter demonstrating that a separate buffering system was not required. Furthermore, similar
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Fig. 1 ESI(—) mass spectrum of lyophilized culture supernatant after growth of F varium in the presence of
[*H,]fumarate. The inset shows magnified intensity of the region near m/z 119
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efficient conversions of fumarate to succinate were attained when the initial pH was varied
from 6.6 to 8.2 (Supplementary Table S2).

A comparison of succinate production by cells from combinations of starter/growth cultures
prepared on peptone medium (+ fumarate) showed that the capacity of the suspended cells to
convert fumarate to succinate depended on growth culture conditions (Supplementary
Table S3). When fumarate at 40 mM was included in the growth medium, greater growth
was attained and the suspended cells efficiently converted fumarate to succinate. If fumarate
was included in only the starter culture medium, or omitted from both starter and growth
medium, the suspended cells had limited ability to produce succinate from fumarate. Further-
more, the capacity of the cell suspensions to reduce fumarate increased as the concentration of
fumarate in the growth medium was increased up to 40 mM (Fig. 2a). Residual fumarate was
detected in suspension fluids when cells were grown with < 30 mM fumarate, whereas
complete transformations of fumarate to succinate were achieved reproducibly by the
suspended cells when the growth medium had > 40 mM fumarate.

The incubation time at which the cells were harvested from the growth cultures also was an
important consideration. Cells collected from growth cultures incubated for 810 h showed
greater capabilities for fumarate reduction than cells collected after longer incubations (Fig. 2b).

As a result of these initial experiments, reproducible high conversions of 40 mM fumarate
to succinate were achieved within 3 h by cells conditioned during the growth phase to express
fumarate reductase and suspended (ca. 70 g/L) in 30 mM glucose.

Co-Substrate Requirements
Glucose
The dependence of succinate production on the availability of glucose was investigated in cell

suspensions at fixed concentrations of fumarate. The conversion of 40 mM fumarate to
succinate improved from 50 to 95% (i.e., 21 to 38 mM) as the concentration of glucose was
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Fig. 2 Effect of growth culture conditions on the conversion of fumarate (black square) to succinate (black
circle) by suspensions of £ varium cells. a Variation of fumarate concentration in the peptone medium used for
the growth of the cells. b Variation of the time at which the suspended cells were harvested from the growth
culture. The cell suspensions were incubated with 40 mM fumarate and 30 mM glucose for 3 h (numerical data is
given in Supplementary Tables S4 and S5)

@ Springer



Appl Biochem Biotechnol (2019) 187:163-175 169

increased from 10 to 25 or 30 mM (Supplementary Table S6). The detection of residual
fumarate (= 6 mM) at 1020 mM glucose was consistent with the lower accumulations of
succinate (< 33 mM). Parallel incubations of suspended cells with higher concentrations of
fumarate (80-200 mM) and 30 mM glucose gave similar accumulations of succinate, acetate,
and lactate and corresponding amounts of residual fumarate. In each case, the results indicated
glucose as a limiting factor of succinate production.

In accordance with the observations described above, the yield of succinate from 200 mM
fumarate proportionally increased with increasing glucose concentration reaching 90% after 6 h at
> 120 mM glucose (Fig. 3). At the highest glucose concentration (150 mM), negligible residual
fumarate and excess glucose were detected, whereas residual fumarate and negligible glucose were
observed at lower glucose concentrations (< 90 mM). Thus, succinate production is limited by
fumarate at high concentrations of glucose and by glucose at lower concentrations of glucose.
Indeed, at both 40 and 200 mM fumarate, the molar ratio of glucose to fumarate had to be greater
than approximately 0.6 to observe greater than 70% conversion of fumarate to succinate (Fig. 3 and
Supplementary Table S6). At the highest glucose concentration (150 mM), fumarate was depleted,
and the elevated level of lactate as a side product indicated more extensive reduction of pyruvate.

The notable production of succinate in the above experiments indicated that fumarate is
utilized by F varium as an effective terminal electron acceptor to facilitate the regeneration of
reduced co-enzymes formed by the oxidative catabolism of glucose via the EMP pathway [26,
27]. Thus, fumarate and glucose have complementary roles in succinate production. The
catabolism of glucose via the EMP pathway generates reducing equivalents and pyruvate, a
metabolic intermediate that is subsequently converted to the side products acetate and lactate.

Sorbitol and Glycerol

Sorbitol, a reduced form of glucose, and glycerol, a reduced form of dihydroxyacetone and
glyceraldehyde, are also connected to the EMP pathway. Sorbitol is likely converted to
fructose-6-phosphate by phosphorylation and oxidation [33], whereas genes encoding en-
zymes that catalyze the oxidative conversion of glycerol to dihydroxyacetone phosphate are
annotated in the F. varium genome [30, 31]. Consequently, sorbitol and glycerol are expected
to generate reducing equivalents more efficiently than glucose [1, 3, 16, 17]. The higher yields

Fig. 3 Substrate utilization and
product accumulation when

F varium cells (cell density =77 +
3 g/L) were suspended for 6 h in 150
fumarate (200 mM) and glucose
(various concentrations) solution.
Fumarate (black square) and
glucose (black diamond) were
consumed, while succinate (black
circle), acetate (black triangle), and
lactate (black inverted triangle)
accumulated in each culture

Succinate
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Fumarate
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of 1.5 and 2 mol of NADH per pyruvate, versus the 1 NADH per pyruvate from glucose, may
support succinate production with lower accumulations of side products [1, 3, 16, 17].

The feasibility of sorbitol and glycerol as replacements for glucose was assessed by
culturing F. varium on peptone medium containing one of these polyols as the carbon source
(Supplementary Table S7). Both sorbitol and glycerol supported bacterial growth and the
conversion of exogenous fumarate to succinate accompanied by lower accumulations of
acetate and lactate. The formation of only acetate and lactate as side products confirmed the
metabolic connections of sorbitol and glycerol to the EMP pathway [30, 31, 33].

In cell suspensions (Supplementary Table S8), cells grown on glucose had little capacity to
utilize sorbitol and glycerol for the reduction of fumarate, whereas cells grown on sorbitol and
glycerol readily utilized glucose and supported a high conversion of fumarate to succinate.
Similarly, the glycerol-generated cells were unable to utilize sorbitol to support fumarate
reduction. Although the cells generated on sorbitol had some capacity to utilize glycerol in
support of fumarate reduction, the most efficient conversions of fumarate to succinate were
obtained when cells grown on a substrate were suspended in a solution of fumarate and the
same substrate. Thus, the effective utilization of sorbitol and glycerol for fumarate reduction
required cells conditioned by growth on these substrates.

When the suspended cells were incubated with a higher fumarate concentration (80 mM) and
sorbitol, almost quantitative conversion of fumarate to succinate was obtained (Supplementary
Table S8). The lower conversions observed with glucose and glycerol at 80 mM fumarate in-
dicated that succinate production was limited by lower yields of NADH produced by catabo-
lism of these carbon sources (see above). Side-product formation from glucose and sorbitol
were similar, but reduced levels of lactate were obtained from glycerol. The use of glycerol is
also favored by its ready availability as a side product of biofuel production [34, 35].

When F. varium was cultured on peptone medium containing fumarate and [*Hs]glycerol as
the carbon source, "H NMR analysis of the lyophilized culture supernatant showed accumula-
tion of succinate along with a small amounts of acetate and lactate. The mass spectrum collected
by ESI(—)MS (Supplementary Fig. S1) showed a dominant peak at m/z 117 for succinate and no
indication of deuterium incorporation above natural abundance. Acetate, [2H2]acetate, lactate,
[*H,]lactate, and [*H;]lactate were indicated by peaks at m/z 59, 61, 89, 91, and 92, respectively.
The formation of dideuterated ions is consistent with catabolism of [*Hs]glycerol by the EMP
pathway, whereas incorporation of a third deuterium into lactate indicated reduction of
[*H,]pyruvate by NAD?H formed by oxidation of [*Hs]glycerol. The lack of deuterium in
succinate, on the other hand, indicated that the coupling of glycerol oxidation with fumarate
reduction involved electron transport [36].

Time Course

Sampling and analysis of a cell suspension (200 mM fumarate and 150 mM glucose) with time
(Fig. 4) showed more rapid utilization of glucose near the beginning of the 3-h incubation
period. The reasonably constant rates of fumarate depletion and succinate production indicated
that the cells maintained reductive capabilities over the incubation period. The rate of
extracellular succinate accumulation (ca. 55 mM h ') was slightly lower than that of fumarate
depletion (ca. 63 mM h™"), leading to approximately 88% (+5%) yield of succinate when
fumarate was depleted (8 =7% mM). However, replicate 3-h incubations at these substrate
concentrations showed variable amounts of residual fumarate (8 +10) and incubation times
were extended to 6 h when > 200 mM fumarate was supplied to cell suspensions (e.g., Fig. 3).
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Fig. 4 Time course of substrate 200
depletion and product formation.
F varium cells (cell density = 67 g/
L) were suspended in fumarate
(black square; initially 200 mM)
and glucose (black diamond;
initially 150 mM) solution.
Succinate (black circle), acetate
(black triangle), and lactate (black
inverted triangle) accumulated
with time
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When glycerol (80 mM) and fumarate (160 mM) were supplied as co-substrates to
suspended cells (Fig. 5), about 9 h of incubation was needed to deplete fumarate and to
achieve an approximately 80% yield of succinate. Unlike the glucose time course, the
formation of succinate slowed as fumarate was utilized; however, succinate was accompanied
by slightly lower relative amounts of acetate and lactate formed from glycerol. Similar results
were obtained from a parallel experiment at 240 mM fumarate and 120 mM glycerol. On the
other hand, a lower yield of succinate (60%) and significant residual fumarate (110 mM) were
observed at higher substrate concentrations (320 mM fumarate and 160 mM glycerol),
indicating a limit for the coupling of glycerol oxidation to fumarate reduction in F. varium.

Conversions at High Fumarate/Glucose Concentrations
In keeping with the time course (Fig. 4), an increase of the initial fumarate concentration to

300 mM resulted in the incomplete utilization of fumarate by the suspended cells after 3 h of
incubation (Supplementary Table S9). When sufficient glucose (> 150 mM) was supplied and

Fig. 5 Time course of substrate q
depletion and product formation. 150
F varium cells (cell density = 67 g/
L) were suspended in fumarate
(black square; initially 160 mM)
and glycerol (black diamond;
initially 80 mM) solution.
Succinate (black circle), acetate
(black triangle), and lactate (black
inverted triangle) accumulated
with time
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the cell suspension was incubated for 6 h, the initial 300 mM fumarate was depleted. At
400 mM, up to 16% of the initial fumarate remained in suspension fluids at 6 h of incubation.
When the 400 mM fumarate experiment was repeated at approximately twice the cell density,
lower levels of residual fumarate and higher amounts of accumulated succinate were observed
after 3 h of incubation, and fumarate was depleted at 6 h when glucose was supplied at
> 180 mM (Supplementary Table S10). However, the efficient utilization of fumarate com-
bined with extracellular accumulation of succinate corresponding to less than 70% conversion
showed a mass balance discrepancy in the suspension fluids. No other metabolic products
were detected in suspension fluids by "H NMR spectroscopy rendering other metabolic
transformations of fumarate unlikely.

Incubations of F. varium cells with 200 mM fumarate or a mixture of 200 mM fumarate and
succinate (100 or 200 mM) showed complete utilization of fumarate within 3 h
(Supplementary Table S11), indicating little or no product inhibition [20, 37] by up to
400 mM succinate in suspension fluids. The amount of succinate located in the suspension
fluids was similar to the levels found in the 6-h incubations of 300 and 400 mM fumarate
(Supplementary Table S9), again indicating a deficiency in the mass balance. A common
feature of the experiments showing poor mass balance was high salt concentration created by
titrating fumaric acid and added succinic acid to the initial pH of 7.4. When cells were
suspended in 200 mM fumarate with additions of sodium chloride (100400 mM), low levels
of residual fumarate were detected after incubation for 3 h (Supplementary Table S12), but the
levels of succinate were also markedly lower, providing evidence for an effect of salt on the
extracellular accumulation of succinate.

To examine possible intracellular accumulations, cells were suspended in 300 mM fumarate
and 150 mM glucose. After incubation for 6 h, no residual fumarate was detected and the
extracellular accumulations of acetate (84 mM), lactate (98 mM), and succinate (212 mM)
were similar to those determined in a previous experiment (Supplementary Table S5). The cells
collected from the incubation were extracted with 70% ethanol, and succinate, lactate, and
acetate were detected at concentrations equivalent to 29, 16, and 12 mM, respectively, in the
suspension fluid. The intracellular succinate accounted for a major portion of the mass balance
deficiency and indicated that metabolic products were retained inside the cells, perhaps to
balance the osmotic stress imposed by the high extracellular salt concentration.

Substrates for Reduction

Initial experiments demonstrated that the formation of succinate required both fumarate and
glucose (e.g., Table S3) and that succinate production was proportional to limiting amounts of
glucose (e.g., Fig. 3). The depletion of glucose and the accumulation of small amounts of
acetate indicated that the F. varium cells derived most of their energy from the EMP pathway
with only a minor contribution from acetate kinase [26]. Butyrate, a reduced fermentation
product of F. varium [23] formed from acetyl-CoA [26], was not detected in cell suspensions.
This is consistent with the conversion of small amounts of pyruvate to acetate and the
reduction of pyruvate to lactate observed in the suspension experiments. On the other hand,
the notable accumulation of succinate indicates that reduction of fumarate is the main route for
co-enzyme regeneration. Consequently, fumarate is a preferred terminal electron acceptor and
a narrower range of fermentation products are produced by F varium when fumarate is
available.
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Conclusions

Large extracellular accumulations of succinate (> 250 mM) were attained when suspensions of
F varium cells were supplied with fumarate as a metabolic precursor and a co-substrate
(glucose, sorbitol, or glycerol) as a source of reducing equivalents. High conversions were
achieved by suspended cells when the cells had been cultured for an optimum time on growth
medium containing fumarate and the same co-substrate supplied to the suspended cells. This
necessary preconditioning indicated that fumarate reductase and some enzymes needed for
utilization of sorbitol and glycerol were not constitutive [20], but could be expressed at
elevated levels without genetic modifications. Succinate production was limited by small
amounts of either fumarate or the co-substrate, and intracellular retention of succinate was
significant at high fumarate concentrations (> 300 mM).

By employing an anaerobic bacterium, suspensions with high densities of functioning cells
were readily achieved. When F. varium cells were suspended with only fumarate (< 400 mM)
and a co-substrate supplying reducing equivalents, incubation volumes were minimized and
substrates were completely utilized within 3—6 h. Consequently, the isolation of succinate from
suspension fluids would simply require separation from water and the acetate and lactate side
products present at lower concentrations.

The catabolism of co-substrates via the EMP pathway in F varium [26, 27] generated
reduced co-enzymes to facilitate the bioconversion of exogenous fumarate to succinate by
fumarate reductase. The accompanying accumulations of acetate and lactate also were consis-
tent with the metabolism of pyruvate formed by the EMP pathway. The lower accumulation of
acetate and lactate as side products when sorbitol and glycerol were supplied as reduced co-
substrates was attributed to NADH production with decreased carbon flux through the EMP
pathway. Acetate increased with increasing supplies of fumarate, while less lactate accumu-
lated at higher concentrations of fumarate. The latter indicated that fumarate was preferred over
pyruvate as a terminal electron acceptor and that the coupling of glucose (or polyol) oxidation
with fumarate reduction is a novel application of F varium that has potential for the production
of succinate under anaerobic conditions, particularly when combined with microbial-derived
fumarate [2, 14].
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