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Ever-increasing biofuel production has raised the supply of glycerol, an abundant waste
from ethanolic fermentation and transesterification, for biodiesel production. Glycerol
can be a starting material for sustainable production of 1,3-propanediol (1,3 PD), a
valued polymer subunit. Here, we compare how Clostridium pasteurianum DSMZ 525,
a well-known 1,3-PD-producer, and the non-solventogenic Clostridium beijjerinckii Br21
perform during glycerol fermentation. Fermentative assays in 80-, 390-, or 1,100-mM
glycerol revealed higher 1,3-PD productivity by DSMZ 525 compared to Br21. The
highest 1,3-PD productivities by DSMZ 525 and Br21 were obtained in 390 mM
glycerol: 3.01 and 1.70mM h~", respectively. Glycerol uptake by the microorganisms
differed significantly: C. bejjerinckii Br21 consumed 41.1, 22.3, and 16.3%, while C.
pasteurianum consumed 93, 44.5, and 14% of the initial glycerol concentration in 80,
390, and 1,100 mM glycerol, respectively. In 1,100 mM glycerol, C. beijjerinckii Br21
growth was delayed. Besides 1,3-PD, we detected butyrate and acetate during glycerol
fermentation by both strains. However, at 80 mM glycerol, C. bejerinckii Br21 formed
only butyrate as the by-product, which could help downstream processing of the 1,3-PD
fermentation broth. Therefore, C. bejjerinckii Br21, an unexplored biocatalyst so far, can
be used to convert glycerol to 1,3-PD and can be applied in biofuel biorefineries.

Keywords: biorefinery, fermentation, glycerol, Clostridium beijerinckii, butyrate, propanediol

INTRODUCTION

Glycerol (propane-1,2,3-triol) is a by-product of ethanolic fermentation and biodiesel
transesterification. Glycerol generation represents 10% of the weight of the transesterification
reaction products from biodiesel manufacture Checa et al., 2020). In 2021, biodiesel production
worldwide will generate ~1,600 million tons of residual glycerol (OECD/FAO, 2020).

In Brazil, the percentage of mandatory biodiesel addition to fossil diesel was increased from
10 to 12% in 2020, which represents ~ 800 million tons of residual glycerol (Analysis of Biofuels’
Current Outlook, 2020). In addition, during ethanolic fermentation, 3-5% carbon from ethanol is
diverted to glycerol generation (Chen and Liu, 2016; Mutton et al., 2019). Thus, the ever-growing
demand for biofuels has increased the amount of glycerol as the by-product. Converting glycerol

Frontiers in Sustainable Food Systems | www.frontiersin.org 1

July 2022 | Volume 6 | Article 848022


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2022.848022
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2022.848022&domain=pdf&date_stamp=2022-07-07
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles
https://creativecommons.org/licenses/by/4.0/
mailto:valeriars@ffclrp.usp.br
https://doi.org/10.3389/fsufs.2022.848022
https://www.frontiersin.org/articles/10.3389/fsufs.2022.848022/full

Mermejo et al.

Clostridium beiferinckii Br21 Produces 1,3-Propanediol

to a value-added product helps to make bioethanol and/or
biodiesel biorefinery feasible (Chen and Liu, 2016).

Glycerol has numerous applications. Depending on its purity,
it is used for pharmaceutical, cosmetic, and energy purposes.
In biotechnological processes, glycerol can be employed as
a carbon source and be converted to 1,3-propanediol (1,3-
PD), a polymer backbone obtained by fermentation catalyzed
mainly by the genera Clostridium and Klebsiella (Gungormusler
et al.,, 2011; Chen and Liu, 2016; Uprety et al., 2017). Among
clostridia, Clostridium pasteurianum (Zhang et al., 2021) and
Clostridium butirycum (Martins et al., 2020) are the most
studied species. The well-known clostridial glycerol conversion
to 1,3-PD comprises two interdependent stages: the oxidative
stage, when energy for growth is gained, and the reductive
stage, when reduced coenzymes are oxidized upon 1,3-PD
evolution (Gungormusler et al, 2011; Uprety et al, 2017).
During the oxidative stage, glycerol is oxidized by glycerol
dehydrogenase and phosphorylated by dihydroxyacetone kinase,
forming dihydroxyacetone phosphate, which is followed by
glycolysis (Uprety et al., 2017; Zabed et al, 2019). During
the metabolic pathways that depend on reducing equivalents
(NAD(P)H), organic acids and solvents are generated as
glycerol oxidation by-products. During the clostridial reductive
stage, glycerol dehydratase (GDHt) dehydrates glycerol,
generating 3-hydroxypropionaldehyde (3-HPA). 1,3 Propanediol
oxidoreductase (PDDH) then reduces 3-HPA to 1,3-PD using
dissipating reducing equivalents gained during the oxidative
stage (Uprety et al., 2017; Zabed et al., 2019).

A mixture of organic acids is usually produced from glycerol
during the Clostridium oxidative stage (Sarma et al., 2012). The
maximum 1,3-PD yield is 0.6 mol per mol of glycerol when
acetic and butyric acids are the by-products of glycerol oxidation
(Equation 1).

10 C3HgO3 — 2 CH3COOH + C4H3O5 4+ 6 C3HgO,
+ 4CO; +2H, (1)

4 C3HgO3 — CH3COOH + 3 C3H3O,
+ CO, +2H,0 (2)

Typically, Clostridium beijerinckii is a solventogenic clostridial
species, i.e., it ferments substrates by initially producing
organic acids, and then it reabsorbs the acids to generate the
solvents acetone, butanol, and ethanol in the so-called ABE
fermentation (Zhao et al., 2011). Nevertheless, in our laboratory,
we have isolated the non-solventogenic C. beijerinckii Br21 strain
(Fonseca et al,, 2016, 2019), which cannot reabsorb organic
acids to produce the solvents. This causes the organic acids,
especially butyric acid, to accumulate in the medium, and ABE
fermentation does not occur (Fonseca et al., 2020). A non-
solventogenic C. beijerinckii strain has never been studied for 1,3-
PD production from glycerol. Supposedly, lack of solventogenesis
by strain Br21 would help it to save reducing equivalents required
for 1,3-PD evolution.

Therefore, this investigation explores the potential of the
non-solventogenic C. beijerinckii Br21 to produce 1,3-PD from
glycerol. We compare the well-known 1,3-PD-producer C.

pasteurianum DSMZ 525 with our isolate C. beijerinckii Br21 in
terms of the glycerol fermentation by-product profile and shed
some light on glycerol metabolism by a non-solventogenic C.
beijerinckii strain.

MATERIALS AND METHODS

Microorganisms
The microorganisms C. beijerinckii Br21 GenBank KT626859,
a non-solventogenic strain (Fonseca et al, 2019), and C.
pasteurianum DSMZ 525, the strain obtained from the culture
collection of Deutsche Sammlung von Mikroorganismen und
Zellkulturen, were used.

Cells were maintained as a glycerol (20%, w v~!) stock, which
was prepared after the cells were grown to an optical density of
0.8, and were stored at —80°C. Before the fermentative assays, the
stock cultures were transferred to a fresh reinforced Clostridium
medium (RCM, Sigma-Aldrich) to activate the cells.

Culture Medium

Culture media with 80, 390, or 1,000 mM glycerol were prepared.
The media consisted of glycerol, yeast extract (1.0g L71),
Na,HPO, (5.0g L™1), KH,PO, (1.0g L™1), NaCl (1.0g L™Y),
MgS04.7H,0 (0.1g L71), FeSO4 (0.045g L!), 1.0mL L~}
resazurin solution (1.0g L™!), and 2.0mL L™! trace elements
solution containing H3BO3; (2.85g L), MnSO4.4H,0 (2.03¢g
L™1), and FeCl3 (0.167 g L™1) (Chen et al., 2005). The medium
pH was adjusted to 7.0. Nitrogen gas was bubbled through 100-
mL flasks filled with 56 mL of medium for 3min to ensure
anaerobiosis. The flasks were sealed and autoclaved at 121°C and
1 atm for 20 min.

Batch Fermentation Assays

Both microorganisms stored at —80°C were activated before the
fermentation assays. The stored microorganism suspension was
resuspended in RCM in 50-mL flasks filled with 15 mL of RCM
and cultivated at 35°C and 125 rpm for 24 h. The pre-inoculum
was prepared by resuspending 4 mL of the activated culture in
100-mL flasks containing 56 mL of medium and incubated at
35°C and 125 rpm overnight. The volume of the last culture was
calculated so that the initial optical density (OD) at 600 nm would
be 0.5 at the beginning of the fermentation assays. With a syringe,
the inoculum was introduced into the fermentative flasks, which
had already been bubbled with nitrogen gas during medium
preparation (section Culture Medium) to ensure anaerobiosis.
An OD of 0.5 at 600 nm represents a cell concentration of 0.01 mg
mL~! (Fonseca et al., 2016). Fermentations were carried out at
35°C and 125 rpm for 25 h.

Periodically, 2mL of the sample was taken with a syringe
under sterile conditions for pH and OD (600 nm) measurements.
Samples were centrifuged at 13,400 rpm for 1.5min, filtered
through a 0.22-pm nylon filter, and stored at —18°C until
analytical measurements were accomplished.

Kinetic Parameters
The substrate conversion factor in cells (Yx/s) was calculated
as the ratio of the variation in cell concentration (X) at the
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beginning (X;) and end (Xf) of fermentation [measured as
OD and converted to dry mass (mg L™!)] to the glycerol (S)
consumption [difference between the initial (S;) and final (S¢)
concentration (Equation 3)].

(X — X))

3)
The product yield from glycerol consumption (Yp;s) was
calculated using Equation 4, where P is 1,3-PD, butyrate, or
acetate (mM), and S is the glycerol concentration (mM).

S )
s - s)

(4)
Productivity (P) was calculated by considering the variation in
1,3-PD concentration (mM) and fermentation time (Equation 5).

_ AP

p="
At

(5)

Finally, carbon balance (C) was calculated by considering the
moles of carbon from consumed glycerol (C-glycerol) diverted
to products (C-products). 1,3-PD, butyric acid, acetic acid, and
cell, considering the cell formula as C4H;O,N (Biebl, 2001),
were counted as products. The percent ratio between the sum
of carbon in the products and the carbon in consumed glycerol
corresponded to total carbon recovery in the products in the
liquid phase (Equation 6).

C — Products

C%) = ————x1
(%) C—Glycerol>k

(6)

Analytical Methods

Substrate and product concentrations during the fermentation
assays were determined by gas chromatography (GC,
SHIMADZU - 2014, Shimadzu, Tokyo, Japan) coupled with a
flame ionization detector (FID). Separation was performed on a
Stabilwax®-DA capillary column (30 m x 0.25 mm L.D., 0.25-mm
film thickness, Shimadzu, Kyoto, Japan). Sample preparation
comprised its dilution in ethanol (1:3v vh according to
Egoburo et al. (2017). The chromatograph detector temperature
was initially set at 185 °C for 3 min, increased to 220°C at 40°C
min~!, and maintained at 220°C for 1 min. Then, the injector
and the detector temperatures were kept at 290 and 300°C,
respectively. The carrier gas was nitrogen at a flow rate of 2.5 mL
min~!. The GC-FID injected volume was 2.0 pL in a 1/30 split
ratio. The interval between the analyses was 3 min. Ethanol
(GC grade, Sigma Saint Louis, USA) was used for both sample
preparation and column cleaning. Retention times were given
by an analytical curve for all the analytes, and peak areas were
calculated with the GC-Solutions software.

Statistical Methods

All the fermentative assays were carried out as independent
triplicates. To compare the results of the fermentation tests, two-
factor analysis of variance (ANOVA) analysis and Tukey’s test at

5% significance were performed with the software Statistica 7.0.
The two factors considered were initial glycerol concentration
and the microorganism.

RESULTS AND DISCUSSION

Effect of Glycerol Concentration on Growth
During batch fermentations, an increase in the initial substrate
concentration might inhibit the substrate and decrease the
product yield. On the other hand, low substrate concentration
might diminish the biochemical reaction rates.

When we cultured C. beijerinckii Br21 (Figures 1A,B) and
C. pasteurianum DSMZ 525 (Figures 1C,D) in 80, 390, or
1,100 mM glycerol, we verified that the glycerol concentration
affected C. beijerinckii growth to a larger extent. Glycerol at
390 mM elicited the highest variation in C. beijerinckii Br21 cell
concentration (Figure 1A). At the lowest (80 mM) and highest
(1,100 mM) glycerol concentrations, strain Br21 grew to a lesser
extent (Figure 1A), increasing to only 200.83 and 230.21 mg L™
of dry mass, respectively. Furthermore, in 1,100 mM glycerol,
the growth lag phase increased, ~ 15h, compared to <2h
in 80 and 390 mM glycerol (Figure 1A). As for C. beijerinckii
TISTR 1,390 in glycerol ranging from 20 to 60g L' (217
and 651 mM, respectively), Sanguanchaipaiwong and Leksawasdi
(2017) obtained the highest cell concentration in 20g L!
glycerol, but only after cultivation for 189h. Wischral (2015)
obtained the highest C. beijerinckii DSM 791 cell concentration
in 8 g L™! (87 mM) glycerol. During batch cultivation, our strain
grew to a larger extent in 390 mM glycerol (Figure 1A).

Clostridium growth is associated with organic acid generation,
mainly acetic and butyric acids, which decreases the pH of
the cultivation medium (Zeng and Biebl, 2002). Irrespective
of glycerol concentration, C. beijerinckii Br21 had similar pH
variations, around 1.4 units, which lowered the pH to 5.68 & 0.20
(Figure 1B).

For C. pasteurianum DSMZ 525, cell growth and the pH
profile were similar in all glycerol concentrations, 80, 390, or
1,100 mM (Figures 1C,D). The highest glycerol concentration
(1,100mM) did not inhibit C. pasteurianum DSMZ 525
growth. However, under the same conditions, 1,100 mM glycerol
inhibited C. beijerinckii Br21 growth: the lag phase increased
to ~15h. The lag phase also resembled the lag phase in other
glycerol concentrations. Biebl (2001) reported inhibited growth
for strain DSMZ 525 at glycerol concentrations higher than 60 g
L~! (~650 mM). However, this author kept the fermentation pH
at 6.0, whereas here we did not control the pH. The initial pH was
7.0 and decreased to 5.03 (£ 0.25) during fermentation at all the
glycerol concentrations.

Sarchami et al. (2016) evaluated 1,3-PD production by C.
pasteurianum DSMZ 525 in 330 mM glycerol at different pH:
4.7, 5.0, 5.3, 5.6, or 5.9. The lower the pH, the lesser the extent
of cell growth and fermentation, which guided metabolism to
butanol instead of 1,3-PD formation. In contrast, fermentation
at higher pH allowed higher cell growth and favored 1,3-
PD generation. The pH range, between 7.0 and 5.2, of our
fermentations (Figure 1D) helped C. pasteurianum DSMZ 525
grow and probably did not inhibit 1,3-PD production.
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FIGURE 1 | Cell concentration and pH during glycerol batch fermentations with C. bejjerinckii Br21 (A,B) or C. pasteurianum DSMZ 525 (C,D). Glycerol at 80 mM (H),
390mM (M), and 1,700mM (V).

To alleviate substrate inhibition, cell immobilization,
fed-batch operation, and continuous operation have been
successfully employed to convert glycerol to 1,3-PD. Continuous
1,3-PD production in the presence of C. beijerinckii NRRL B-593
and 40g L™! crude glycerol increased glycerol consumption to
74 and 100% in a system with suspended and immobilized cells,
respectively (Gungormusler et al., 2011). Compared to a batch
approach, fed-batch enhanced 1,3-PD production from glycerol
by C. beijerinckii Al from 18.9 to 26 g L™! (Wischral et al., 2016).

Effect of Glycerol Concentration on
Fermentation Products Profile

Initial substrate concentration can elicit different microorganism
metabolisms, as revealed by the product profiles. Glycerol
consumption and 1,3-PD, acetate, and butyrate formation by C.

beijerinckii Br21 and C. pasteurianum DSMZ 525 (Figures 2A-F)
were different, particularly the glycerol uptake.

C. beijerinckii Br21 consumed less glycerol than C.
pasteurianum DSMZ 525: 41.1, 22.3, and 16.3% and 93,
44.5, and 14% in 80, 390, and 1,100 mM glycerol, respectively.
Low pH could affect glycerol consumption by C. beijerinckii
Br21, as observed for xylose fermentation by the same strain
(Fonseca et al., 2020). Low pH increases the concentration of
non-dissociated organic acids, which are stronger inhibitors
than the corresponding ionized species. Total strain Br2l
inhibition was observed at 10mM of total non-dissociated
acid (Fonseca et al, 2020). Therefore, the non-dissociated
butyric or acetic acid concentration at ~5mM during 390 mM
glycerol fermentation could contribute to inhibiting Clostridium
metabolism. Furthermore, strain Br21 seemed to be more
affected by pH drop than C. pasteurianum.
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FIGURE 2 | Glycerol and product concentrations during glycerol fermentation by C. bejjerinckii Br21 (A-C) and C. pasteurianum DSMZ 525 (D-F). Glycerol at 80 mM
(A,D), 390mM (B,E), and 1,100 mM (C,F). Glycerol (A), 1,3-PD (V), acetate (M), butyrate (@).

Besides pH, other factors might have caused low glycerol
consumption by C. beijerinckii Br21. Especially at 1,100 mM
glycerol and after fermentation for 20h, the pH remained
about 6.0 (Figurel). In this condition, the non-dissociated

butyric acid concentration was about 1.5 mM of the total non-
dissociated acid, which is considered not inhibitory. Probably,
extended fermentation could be conducted to increase glycerol
consumption and 1,3-PD concentration.
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TABLE 1 | Glycerol consumption, product concentrations, yields, and fermentation productivities by C. bejjerinckii Br21 and C. pasteurianum DMSZ 525 in different initial

glycerol concentrations.

Initial Glycerol Consumed Glycerol 1,3-PD Acetate Butyrate Y1,3-PD/GLY P1,3-pD

(mM) (mM) (mM) (mM) (mM) (MM mM-1) (mM h-1)
C. beijerinckii 80 34.94 + 0.63° 13.75 4 0.66' <0.1¢ 7.49 +0.14¢ 0.39 =+ 0.03Pd 0.54 + 0.03
Br21 390 89.58 + 0.46° 4347 +£037°  117+010%  1546+0.66°  0.47 + 0.02% 1.70 £ 0.01¢

1,100 177.78 £ 0.90° 3851 +1.019  646+067° 126040349 0022+ 0.02° 1.51 + 0.049
C. pasteurianum 80 7412 + 0,63 3273+ 0.40°  369+007°  17.50+039°  0.44+000%c 128+ 0.02°
DSMZ 525 390 173.66 + 5.73° 7675+1.73% 108240178  1932+084% 044 +002%° 301 +007

1,100 149.64 + 5.21° 5714 +058°  333+£007° 19294023  038+002¢ 224+ 0.02°

Different lowercase letters in the same column indicate a significant difference between assays, as revealed by two-factor analysis of variance (ANOVA) and Tukey test, p < 0.05. The

two factors considered were (1) initial glycerol concentration and (2) microorganism.

Both C. beijerinckii Br21 and C. pasteurianum DSMZ
525 in 390mM glycerol provided the highest 1,3-PD titer,
43.47 and 76.75 mM, respectively (Table 1). Thus, intermediate
glycerol concentration favored 1,3-PD production by both the
microorganisms. Indeed, glycerol concentrations ranging from
270 to 540 mM and from 87 to 330 mM have been described
to allow 1,3-PD production by C. pasteurianum (Biebl, 2001;
Sarchami et al., 2016; Gallardo et al., 2017) and C. beijerinckii
(Wischral, 2015; Wischral et al., 2016) strains, respectively.
These concentrations are in the same order of magnitude
as the ones we obtained with C. beijerinckii Br 21, a non-
solventogenic strain, reported for 1,3-PD production for the first
time herein.

Glycerol conversion to 1,3-PD gives acetic acid and butyric
acid as by-products (Equation 1) (Tong and Cameron, 1992).
The major by-product from glycerol fermentation by strain Br21
was butyric acid, and its formation was associated with 1,3-
PD (Equation 1). The same glycerol concentration (390 mM)
that afforded the highest 1,3-PD yield also gave the highest
butyric acid concentration (15.46 mM) (Figure2B). In the
case of glycerol fermentation by C. beijerinckii in 1,100 mM
glycerol, we detected 1,3-PD and organic acids only 15h after
the fermentation started, corresponding to the microorganism
growth profile. In 1,100 mM glycerol, fermentation was slower
and 1,3-PD productivity decreased (Table 1).

Acetic acid was detected during fermentation by C. beijerinckii
Br21 only in 390 and 1,100 mM glycerol at 1.17 and 6.46 mM,
respectively. However, these concentrations diminished along
with fermentation. The fact that strain Br21 can consume acetate
and form butyrate has already been observed in our previous
works (Fonseca et al., 2021).

Substrate consumption does not necessarily indicate 1,3-PD
production. Fermentations by C. beijerinckii Br21 in 80 and
1,100mM glycerol produced 13.75 and 38.51 mM 1,3-PD, or
a yield (Y13-pp/g) of 0.39 and 0.22 mol mol 1, respectively
(Table 1). On the other hand, 390 mM glycerol fermentation
by C. beijerinckii Br21 resulted in 43.47 mM 1,3-PD, leading to
a yield of 0.47mol mol™!. In 390 mM glycerol, C. beijerinckii
converted glycerol to 1,3-PD as efficiently as C. pasteurianum:
0.47 (£0.02) and 0.44 (£0.02) mol of 1,3-PD per mol of
glycerol, respectively.

As predicted by the theoretical reaction (Equation 1), the
formation of a mixture of butyric and acetic acids is common
during 1,3-PD production (Biebl et al., 1992). When acetic
acid was the only metabolite, the 1,3-PD yield decreased to
0.75mol mol™! glycerol, (Equation 2), and when both acetic
acid and butyric acid were the by-products, the 1,3-PD yield
decreased to 0.60mol mol~! glycerol (Equation 1). Total
organic acid concentrations in fermentation by C. pasteurianum
might have lowered its 1,3-PD yield from glycerol (Table 1).
Carbon mass balance from the fermentations also suggested that
acetic acid was the main difference between the metabolites
obtained in the presence of both strains (Figure 3). As expected,
carbon recovery was near 75% in most fermentations, given
that we did not detect CO; release during glycerol oxidation
(Figure 3).

Regardless of the initial glycerol concentration, the ratios of
glycerol conversion to 1,3-PD (Yp/s) were similar and around
0.44mM for C. pasteurianum and glycerol-dependent for C.
beijerinckii Br21. At 80 and 390 mM glycerol, Yp/s values were
the same for both strains. However, C. beijerinckii Br21 was
inhibited at 1,100 mM glycerol within 25h of fermentation
(Table 1).

Moreover, C. pasteunianum afforded higher 1,3-PD
productivities than C. beijerinckii Br21: 3.01 and 2.24mM
h™! and 1.70 and 1.51mM h™! of 1,3-PD in 390 and 1,100 mM
glycerol, respectively (Tablel). In the literature, 1,3-PD
productivity achieved with C. pasteurianum varies widely from
2.9 up to 8.8mM h~! of 1,3-PD (Moon et al., 2011; Gallardo
et al,, 2017), in the same range as ours. However, C. beijerinckii
productivities covered a smaller range of 0.42-0.71g L=! h~!
when pure glycerol was used (Wischral et al., 2016). Here, we
attained 0.04 and 0.13g L™! h~! in 80 and 390 mM glycerol,
respectively. Low 1,3-PD productivity by strain Br21 might
be related to small substrate consumption, which did not
exceed 50%.

C. pasteurianum DSMZ 525 afforded higher 1,3-PD
concentrations and hence higher 1,3-PD productivities.
However, C. beijerinckii Br21 provided similar glycerol
conversion to 1,3-PD (Y13_pp/GLy), especially in 390 mM
glycerol. We were not able to prove our assumption that the
lack of solventogenesis by strain Br21 saves electrons, which
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FIGURE 3 | Carbon balance of fermentations with initial glycerol concentrations of 80, 390, or 1,100 mM by C. bejjerinckii Br21 and C. pasteurianum DMSZ 525. Cell

could be directed to the reductive 1,3-PD generation stage.
Nevertheless, we did not detect ABE solvents in fermentations
with C. beijerinckii Br21 or C. pasteurianum. Such an effect might
be related to the substrate. ABE fermentation is more favored
with glucose as the substrate, its oxidation gives 24 electrons,
while glycerol oxidation provides 14 electrons (Wischral et al.,
2016).

Although C. pasteurianum DSMZ 525 is a solventogenic
strain, butanol formation demands longer fermentations.
According to Malaviya et al. (2012) and Khanna et al. (2013),
glycerol fermentation into butanol is better after fermentation
for 2 and 7 days of fermentation, respectively. Indeed, Taconi
et al. (2009) reported maximum butanol concentration
of 7¢g L™! with an initial glycerol concentration of 25g
L~! only after fermentation for 10 days. Thus, the short
fermentation period (25h) used here may have led to the lack
of butanol, even though the solventogenic DSMZ 525 strain
was used.

Lack of solventogenesis did not result in a higher 1,3-PD
yield by C. beijerinckii, but in fewer and lower concentrations
of by-products as compared to C. pasteurianum (Figure 3).
Acetic acid concentration, albeit low, was higher in the
fermentations with C. pasteurianum (Table1). On the other
hand, only butyric acid was detected as a by-product of
glycerol fermentation by C. beijerinckii at 80 mM glycerol.
Downstream processes may become more economical because

fewer by-products were produced by the strain Br21. Hence,
maintaining the glycerol concentration between 80 and
390 mM during glycerol fermentation with C. beijerinckii
Br21 would avoid inhibition as well as the formation
of by-products.

Estimating the glycerol concentration that converges higher
productivities and yields is important and supports the bioreactor
operation. Fed-batch bioreactors or continuous reactors could
be employed because they allow substrate concentration to
be controlled. Thus, C. beijerinckii Br21 performance during
fermentation could be further improved by controlling the
glycerol supply by operating the bioreactor in a fed-batch or
continuous mode.

CONCLUSION

C. Vbeijerinckii Br21 is more affected by high glycerol
concentration and consumes less glycerol than C. pasteurianum
DSMZ 525. Glycerol at 390 mM favors 1,3-PD production by C.
beijerinckii Br21 and C. pasteurianum. Butyric acid is the main
by-product during glycerol fermentation by C. beijerinckii strain,
which can help in the downstream process. 1,3-PD productivity
could be improved by refining glycerol concentration and
controlling pH during fed-batch fermentation, making C.
beijerinckii Br21 an even more promising 1,3-PD producer.
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