fermentation

Article

Glycerol Utilization as a Sole Carbon Source Disrupts the
Membrane Architecture and Solventogenesis in Clostridium

beijerinckii NCIMB 8052

Eric Agyeman-Duah

check for
updates

Citation: Agyeman-Duah, E.; Kumar,
S.; Gangwar, B.; Ujor, V.C. Glycerol
Utilization as a Sole Carbon Source
Disrupts the Membrane Architecture
and Solventogenesis in Clostridium
beijerinckii NCIMB 8052. Fermentation
2022, 8, 339. https://doi.org/
10.3390/ fermentation8070339

Academic Editor: Donatella Cimini

Received: 9 June 2022
Accepted: 13 July 2022
Published: 19 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Santosh Kumar

, Bhavana Gangwar ‘© and Victor C. Ujor *

Fermentation Science and Metabolic Engineering Group, Department of Food Science, Babcock Hall,
University of Wisconsin-Madison, 1605 Linden Drive, Madison, WI 53706, USA;
agyemanduah@wisc.edu (E.A.-D.); skumar232@wisc.edu (S.K.); bhavanagangwarl@gmail.com (B.G.)
* Correspondence: ujor@wisc.edu

Abstract: Efficient bioconversion of abundant waste glycerol to value-added chemicals calls for
a wider range of fermentative workhorses that can catabolize glycerol. In this study, we used
quantitative gene expression and solvent profiling, qualitative metabolite analysis, and enzyme
activity assays to investigate the factors that limit glycerol utilization as a sole carbon source by
Clostridium beijerinckii NCIMB 8052. C. beijerinckii NCIMB 8052 did not produce acetate, acetone
and butanol on glycerol. Congruently, the genes encoding the coenzyme A transferase subunits
(ctfAB) and bifunctional acetaldehyde-CoA /alcohol dehydrogenase (adhE) were down-regulated up
to 135- and 21-fold, respectively, at 12 h in glycerol-grown cells compared to glucose-grown cells.
Conversely, NADH-dependent butanol dehydrogenase A (bdhA) was upregulated 2-fold. Glycerol
dehydrogenase (g/dA) and dihydroxyacetone kinase (subunit dhaK) were upregulated up to 5- and
881-fold, respectively. Glyceraldehyde-3-phosphate dehydrogenase (gapdh) showed mostly similar
expression profiles at 12 h on glucose and glycerol. At 24 h, gapdh was downregulated 1.5-fold,
while NADP*-dependent gapdh was upregulated up to 1.9-fold. Glycerol-grown cells showed
higher or similar activity profiles for all solventogenic enzymes studied, compared to glucose-grown
cells. Butyraldehyde (3 g/L) supplementation led to the production of ~0.1 g/L butanol, whilst
butyrate (3.5 g/L) supplementation produced 0.7 and 0.5 g/L acetone and butanol, respectively,
with glycerol. Further, the long chain saturated fatty acids cyclopentaneundecanoic acid, methyl
ester and hexadecanoic acid, butyl ester were detected in glucose- but not in glycerol-grown cells.
Collectively, growth on glycerol appears to disrupt synthesis of saturated long chain fatty acids, as
well as solventogenesis in C. beijerinckii NCIMB 8052.

Keywords: Clostridium beijerinckii NCIMB 8052; glycerol fermentation; saturated long chain fatty
acids; solventogenesis; butanol production

1. Introduction

Due to its availability and low cost, glycerol represents an attractive feedstock for
largescale fermentative production of fuels and chemicals [1-5]. Whereas glucose—the
predominant feedstock in fermentative biomanufacturing—sells for up to $3.37/kg [6],
crude glycerol (80-90% purity) sells for $0.00 to $0.11/kg [7,8]. Glycerol glut stemming
from the expanding biodiesel industry accounts for the low cost of glycerol [1-10]. During
biodiesel production, 45.4 kg of fats and oils generate 4.54 kg of waste glycerol [1,2].
In theory, the higher degree of reduction of the carbon atoms in glycerol (k = 4.67 as
opposed to 4.0 for each of glucose and xylose) makes glycerol an ideal substrate for
fermentative production of reduced chemicals [1,3]. However, to date, only a narrow group
of microorganisms has been shown to efficiently ferment glycerol to target products under
anaerobic condition. This is largely because the catabolism of one molecule of glycerol
generates double the amount of reducing equivalents (NADH) produced by the catabolism
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of one molecule of glucose [1,3,4,11,12]. Consequently, efficient glycerol catabolism under
anaerobic condition requires an additional electron acceptor to re-oxidize the resulting
excess reducing equivalents (i.e., NADH; [1,13]). As a result, expanding the range of
fermentative organisms that can efficiently convert glycerol to a wider range of bio-derived
chemicals is an important prerequisite for the successful establishment of a glycerol-based
biorefinery—either as a single feedstock or in combination with lignocellulosic sugars.

Butanol is an important industrial bulk chemical, which also has excellent character-
istics as a fuel. In addition to fossil-derived butanol, obligately anaerobic Gram-positive
solventogenic Clostridium species also produce butanol. Despite its enormous potential,
largescale bio-production of butanol remains elusive largely due to higher operating costs
and low yield, when compared to fossil-derived butanol. Thus, a glycerol-based process
has the potential to reduce the cost of producing butanol via acetone-butanol-ethanol (ABE)
fermentation. Previously, we showed that a mixture of glucose and glycerol (1:1 molar ratio)
enhanced butanol production by Clostridium beijerinckii NCIMB 8052 (hereafter referred to
as C. beijerinckii) in the presence of furfural, by tethering the excess NADH resulting from
glycerol catabolism to furfural reduction [4]. Furfural is the major inhibitory compound
produced during the pretreatment of a lignocellulosic biomass [4,14-16]. However, in
the glucose-glycerol mixture, 20 g/L glycerol remained in the medium post fermentation,
which renders this approach economically unfeasible for co-fermentation of glycerol and
lignocellulosic sugars to butanol by C. beijerinckii. High residual glycerol in the medium
after fermentation is as a result of the inability of C. beijerinckii to utilize glycerol as a sole
carbon source, even though the genome contains the full repertoire of glycerol catabolic
genes. Consequently, when C. beijjerinckii is grown in glucose—glycerol mixture, upon
glucose depletion, glycerol metabolism ceases. Therefore, understanding the basis for the
inability of C. beijerinckii to utilize glycerol as a sole carbon source is central to engineering
this fermentative workhorse to metabolize glycerol to butanol. In fact, Clostridium aceto-
butylicum ATCC 824 and C. beijerinckii (NCIMB 8052), which are the model microorganisms
for studying the ABE pathway do not efficiently utilize glycerol as a sole carbon source,
and to date, there is no study detailing the behavior of C. beijerinckii (NCIMB 8052) on
glycerol as a sole carbon source. Although Clostridium pasteurianum can utilize glycerol
as a sole carbon source, butanol yield is lower than the concentrations produced on glu-
cose [2]. Furthermore, butanol production by C. pasteurianum on glycerol is accompanied
by 1,3-propanediol (1,3-PDO), in addition to acetone, ethanol, acetate and butyrate [2]. As
a result, the cost of recovering low amounts of butanol from such a complex broth is not
economically feasible.

Because of the reduced nature of glycerol, most microorganisms capable of anaerobic
glycerol utilization as a sole carbon source produce 1,3-PDO and/or 1,2-propanediol (1,2-
PDO), both of which are more reduced than glycerol, thereby, providing a metabolic outlet
for redox balance [1,17,18]. Consequently, the ability to produce 1,2-PDO and/or 1,3-
PDO was long considered the basis for glycerol utilization as a sole carbon source under
anaerobic condition [1,17,18]. However, recently, Xin et al. [2] showed that Clostridium sp.
strain CT7 efficiently utilizes both refined and crude glycerol as a sole carbon source to
produce butanol under anaerobic conditions, without concomitant production of 1,2-PDO
or 1,3-PDO. Moreover, we have engineered a constitutive 1,2-PDO biosynthetic pathway in
C. beijerinckii (unpublished data), with a view to establishing an artificial outlet for NADH
re-oxidation during growth on glycerol as a sole carbon source. However, this did not
abolish the inability of this organism to utilize glycerol as a sole carbon source. Further,
cloning and expressing genes encoding the glycerol catabolic enzymes of C. pasteurianum
[glycerol dehydrogenases (dhaD1 and gldA1) and dihydroxyacetone kinase] in C. beijerinckii
failed to engender glycerol catabolism as a sole carbon source by this organism [19]. These
findings, therefore, suggest that additional roadblocks to glycerol metabolism (beyond
the inability to achieve redox balance via biosynthesis of 1,2-PDO or 1,3-PDO) exist in
C. beijerinckii. Towards unravelling the mechanisms that account for the inability of C.
beijerinckii to utilize glycerol as a sole carbon source, in this study, we (a) conducted a
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detailed investigation of the solvent profiles of C. beijerinckii grown on glycerol as a sole
carbon source (relative to glucose-grown cultures), (b) profiled the activities and expression
levels of important glycerol catabolic and ABE enzymes and genes in glycerol-grown
cultures, (c) assessed the likelihood of using artificially supplied external electron acceptors
in the forms of furfural and butyraldehyde to overcome likely redox imbalance in glycerol-
grown cultures, and (d) evaluated whether accumulation of toxic metabolic intermediates
such as 3-hydroxypropionaldehyde or methylglyoxal in glycerol-grown cells might account
for the poor growth of C. beijerinckii on glycerol as a sole carbon source.

2. Materials and Methods
2.1. Microorganisms and Culture Conditions

Clostridium beijerinckii NCIMB 8052 was procured from the American Type Culture
Collection (Manassas, VA, USA). Clostridium beijerinckii was maintained in the laboratory
as spore suspensions in sterile double-distilled water at 4 °C. All cultures were grown at
35 £ 1 °C in an anaerobic chamber (Coy Laboratory Products Inc., Grass Lake, MI, USA)
with a modified atmosphere of 82% Nj, 15% CO,, and 3% H,. The preculture was grown
in a tryptone-glucose-yeast extract (TGY) broth containing 30, 20, and 10 g/L tryptone,
glucose, and yeast extract, respectively. To inoculate TGY, a total of 2 mL of spore suspension
(200 pL in each 1.5 mL tube) was heat-shocked at 75 °C for 10 min in a compact digital dry
bath /block heater (ThermoFisher Scientific, Waltham, MA, USA), cooled on ice for 3 min,
and then inoculated into 100 mL of TGY broth, which was then grown overnight. After 12 h,
the fermentation medium was inoculated with the preculture (6%, v/v; [20]). Fermentation
was conducted in a P2 medium (100 mL) containing 60 g/L glycerol or glucose (as a control
where appropriate) and yeast extract (1 g/L) in loosely capped 250-mL Pyrex culture bottles.
The P2 medium was supplemented with 1 mL each of pre-filter-sterilized mineral, buffer
and vitamin stocks. The buffer stock comprised of (in g/L): K,HPO4 (50), KH,POy (50)
and ammonium acetate (220), whereas the mineral stock contained (in g/L): MgSO4-7H,0
(20) MnSO4-H,O (1), FeSO4-7H,0 (1), and NaCl (1). The vitamin stock contained (in g/L):
p-amino-benzoic acid (0.1), thiamine (0.1), and biotin (0.001).

To determine if stresses stemming from the accumulation of the toxic metabolic inter-
mediates 3-hydroxypropionaldehyde and/or methylglyoxal [12,21-29] might account for
the poor growth of C. beijerinckii on glycerol as a sole carbon source, gas chromatography-
mass spectrometry (GC-MS) and fresh inoculation of C. beijerinckii into glycerol broth in
which the same organism had previously grown for 24 h were used to assay for the presence
of these and other toxic compounds. First, cells were grown on glycerol as a sole carbon
source for 24 h. Afterwards, the cells were aseptically separated by centrifugation and the
resulting supernatant (culture broth) was supplemented with glucose (40 g/L) and 0.5 mL
of the buffer, mineral and vitamin stocks. Subsequently, C. beijerinckii preculture (6%, v/v)
was inoculated into the glucose-supplement glycerol-rich broth and incubated as described
earlier. The culture broth of C. beijerinckii pre-grown on glucose for 24 h and supplemented
with glucose (40 g/L), buffer, mineral and vitamin stocks (0.5 mL each) was inoculated
with C. beijerinckii as a control. The procedure for GC-MS is described under the analytical
methods below.

Cysteine and furfural were tested to evaluate their capacity to mitigate
3-hydroxypronionaldehyde-mediated stresses and to enhance NADH re-oxidation, re-
spectively. To evaluate the effects of cysteine and furfural on the growth of C. beijerinckii
on glycerol as a sole carbon source, cultures (described above) were supplemented with
2 and 4 g/L cysteine and 1 g/L furfural. Un-supplemented glycerol-based P2 medium
was used as a control. To assess the possibility of artificially triggering solventogenesis in
glycerol-grown cells of C. beijerinckii, acetic and butyric acids were supplemented to the
glycerol-based P2 medium at 6 and 3.5 g/L, respectively. The cultures were adjusted to a
pH of 6.5 using NH4OH before inoculation. Glucose-based P2 medium supplemented with
the same concentrations of acetic and butyric acids and pH-adjusted with NH;OH was
used as a control. To further test the likelihood of artificially inducing solventogenesis in
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glycerol-grown cells of C. beijerinckii, butyraldehyde (3 g/L) was added to cultures grown
on glycerol as a sole carbon source. Cultures of C. beijerinckii grown in glycerol-based P2
medium un-supplemented with butyraldehyde were used as a control.

We tested lower concentrations of glycerol (12, 20 and 36.1 g/L) relative to fermen-
tations containing 60 g/L glycerol (control). The goal was to ascertain whether lower
concentrations of glycerol might relieve glycerol-mediated inhibitory effects that limit
growth on glycerol as a sole carbon source. Further, C. beijerinckii was grown in P2 medium
as described earlier with glycerol as the sole carbon source without the addition of acetate.
The P2 medium was supplemented with a buffer stock devoid of ammonium acetate.
Cultures grown in glycerol-based P2 medium [supplemented with ammonium acetate
(220 g/L)-containing buffer stock] were used as control.

2.2. Quantitative Gene Expression Profiling
2.2.1. Total RNA Isolation

C. beijerinckii preculture was cultivated in TGY broth as described above. Afterwards,
the preculture was used to inoculate P2 medium supplemented with glucose (60 g/L) or
glycerol (60 g/L), with and without the acetate (2.2 g/L) addition, and then the cultures
were grown anaerobically at 35 £ 1 °C. Samples were collected at 12 h and 24 h and cells
were harvested by centrifugation at 13,000x g for 5 min at 4 °C. Total RNA was extracted
from the samples as per the procedures described by Ujor et al. [20] and Gangwar et al. [30].
After centrifugation, cell pellets were washed with an ice-cold 25 mM Tris-Cl buffer in water
and re-suspended to reach an optical density (OD) of ~1.0 (at 600 nm). Cell suspensions of
equal OD at 600 nm were centrifuged as above and the cell pellets were stored at —80 °C
for subsequent RNA isolation. Samples were thawed on ice and lysed by adding Lysozyme
(10 mg/mL) and incubating for 1 h at 37 °C. Total RNA was then isolated using TRIzol™
Reagent (ThermoFisher Scientific, Waltham, MA, USA), according to the manufacturer’s
instructions. The extracted RNA was subjected to DNase I treatment for 1 h at 37 °C to
remove DNA contaminants as per manufacturer’s instructions (NEB, Ipswich, MA, USA).
The qualities and concentrations of the RNA samples were assessed on 1.2% agarose gel and
by using a NanoDrop One UV-Vis Spectrophotometer (ThermoFisher Scientific, Waltham,
MA, USA).

2.2.2. Real-Time Quantitative PCR (RT-qPCR)

The relative expression profiles of 13 genes were assessed by RT-qPCR using a CFX
Connect RT-qPCR Systems (Bio-Rad Inc., Hercules, CA, USA) and the iTaq Universal SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA). Total RNA (500 ng) was used for cDNA
synthesis using iScript'™ Reverse Transcription Supermix RT-qgPCR kit (Bio-Rad, Hercules,
CA, USA), according to the following conditions: 25 °C for 5 min, 46 °C for 20 min, and
95 °C for 1 min. Each reaction mixture contained 100 ng of cDNA and 0.5 M gene specific
primers (Table 1). The RT-qPCR reaction conditions were as follows: 95 °C for 2 min;
40 cycles of 95 °C for 10 s and 57 °C for 15 s, followed by 95 °C for 10 s and melt curve
analysis at 65-95 °C with increment of 0.5 °C for 5 s. Data analysis was performed using
the mean Cq values obtained for each sample. The relative expression level of each gene
was calculated in reference to the glucose-grown samples using the 224t method, with
the 165 rRNA (housekeeping) gene of C. beijerinckii as an internal control to normalize the
expression of each gene [30]. All RT-qPCR analyses were performed in triplicate using total
RNA from 3 biological culture replicates. The relative expression of each gene is presented
as an average of three biological replicates.



Fermentation 2022, 8, 339

50f 25

Table 1. Sequences of oligonucleotide primers used in qRT-PCR analysis.

S.N. Locus Tag Gene Primer Sequence 5’ to 3’
1 Cbei_0305 adhE Forward GACCTGTGGAGTTATAGAGAGAGA
2 Cbei_0305 adhE Reverse ATGGCTGTTGATGTTGGATTTG
3 Cbei_2421 bdhA Forward CGAAGGAGATCCATGGGATTTAG
4 Cbei_2421 bdhA Reverse CATGTGGATCCATCTCAGAACC
5 Cbei_2753 gldA Forward ACACTGATGATGGCGTCTTT
6 Cbei_2753 gldA Reverse GGCATCACCCATACCAGATAC
7 Cbei_2148 dhaK Forward GAGCAGTGTTTACATCACCTACA
8 Cbei_2148 dhaK Reverse TCCCTTCCATTTCAGCCATATC
9 Cbei_0599 tpiA Forward AAGGCTGTAGCTGGTTCAAATA
10 Cbei_0599 tpiA Reverse TCCCATAGCTTCAAGCATTCC
11 Cbei_0597 gapdh-1 Forward ACTTTAGATGCTCCACACAGAA
12 Cbei_0597 gapdh-1 Reverse CTCTTTGAGCACCACCATCT
13 Cbei_2282 gapdh Forward GGGAACCATTAGGAGTTGTACTT
14 Cbei_2282 gapdh Reverse AATCCACATAAGCTCCCTTGAG
15 Cbei_2572 gapdh Forward TTGTAGCAGGTGGTTACTCATAC
16 Cbei_2572 gapdh Reverse GGATTTCCGACCACAAGTTTATTC
17 Cbei_2654 ctfA Forward ATCAGCTCAACCAGGAGAAAC
18 Cbei_2654 ctfA Reverse GCTTCAGGGCAAGTACCAATA
19 Cbei_2653 ctfB Forward AGGTGGATCTCCAATCACTTTAC
20 Cbei_2653 ctfB Reverse ATCTACCTCTAAAGCGCCTAATG
21 Cbei_3833 ctfA Forward ACCTTCTATAGGGCTGCTACT
22 Cbei_3833 ctfA Reverse CCAGGAGTCATTATGGCATCTC
23 Cbei_3834 ctfB Forward GGGTGGCGCTATGGATTTA
24 Cbei_3834 cftB Reverse CCACTTGAGCCTTAGCAGTAA
25 Cbei_R0024 165rRNA Forward CTCTGTCTTCAGGGACGATAATG
26 Cbei_R0024 165rRNA Reverse TATCCACCTACGCTCCCTTTA

2.3. Enzyme Activity Assays

Cell extracts of C. beijerinckii grown in glycerol- and glucose-based P2 media were
assayed for butanol dehydrogenase (BDH), butyraldehyde dehydrogenase (BDDH), ace-
toacetate decarboxylase (ACDC), and Co-A transferase (CoAT) activities, according to
previously described methods with modifications [31-33]. After 12 h of fermentation, cells
were collected by centrifuging at 10,000x g at 4 °C for 10 min and washed with 10 mM
potassium phosphate buffer (pH 7.5). Subsequently, the cells were collected by centrifuga-
tion and re-suspended in 1 mL of lysis buffer containing a 10 mM phosphate buffer (pH
7.5), 1 mM PMSEF, and 10 mg/mL lysozyme and incubated for 1 h at 37 °C. Cell debris
was removed by centrifugation at 16,000x g at 4 °C for 10 min, and the supernatant was
collected in a fresh sterile tube for use in subsequent assays. Protein concentrations of cell
extracts were measured with a Pierce™ Protein Assay Reagent (ThermoFisher Scientific,
Waltham, MA, USA). The protein concentration of each sample was calculated using a BSA
standard curve.

BDH activity assay was performed at room temperature with 50 puL of cell extract
added to the reaction mixture containing 50 mM MES buffer (pH 6.0), 100 mM KC, 0.15 mM
NADH, and 35 mM butyraldehyde. Decrease in NADH was measured at 345 nm with an
Evolution 260 Bio UV /Visible spectrophotometer (ThermoFisher Scientific, Waltham, MA,
USA). BDDH activity was measured in a reaction mixture containing 50 uL cell extract,
50 mM MES buffer (pH 6.0), 100 mM KCl, 1 mM NADH, and 0.5 mM butyryl-CoA. Decrease
in NADH was measured as previously described for the BDH assay. Acetoacetate decar-
boxylase assay mixture consisted of 50 uL cell extract, 50 mM potassium phosphate and
300 mM lithium acetoacetate (pH 5.9). The enzyme activity was measured by monitoring
the decline in the absorbance of acetoacetate at 290 nm. The CoA-transferase assay mixture
contained 100 mM Tris-Cl (pH 7.5), 150 mM sodium butyrate, 0.1 mM acetoacetyl-CoA,
40 mM MgCl,, and 50 pL of enzyme solution. Enzyme activity was measured by monitor-



Fermentation 2022, 8, 339

6 of 25

ing decrease in absorbance at 310 nm (i.e., disappearance of acetoacetyl-CoA). In all cases,
assays without cell extract/substrates were used as negative controls.

2.4. Analytical Methods

Culture pH was measured using Orion Star A214 pH meter (ThermoFisher Scien-
tific, Waltham, MA, USA). Optical density (ODggp nm) Was measured with an Evolution
260 Bio UV /Visible spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).
Acetone, butanol, ethanol, acetic acid and butyric acid concentrations were quantitated
using a Shimadzu GC-2010 Plus gas chromatography (Shimadzu, Columbia, MD, USA)
unit equipped with a fame ionization detector (FID), a Shimadzu AOC-20i auto injector,
and a Shimadzu SH-PolarWax crossbond carbowax polyethylene glycol column [30 m
(length), 0.25 mm (internal diameter), and 0.25 um (film thickness)]. Helium was used as
the carrier gas, and the inlet and detector temperatures were maintained at 250 and 300 °C,
respectively. The oven temperature was set to span from 50 to 200 °C with increments
of 15 °C/min, and a 2-min hold at 200 °C. One microliter of each sample was injected
into the gas chromatography with a split ratio of 10:1. Gas chromatography data was
analyzed using Labsolutions software (version 5.81 SP1; Shimadzu, Columbia, MD, USA).
The concentrations of glycerol and glucose in the culture broth was analyzed by high
performance liquid chromatography (HPLC). The analytical system consisted of an Agilent
1260 infinity HPLC equipped with a quaternary pump, chilled (4 °C) autosampler, vacuum
degasser, and a refractive index detector (Agilent Technologies Inc., Palo Alto, CA, USA).
The HPLC column was an Aminex HPX-87H with Cation-H guard column (BioRad, Inc.
Hercules, CA, USA) 300 x 7.8 mm (length and internal diameter, respectively). The mobile
phase was 0.02 N HySO4 and the flow rate was 0.50 mL/min. The column and detector
were maintained at 50 °C, the run time was 30 min, and the injection volume was 50 uL.
HPLC data was analyzed using Chem Station software (Rev.C.01.06; Agilent Technologies
Inc., Palo Alto, CA, USA).

To assay for likely accumulation of methylglyoxal and/or 3-hydroxypropionaldehyde
both intra- and extracellularly, GC-MS was used to analyze the metabolite profiles of
culture broths and cell pellets of C. beijerinckii grown solely on glycerol (with and without
acetate supplementation) relative to cells grown on glucose. After 12 h, fermentation
was terminated, and the cells were harvested by centrifugation at 13,000x g for 5 min
at 4 °C. The supernatant was separated from the cell pellet by decantation and aliquots
of 25 mL were frozen at —80 °C for 10 days. The cell pellets were washed twice with
cold (4 °C) sterile distilled water and harvested by centrifugation as above. The resulting
pellets were frozen at —80 °C for 10 days. Afterwards, the frozen cell pellets and culture
broths were freeze-dried in a Labconco Lyph-Loc 6 freeze-dryer (Kansas City, MO, USA) for
7 days. After freeze-drying, the samples were mashed into a slightly powdered formation
by crushing the dry pellets with a spatula. Comparatively, the dry pellets (cell biomass)
of glycerol-grown cells of C. beijerinckii were considerably fragile; hence, they crumbled
seamlessly with the application of minimal force using a spatula. Conversely, the dry pellets
(cell biomass) of glucose-grown cells presented a more fibrous texture that was significantly
harder to break down with a spatula. Afterwards, extraction was carried out by placing
0.6 g of the dry samples in 600 pL of cold methanol. Extraction took place at 4 °C for 7 days.
Subsequently, cell debris was removed by centrifugation at 10,000 x g for 5 min at 4 °C. The
extracts were then analyzed by GC-MS according to Galindo-Cuspinera et al. [34] using
an Agilent 6890N gas chromatography (Agilent Technologies Inc., Palo Alto, CA) coupled
to a mass selective detector (Agilent 5973 MS, Agilent Technologies Inc., Palo Alto, CA,
USA). The GC is fitted with a fused-silica capillary column [RTx-5MS, 30 m long x 0.25 mm
(internal diameter) x 0.5 um film thickness; Restek Corp., Bellefonte, PA, USA]. Injection
volume was 1 uL using a splitless injection mode. The column was operated at an initial
temperature and holding time of 30 °C and 5 min, respectively. The temperature was
then increased at the rate of 8 °C/min to 250 °C with a 10-min holding time. Helium was
used as a carrier gas at a column flow rate of 1.3 mL/min. The mass spectroscopy was
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operated at an ion source temperature of 230 °C, ionization voltage of 69.9 eV, and mass
scan range of m/z 33-250 at 6.17 scans/s. Volatile compounds were identified by matching
the mass spectra to NIST database (National Institute of Standards and Technology, version
1.7 mass spectral database, Agilent Technologies Inc., Palo Alto, CA, USA). Each sample
was analyzed twice.

2.5. Statistical Analysis

Analysis of variance (ANOVA) according to Dunnett’s method was deployed to
compare results between the controls and treatments using Minitab (version 21.2.0.0;
Minitab Inc., State College, PA, USA). Cell growth, pH, acetate, butyrate, butanol and
acetone concentrations were analyzed at 95% confidence interval and treatments with a
p < 0.05 were considered significant. In addition, a pairwise Tukey’s test was used to
compare mean differences between treatments. Treatments were analyzed in triplicate
(n=3).

3. Results
3.1. Comparative Fermentation Profiles of C. beijerinckii Grown on Glycerol versus Glucose

As expected, C. beijerinckii exhibited robust growth on glucose relative to an abysmal
growth profile on glycerol. The maximum optical density observed for cells grown on
glycerol as a sole carbon source (0.57) was 11.1-fold less than that observed for cells grown
on glucose (p < 0.05) as a sole carbon source (6.30; Figure 1A). Accordingly, the typical fall
in pH that characterizes acidogenesis was considerably weaker (1.1-fold) in cultures grown
on glycerol (pH 5.70), compared to those grown on glucose (pH 5.12; p < 0.05; Figure 1B).
Whereas both sets of cultures showed an overall drop in acetic acid concentration, cultures
grown on glucose exhibited a somewhat undulating pattern indicative of acetate production
and re-assimilation during fermentation (Figure 1C). Conversely, a consistently sharp
reduction in acetate concentration was observed in cultures grown solely on glycerol.
The pattern of reduction in acetate concentration in cultures grown on glycerol suggests
that acetate is not produced in glycerol-grown cultures of C. bejjerinckii. At the end of
the fermentation, acetate concentration in the glycerol-grown cultures (0.32 g/L) was
5.1-fold (p < 0.05) less than the concentration detected in the glucose-grown cultures
(1.62 g/L; Figure 1C). On the contrary, butyric acid concentration showed contrasting
patterns between cultures grown on glycerol and glucose. With glycerol as the sole carbon
source, butyrate concentration exhibited an overall upward trend accumulating to as high
as 2.9 g/L (Figure 1D).

With glucose as a sole carbon source, after an initial rise to 1.7 g/L, butyric acid concen-
tration decreased during fermentation. Consequently, the final butyric acid concentrations
in glycerol-based cultures were 3.5-fold higher than the concentrations in glucose-based
cultures (p < 0.05; Figure 1D). Apparently, butyrate is produced and re-assimilated in
cultures grown on glucose, whereas glycerol-grown cells did not appear to reabsorb bu-
tyrate. C. beijerinckii did not produce acetone and butanol when grown on glycerol as a sole
carbon source, whereas cultures grown on glucose produced 2.8 and 11.6 g/L, respectively
(Figure 2A,B). Ethanol was produced in both glycerol- and glucose-grown cultures. How-
ever, the maximum ethanol concentration detected in glycerol-grown cultures was 1.25-fold
less (p < 0.05) than that detected in the glucose-grown cultures (Figure 2C).
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Figure 1. Growth, pH, acetic acid and butyric acid profiles of C. beijerinckii grown on glycerol versus

cells grown on glucose as a sole carbon source. (A): Optical density (ODgog nm), (B): pH, (C): acetic
acid, (D): butyric acid.
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Figure 2. Solvent concentrations in cultures of C. beijerinckii grown on glycerol relative to cultures

grown on glucose as a sole carbon source. (A): acetone, (B): butanol, (C): ethanol.

Following the observation that C. beijerinckii did not appear to produce acetate on glyc-
erol as a sole carbon source, fermentations were conducted in glycerol-based P2 medium
devoid of acetate and the resulting culture profile was compared to that of cultures grown
on glycerol with acetate supplementation. With or without acetate supplementation, C.
beijerinckii did not produce acetone and butanol, while ethanol concentrations were similar.
However, without acetate supplementation, the optical density (ODgygnm) of C. beijer-
inckii was 1.5-fold higher than the optical density of cultures supplemented with acetate
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(Figure 3A). Further, with acetate supplementation, both sets of cultures exhibited a charac-
teristic initial fall in pH after 12 h, followed by a rise in culture pH (Figure 3B). Notably,
the pH of acetate-supplemented cultures fell from 6.7 to 5.7 (1.2-fold reduction), whereas
the drop in pH for the acetate un-supplemented cultures was ~1.4-fold (from 6.33 to 4.70;
Figure 3B). Furthermore, following the initial fall in pH, the pH of acetate-supplemented
cultures increased 1.1-fold to a final pH of 6.1. On the other hand, acetate un-supplemented
cultures barely exhibited an increase in pH (final pH 4.9). As a result, the final pH of acetate
un-supplemented cultures was 1.2-fold lower than the pH of cultures supplemented with
acetate (p < 0.05). Remarkably, the pH profiles of both sets of cultures did not reflect the
observed acetate and butyrate concentrations. For the acetate un-supplemented cultures,
0.31 g/L acetate was carried over from the preculture (Figure 3C). After 24 h, the 0.31 g/L
acetate was completely absorbed and no new acetate was produced, while acetate con-
centration in the acetate-supplemented cultures fell from 2.5 g/L to 0.34 g/L. Butyrate
concentration increased with and without acetate supplementation (Figure 3D). However,
an increase in butyrate concentration was more pronounced in the acetate-supplemented
cultures. With both sets of cultures, minimal butyrate was carried over from the precul-
ture. However, with acetate supplementation, butyrate increased 7.2-fold from 0.25 g/L to
1.81 g/L (Figure 3D). Without acetate supplementation, butyrate concentration increased
1.8-fold from 0.29 g/L to 0.51 g/L. Collectively, acetate-supplemented cultures contained
a final acid (acetate + butyrate) concentration of 2.2 g/L, whereas the un-supplemented
cultures contained 0.51 g/L (butyrate only). However, the final pH values of the acetate-
supplemented and the un-supplemented cultures were 6.1 and 4.9, respectively (Figure 3B).
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Figure 3. The growth and acid profiles of C. beijerinckii grown on glycerol as a sole carbon source with-
out acetate supplementation, relative to the cultures grown on glycerol with acetate supplementation.
(A): optical density, (B): pH profile, (C): acetate, (D): butyrate.

Furfural (1 g/L) was tested as an artificial electron acceptor to dispose of excess
NADH in cultures grown on glycerol as a sole carbon source. Concurrently, cysteine
was tested at 2 and 4 g/L for possible mitigation of stresses that may stem from 3-
hydroxypropionaldehyde during growth on glycerol. Cysteine has been shown to mitigate
3-hydroxypropionaldehyde-mediated stresses on microbial cells [35]. In this study, there
were no differences between the cultures supplemented with 2 and 4 g/L cysteine, hence,
results of the cultures supplemented with 4 g/L cysteine are presented here. No significant
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differences in growth were observed in cultures grown on glycerol relative to glycerol-
grown cultures supplemented with furfural or cysteine. However, furfural appeared to
produce a stabilizing effect on the cells of C. beijerinckii towards the end of fermentation
(Figure 4A). From 36 h to 60 h (end of fermentation), the optical densities of glycerol-
grown cultures and glycerol-grown cultures supplemented with cysteine decreased at least
1.5-fold. Conversely, the optical density of furfural-supplemented glycerol-grown cultures
remained stable during the same period, showing no observable change. The pH profiles
were similar among the three sets of cultures. However, the furfural-supplemented cultures
showed a slightly lower pH than the glycerol-grown cultures and glycerol-grown cultures
supplemented with cysteine (p < 0.05; Figure 4B). Although acetate was absorbed from
all the cultures with no indication of acetate production, acetate concentration in furfural-
supplemented cultures was consistently higher than those detected in the glycerol-grown
cultures and glycerol-grown cultures supplemented with cysteine (Figure 4C). At the end
of fermentation, the furfural-supplemented glycerol-grown cultures contained 2.0-fold
greater acetate concentration (0.60 g/L) than the glycerol-grown cultures and glycerol-
grown cultures supplemented with cysteine (0.30 g/L for both). Furthermore, butyrate
concentration exhibited a similar upward trend as described earlier for glycerol-grown
cultures. However, furfural-supplemented cultures contained 1.2-fold higher butyrate
than the cultures grown on plain glycerol and glycerol-grown cultures supplemented with
cysteine (p < 0.05; Figure 4D). In total, furfural-supplemented glycerol-grown cultures
contained 1.4-fold higher acids (acetate + butyrate) than cultures grown on glycerol with or
without cysteine supplementation.
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Figure 4. The fermentation profiles of C. beijerinckii grown on glycerol as a sole carbon source in
comparison to glycerol-grown cultures supplemented with furfural (1 g/) and cysteine (4 g/L).
(A): optical density, (B): culture pH, (C): acetate, (D): butyrate.

Contrary to the poor growth observed on glycerol as a sole carbon source, inoculation
of C. beijerinckii into a glucose (40 g/L)-supplemented glycerol-based culture broth in which
this organism was pre-grown for 24 h led to 1.4-fold higher optical density (p < 0.05)
than in cultures grown in glucose (40 g/L)-supplemented glucose-based broth in which C.
beijerinckii was pre-grown for 24 h (Figure S1A). Additionally, both sets of cultures (glycerol-
and glucose-based culture broths in which C. beijerinckii had been pre-grown) showed a
similar pH profile during fermentation. There was no indication of the presence of a toxic
metabolite(s) in the culture broth resulting from pre-growth of C. beijerinckii on glycerol
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as a sole carbon source. In fact, 1.4-fold higher optical density was observed with glucose
(40 g/L)-supplemented C. beijerinckii-pre-grown glycerol broth relative to the glucose broth
in which this organism was pre-grown (p < 0.05; Figure S1A). However, the improved
growth in the glycerol-containing medium did not translate into improved acetone and
butanol production. In the glycerol-containing medium, 1.3- and 1.2-fold lower acetone and
butanol concentrations were detected, respectively, relative to the C. beijerinckii-pre-grown
glucose medium (Figure 5A,B).
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Figure 5. Solvent and acid concentrations in cultures of C. beijerinckii grown on glycerol- or glucose-
based media in which the same organism was pre-grown for 24 h with the supplementation of 40 g/L
glucose. (A): acetone, (B): butanol, (C): acetate, (D): butyrate.

Similar to cultures grown on glycerol as a sole carbon source, C. beijerinckii-pre-grown
glycerol broth contained lower acetate (2.1-fold; p < 0.05) and higher butyrate (1.2-fold)
concentrations than the C. beijerinckii-pre-grown glucose medium (Figure 5C,D). Further,
lower glycerol concentrations (12, 20, and 36.1 g/L) did not abolish the inability of C.
beijerinckii to grow on glycerol as a sole carbon source (Figure S2A). Notably, lower glycerol
concentrations than 60 g/L led to 1.2-fold lower culture pH (Figure S52B). However, irre-
spective of the glycerol concentration, acetone, butanol and acetate were not produced by
C. beijerinckii.

Artificially induced acidogenesis via supplementation of the glycerol- and glucose-
based media with 6.0 and 3.5 g/L acetate and butyrate, respectively, led to 9.2-, 1.1-, and
8.0-fold lower optical density, pH and ethanol concentrations, respectively, in the glycerol
medium when compared to the glucose medium (p < 0.05; Figure S3). Remarkably, high
acid levels triggered solventogenesis in C. beijerinckii grow on glycerol as a sole carbon
source, leading to 0.7 and ~0.5 g/L acetone and butanol, respectively. Apparently, although
acetone and butanol were produced in the glycerol medium supplemented with high acetate
and butyrate concentrations, solvent levels were low and transient. Consequently, acetone
and butanol concentrations on glycerol (following supplementation of high acetate and
butyrate concentrations) were 8.5- and 41-fold lower, respectively, relative to the amounts
produced in glucose supplemented with high acetate and butyrate concentrations (p < 0.05;
Figure 6A,B). Notably, the glucose cultures supplemented with high acetate and butyrate
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concentrations produced 6.0 and 20.3 g/L acetone and butanol, respectively (Figure 6A,B).
Interestingly the high initial acetate concentration elicited strong acetate absorption in both
glycerol- and glucose-based media. Acetate concentrations decreased 1.9- and 1.6-fold
with 3.3 and 3.7 g/L residual acetate remaining in the glucose- and glycerol-based media,
respectively (Figure 6C). Conversely, butyrate concentrations showed contrasting trends in
both sets of cultures. On glycerol as a sole carbon source, butyrate concentration increased
1.6-fold, whilst reducing 1.4-fold on glucose (p < 0.05; Figure 6D). Thus, the final butyrate
concentration in the glycerol medium was 2.3-fold higher than that in the glucose medium
(p < 0.05).
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Figure 6. Solvent and acid profiles of C. beijerinckii cultures grown on glycerol or glucose upon
supply of 6.0 and 3.5 g/L acetate and butyrate, respectively. (A): acetone, (B): butanol, (C): acetate,
(D): butyrate.

Similar to high acetate and butyrate supplementation, butyraldehyde (3 g/L) supple-
mentation triggered transient and weak butanol production on glycerol as a sole carbon
source. First, butyraldehyde led to a 1.8-fold increase in growth (p < 0.05; Figure 7A).
Second, C. beijerinckii grown on glycerol with butyraldehyde supplementation produced
~0.1 g/L butanol, whereas the butyraldehyde un-supplemented cultures did not pro-
duce butanol (Figure 7B). Third, butyraldehyde reversed acetate re-assimilation on glyc-
erol as a sole carbon source. With butyraldehyde supplementation, acetate concentra-
tion increased ~1.1-fold, whereas acetate concentration decreased 1.3-fold in butyralde-
hyde un-supplemented glycerol-grown cultures (p < 0.05). Finally, butyraldehyde damp-
ened butyrate accumulation in glycerol-grown cultures (Figure 7D). In butyraldehyde-
supplemented cultures, butyrate concentration increased 1.3-fold. On the other hand,
butyrate concentration increased 2.0-fold in glycerol-grown cultures un-supplemented
with butyraldehyde.
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Figure 7. The fermentation profiles of C. beijerinckii grown on glycerol with and without butyralde-
hyde supplementation. (A): optical density, (B): butanol, (C): acetate, (D): butyrate.

3.2. The Activities of Key Solventogenic Enzymes during Growth on Glycerol

Cultures grown on glycerol and glucose showed contrasting patterns of enzyme
activity under the study conditions. This was more pronounced for the dehydrogenases
(BDH and BDDH). Specifically, BDH activity was 1.5- and 5-fold higher with NADH than
with NADPH as a cofactor in glycerol- and glucose-grown cells, respectively (p < 0.05;
Figure 8A). Remarkably, with or without glycerol (0.6 g/L) supplementation in the assay
mixture, BDH activity with NADH as cofactor was at least, 7.5-fold greater in the glycerol-
grown cells, relative to the cells grown on glucose as a sole carbon source (p < 0.05;
Figure 8A). Because addition of high butyrate (3.5 g/L) and butyraldehyde (3.0 g/L)
concentrations elicited weak and transient solventogenesis, which appeared to shut down
shortly after inception, we tested whether higher glycerol concentrations (10 and 20 g/L)
in the assay mixture might inhibit BDH activity. Interestingly, the presence of 10 and
20 g/L glycerol in the assay mixture did not result in significant decreases in BDH activity
in glucose-grown cells (Figure 8B). Conversely, BDH activity in the presence of 10 and
20 g/L glycerol decreased by as little as 2-fold and as much as 3-fold in assays conducted
with lysate from the glycerol-grown cells (p < 0.05; Figure 8B). BDDH activity decreased
marginally with NADPH, relative to assays conducted with NADH as cofactor (Figure 8C).
More strikingly, glycerol-grown cells exhibited at least 3-fold higher activity—with or
without glycerol (0.6 g/L) supplementation in the assay mixture—with NADH and at least,
3.5-fold greater activity with NADPH than the glucose-grown cells (p < 0.05; Figure 8C).
CoAT activity was similar between glycerol- and glucose-grown cells (Figure 8D). ACDC
activity was considerably low in C. beijerinckii, irrespective of the carbon substrate. However,
ACDC activity was higher in glycerol-grown cells, particularly in assay mixtures containing
0.6 g/L glycerol (3.3-fold), when compared to glucose-grown cells (p < 0.05; Figure 8E).
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Figure 8. Enzyme activities in glycerol- and glucose-grown cells of C. bejjerinckii. (A): Butanol dehydro-
genase (BDH) activity, (B): BDH activity in the presence of 10 and 20 g/L glycerol, (C): Butyraldehyde
dehydrogenase (BDDH) activity, (D): Coenzyme A transferase (CoAT) activity, (E): Acetoacetate decar-
boxylase (ACDC) activity. Gly—0.6 g/L glycerol except in panel (B) where 10 and 20 g/L were used.

3.3. Relative Expression of Important Metabolic Genes of C. beijerinckii Grown on Glycerol

Table 2 shows the relative expression patterns of 13 genes of C. beijerinckii grown on
glycerol or glucose as a sole carbon source, with and without acetate supplementation.
Opverall, relative expression decreased for nearly all genes studied at 24 h, when compared
to their expression levels at 12 h. Furthermore, for the most part, the presence of acetate
enhanced gene expression in comparison to cells grown without acetate. This effect was
more pronounced in glucose-grown cells, relative to the glycerol-grown cells. With acetate
supplementation, the bifunctional acetaldehyde-CoA /alcohol dehydrogenase gene [adhE;
encoded by the open reading frame Cbei_0305] involved in butanol biosynthesis was
strongly upregulated (21-fold) in glucose-grown cells, in comparison to glycerol-grown
cells at 12 h (Table 2). However, at 24 h, the relative expression of adhE in glucose-grown
cells was only 1.44-fold lower than that in glycerol-grown cells, when acetate was supplied
to the fermentation medium. Surprisingly, the expression of butanol dehydrogenase
gene (bdhA; Cbei_2421) was 2-fold greater in the glycerol-grown cells at 12 h with acetate
supplementation than in the glucose-grown cells. However, when acetate was absent in the
medium, the relative expression of bdhA was 3.1-fold higher with glucose as a carbon source
than with glycerol. Similarly, at 24 h, acetate supplementation increased bdhA expression
2.7-fold in the glycerol-grown cells, whereas the degree of expression reduced 7.7-fold in
these cells without acetate supplementation, in comparison to the glucose-grown cells.

The expression levels of the glycerol catabolic genes glycerol dehydrogenase (gldA;
Cbei_2753) and dihydroxyacetone kinase (dhaK; Cbei_2148) confirm a degree of flux through
the glycerol catabolic pathway in glycerol-grown cells, relative to cells grown on glucose.
Although both genes were expressed at 12 h in glucose-grown cells, the expression lev-
els in the glycerol-grown cells were considerably superior to those grown on glucose
(Table 2). Specifically, the relative expression levels of gldA and dhaK at 12 h were 5- and
63-fold greater respectively, in glycerol-grown cells compared to glucose-grown cells in
acetate supplemented cultures, and 1.4- and 881-fold higher, respectively, without acetate
supplementation. At 24 h, gldA showed 2.1-fold higher expression and 3.3-fold reduced
expression in glycerol-grown cells relative to glucose grown cells with and without acetate
supplementation, respectively. On the other hand, the expression of dhaK was 127- and
2.2-fold higher in glycerol-grown cells when compared to the glucose-grown cells at 24 h,
with and without acetate supplementation, respectively.
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Table 2. Relative expression of select metabolic genes of C. bejjerinckii grown on glycerol or glucose as a sole carbon source.

Gene ID Function of Protein Product Relative Expression
12h 24 h
Glu+A Gly+A Glu-A Gly - A Glu+A Gly +A Glu — A Gly - A
Bifunctional
Cbei_0305 acetaldehyde-CoA /alcohol 84.44 + 85 4.00 + 0.42 1.02 + 0212 1.13 + 0.06 1.00 +0.14 1.44 +0.18 1.00 +0.18 0.30 + 0.53
dehydrogenase (adhE)
Cbei_2421 NADH-dependent butanol 0.26 + 0.04 0.51 & 0.03 1.01 £ 0.12 0.33 4 0.01 0.37 & 0.02 1.00 + 0.18 1.00 + 0.07 0.13 + 0.02
dehydrogenase A (bdhA)
Cbei_2753  Glycerol dehydrogenase (gldA)  0.27 4 0.03 136 + 0.12 1.00 + 0.04 14+ 0.15 0.48 + 0.04 1.00 + 0.17 1.00 + 0.09 0.30 = 0.03
Cbei_2148 Dihydroxyacetone kinase 13.83 + 1.38 880 + 71.36 1.02 +0.25 899 + 71.36 0.01 =+ 0.00 1.27 + 0.07 1.04 + 0.34 2.3 4 0.44
(subunit dhaK)
Cbei_0599 Triosephosphate isomerase 0.23 + 0.02 0.4+ 0.05 1.01 + 0.14 0.33 + 0.03 1.70 + 0.05 1.03 + 0.12 1.02 +0.25 0.13 + 0.02
(A subunit; tpiA)
Cbei 0597 ~ Clyceraldehyde-3-phosphate ), 532 0.30 + 0.042 1.00 4+ 0.11 0.30 + 0.02 1.50 4 0.07 1.00 4 0.12 1.01 + 0.14 0.10 = 0.01
dehydrogenase (type I)
NADP-dependent
Cbei_2282  glyceraldehyde-3-phosphate 26.3 + 7.00 1.60 + 0.31 1.04 + 0352 0.70 + 0.24 1.00 + 0.40 1.5+ 0.07 1.00 £ 0.10 0.20 + 0.07
dehydrogenase (gapdh-N1)
NADP-dependent
Cbei_2572  glyceraldehyde-3-phosphate 2.12 +0.02 0.50 + 0.10 1.00 + 0.03 0.40 + 0.06 0.60 + 0.1 1.13 + 0.05 1.00 + 0.09 2 0.80 + 0.04 2
dehydrogenase (gapdh-N2)
. Acetate CoA-transferase, alpha
Cbei_2654 . 189 + 15.00 1.40 + 0.05 1.00 + 0.04 0.30 =+ 0.05 0.61 + 0.05 1.70 + 0.05 1.00 £ 0.10 0.01 = 0.00
subunit (ctfA)
Butyrate-acetoacetate
Cbei_2653 CoA-transferase, subunit B 89 +1.30 0.90 + 0.09 1.01 +0.14 0.17 £+ 0.04 0.60 £+ 0.11 1.65 +0.13 1.00 +0.12 0.01 £+ 0.00
(ctfB)
Butyrate-acetoacetate
Cbei_3833 CoA-transferase, subunit A 1.6 + 0.03 0.04 =+ 0.00 1.00 + 0.1 0.02 =+ 0.00 0.2 +0.01 0.8 + 0.09 1.00 + 0.12 0.00 = 0.00
(ctfA)
Cbei_3834 Acyl-CoAacetate CoA 1.0 + 0.08 0.02 =+ 0.00 1.00 + 0.07 0.00 =+ 0.00 0.14 + 0.01 0.72 +0.11 1.00 + 0.08 0.00 = 0.00

transferase, beta subunit (ctfB)

Glu—glucose; Gly—glycerol; A—acetate. Relative expression means not marked with the letter ‘a’ within the same row are statistically significant (p < 0.05).
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The A subunit of triosephosphate isomerase (tpiA; Cbei_0599); the link between
glycerol catabolism and glycolysis, which interconverts DHAP, and glyceraldehyde-3-
phosphate was upregulated 1.7-fold and downregulated 3.0-fold in glycerol-grown cells
relative to their glucose-grown counterparts at 12 h, with and without acetate supplemen-
tation, respectively. Similarly, at 24 h, with and without acetate supplementation, tpiA was
downregulated 1.7- and ~8.0-fold in cells grown on glycerol as a sole carbon source, when
compared to those grown on glucose. We assessed the expression levels of three open read-
ing frames putatively annotated to encode glyceraldehyde-3-phosphate dehydrogenase
[type I (GAPDH-1); Cbei_0597)], NADP-dependent glyceraldehyde-3-phosphate dehydro-
genase (GAPDH-N1; Cbei_2282), and NADP-dependent glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH-N2; Cbei_2572). The gene gapdh-1 showed mostly similar expression
profiles in glycerol- and glucose-grown cells at 12 and 24 h with acetate supplementation.
In the acetate un-supplemented cultures, gapdh-1 was upregulated 3.3- and 10.1-fold with
glucose as carbon source, relative to the cells grown on glycerol at 12 and 24h, respectively.
At 12 h, both gapdh-N1 and gapdh-N2 were upregulated in glucose-grown cells by as low
as 1.5- and as high as 16.4-fold, when compared to glycerol-grown cells, with or without
acetate supplementation. Conversely, at 24 h, both gapdh-N1 and gapdh-N2 were upregu-
lated 1.5- and 2.0-fold, respectively, in glycerol-grown cells with acetate supplementation,
whilst being downregulated 5- and 1.25-fold, respectively, without acetate supplementa-
tion, relative to cells grown on glucose as a sole carbon source. The acetate and butyrate
CoA-transferases (alpha and beta subunits; c¢ftAB) were downregulated (by as much as
135-fold) in glycerol-grown cells at 12 h, with or without acetate supplementation (Table 2).
However, at 24 h, they were feebly upregulated (by up to 5.1-fold) in glycerol-grown cells,
when compared to the glycose-grown cells with acetate supplementation, but not without
acetate supplementation.

3.4. Glycerol and Glucose Utilization Profiles of C. beijerinckii

The glycerol and glucose utilization profiles of C. beijerinckii are presented in Table 3.
As expected, glycerol was poorly utilized by this organism. Overall, C. beijerinckii utilized
~3.30-5.30 g/L glycerol, whilst consuming 39.1~46 g/L glucose. The presence of acetate
in the fermentation medium marginally enhanced glycerol utilization 1.1-fold, relative
to cultures not supplemented with acetate. Whereas addition of high acid (acetate and
butyrate) concentrations in the fermentation medium at 0 h increased glucose consumption
~1.2-fold, no significant difference in glycerol utilization was observed for similarly treated
glycerol-based fermentations. Furthermore, lower glycerol concentrations (12, 20, and
36.1 g/L) did not relieve poor glycerol utilization, when compared to cultures grown on
60 g/L glycerol.

Table 3. Glycerol and glucose utilization by C. beijerinckii.

Substrate Treatment Concerll?riat:?(l)n (g/L) Final C(()g/%ntration Conssl:}:;ferst(eglL)
Glucose 60 g/L in P2 medium * 57.4 £ 0.00 17.10 £ 3.79 39.10 £2.23
Glycerol 60 g/L in P2 medium 55.10 & 0.00 49.80 £ 0.46 5.30 £ 0.46
Glycerol 60 g/L without acetate 59.80 +3.32 55.10 % 3.60 4.70 +0.40
Glycerol 12 g/L without acetate 12.60 £ 0.00 9.32 £ 0.65 3.28 £ 0.65
Glycerol 20 g/L without acetate 21.11 £ 0.00 17.20 £ 0.36 3.91 £ 0.36
Glycerol 36.1 g/L without acetate 37.00 £ 0.00 32.90 £ 0.36 4.10 + 0.36
Glycerol 60 g/L in P2 medium + butyraldehyde (3 g/L) 61.00 & 0.00 5720 +1.13 3.80 +1.03
Glycerol 60 g/L + acetate (6 g/L) + butyrate (3.5 g/L) 62.33 + 0.00 57.59 + 0.49 4.74 + 0.49
Glucose 60 g/L + acetate (6 g/L) + butyrate (3.5 g/L) 59.06 £ 0.00 13.33 4+ 0.80 45.73 £+ 0.50

* Standard P2 medium contains 2.2 g/L acetate.
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3.5. The Metabolite Profiles of Glycerol-versus Glucose-Grown Cells of C. beijerinckii

As depicted in Table S1, methylglyoxal and 3-hydroxypropionaldehyde were not
detected in cultures of C. bejjerinckii grown on glycerol as a sole carbon source (both in the
cell and broth extracts), with or without acetate supplementation, under the conditions
studied. However, crotonaldehyde, a carcinogen with the capacity to damage DNA and
proteins [36-38] was detected in cell (biomass) extracts of C. beijerinckii grown on glycerol
supplemented with acetate, but not in glycerol-grown cells without acetate supplementation
or in glucose-grown cultures (with or without acetate supplementation). Furthermore,
whereas tetradecanoic (myristic) acid, n-hexadecanoic acid and hexadecenoic acid, methyl
ester were detected in the cell extracts of C. beijerinckii grown on either glycerol or glucose,
hexadecenoic (palmitic) acid, butyl ester and cyclopentaneundecanoic acid, methyl ester
were detected only in cell extracts of cultures grown on glucose as a sole carbon source
(Table S1).

4. Discussion

In this study, we conducted an extensive characterization of the behavior of C. beijer-
inckii grown on glycerol as a sole carbon source. This includes evaluation of select enzyme
activities and gene expression profiles, investigation of solvent profiles under different
culture conditions, and the presence of key intracellular and extracellular metabolites
associated with growth on glycerol as a sole carbon source. To the best of our knowledge,
this is the first demonstration of butanol and acetone production by C. beijerinckii (NCIMB
8052) during growth on glycerol as a sole carbon source. Our results suggest that growth
on glycerol as a sole carbon source exerts wide ranging deleterious effects on the overall
physiology and metabolism of C. bejjerinckii. Hence, for clarity, different aspects of the
findings of this study are discussed separately.

4.1. Production of Toxic Metabolites and Likely Impaired Construction of Membrane Architecture
during Growth on Glycerol

C. beijerinckii showed no obvious inhibition during the first 3-6 h of growth in P2
medium with glycerol as the sole carbon source, however, growth stalled afterwards.
This raises the question as to whether a toxic glycerol-derived metabolic intermediate
accumulates during growth on glycerol as a sole carbon source. Based on the glycerol
dissimilatory pathways leading to 1,3-PDO and 1,2-PDO (Figure 54), the most apparent
likely toxic intermediates that may accumulate in cultures of glycerol-grown C. beijerinckii
are 3-hydroxypropinaldehyde and methylglyoxal. However, both metabolites were not
detected in the broth and cell extracts of C. beijerinckii grown solely on glycerol. Furthermore,
fresh inoculation of C. beijerinckii in glucose-supplemented (40 g/L) glycerol broth in
which the same organism was pre-grown for 24 h resulted in 1.4-fold greater cell biomass
accumulation than in the glucose only control cultures (Figure S1). The toxicity of 3-
hydroxypropinaldehyde stems from its ability to induce oxidative stress by modifying
thiol groups in a broad range of cellular targets [39]. Consequently, cysteine has been
shown to mitigate 3-hydroxypropinaldehyde-mediated stresses in E. coli and C. difficile [39].
However, in the current study, cysteine supplementation neither relieved the poor growth
of C. beijerinckii on glycerol, nor the inability to produce butanol and acetone (Figure 4).
Additionally, there were no discernible differences in the acetate, butyrate and pH profiles
of cysteine-supplemented cultures, relative to the controls without cysteine (Figure 4).
Collectively these results suggest that accumulation of neither 3-hydroxypropinaldehyde
nor methylglyoxal is responsible for the poor growth and solvent profiles of C. beijerinckii
on glycerol as a sole carbon source.

Whereas 3-hydroxypropionaldehyde and methylglyoxal were not detected in glycerol-
grown cultures, crotonaldehyde was found to be present in acetate-supplemented cul-
tures grown solely on glycerol (Table S1). Crotonaldehyde is a genotoxic and carcino-
genic unsaturated aldehyde that also interferes with membrane formation in eukaryotic
cells [36-38,40,41]. The fact that crotonaldehyde was not detected in glycerol-grown acetate



Fermentation 2022, 8, 339

18 of 25

un-supplemented cultures—which grew only slightly better than the acetate-supplemented
cultures (Figure 3A)—suggests that other factors beyond crotonaldehyde production con-
tribute to the poor growth of C. beijerinckii on glycerol. Indeed, additional studies are
required to determine if and how crotonaldehyde production likely affects C. beijerinckii
grown on acetate-supplemented glycerol. Nonetheless, it is worthy of mention that despite
utilizing slightly more (1.1-fold) glycerol than the cultures not supplemented with acetate
(Table 3), the acetate-supplemented cultures produced 1.5-fold less biomass (Figure 3A),
which perhaps, highlights the presence of an added stressor (such as crotonaldehyde) in
the acetate-supplemented cultures.

Interestingly, both the acetate-supplemented and un-supplemented cultures exhibited
a narrower profile of saturated long chain fatty acids, when compared to glucose-grown
cultures (Table S1). Specifically, palmitic acid, butyl ester (C20) and cyclopentaneunde-
canoic acid, methyl ester (C17) were detected only in the extracts of cells grown on glucose
as a sole carbon source. All organisms depend on biological membranes to shield their
cellular constituents from the outside environment and the functions of these membranes
are dictated by their architecture, which is mediated by their fatty acid composition [42,43].
This is particularly important in bacteria that continually modify their cell membrane
architecture in response to changing environmental cues. For instance, in C. acetobutylicum,
the saturated fatty acid composition of the cell membrane increases with an increase in
alcoholic solvent concentrations (including butanol) and with a decrease in pH [44]. Fur-
thermore, the amounts of cyclopropane fatty acids (which are considerably similar to
cyclopentaneundecanoic acid, methyl ester detected in this study only in glucose-grown
butanol producing cultures) in the membrane of C. acetobutylicum increased with decreasing
pH. Similarly, a solvent-tolerant hyper-butanol producing strain of C. beijerinckii accumu-
lated higher amounts of saturated fatty acids including palmitic acid (C16) and stearic acid
(C18) in the cell membrane, relative to the wildtype with a less robust butanol-producing
capacity [45]. It is well documented that an increase in saturated fatty acid profiles increases
resistance to longer chain hydrophobic alcohols such as butanol and organic acids that exert
a membrane-permeabilizing effect on bacteria [46—48]. This is because, greater amounts of
saturated fatty acids in the cell membrane minimize membrane fluidity, thereby relieving
solvent toxicity [45].

We speculate that the absence of both palmitic acid, butyl ester and cyclopentaneun-
decanoic acid, methyl ester in glycerol-grown cells is responsible for the vastly different
textures observed with both sets of dry cell biomass samples during sample preparation
for GC-MS. Specifically, the glycerol-grown cells exhibited a fragile texture, thus, they
crumbled seamlessly whereas the glucose-grown cells were rubbery and much harder to
breakdown. It is possible that the fragility of glycerol-grown cells reduced tolerance to
butyrate; the major compound that accumulated in these cultures. In nearly all conditions
studied, glycerol-grown cultures accumulated higher butyrate concentrations. However,
in most cases, they had a higher pH than glucose-grown cultures that accumulated lower
butyrate concentrations, but greater total acid (acetate + butyrate), hence, exhibited a lower
pH profile. Nonetheless, the glucose-grown cultures showed more robust growth. There-
fore, it is likely that the absence of an important protective component of the cell membrane
in the form of saturated long chain fatty acids might render glycerol-grown cells more
susceptible to lower butyrate concentrations. We also speculate that this phenomenon
may contribute to the lack of, or low butanol production observed with glycerol as a sole
carbon source. Given the chaotropic nature of butanol [49], a porous cell membrane—that is
devoid of saturated long chain fatty acids required for tolerance to solvents and acids—may
be a likely signal to terminate or repress the metabolic machinery for ABE (particularly;,
butanol) production during growth on glycerol. It is not clear though, how such a signal
might orchestrate termination or repression of butanol biosynthesis. Therefore, we are
deploying global transcriptome and proteome analysis to better delineate a wider range
of the molecular and biochemical underpinnings of the behavior of glycerol-grown C.
beijerinckii. Further, the underlying reason for the absence of both saturated fatty acids in
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cells grown solely on glycerol is not clear. However, given the poor growth on glycerol,
particularly, inability to synthesize acetate (Figure 3C), which is crucial for replenishing
acetyl-CoA—an important precursor of fatty acids [42]—might at least in part, account for
this trend. Additionally, as discussed later, another possibility that is deserving of mention
and worthy of further examination is inhibition of specific enzymes or genes by glycerol or
glycerol-derived catabolic intermediates, which perhaps affects biosynthesis of saturated
fatty acids during growth on glycerol.

4.2. Inefficient NADH Re-Oxidation

Our results suggest that inadequate NADH re-oxidation might contribute to a wider
range of complex challenges posed by glycerol catabolism to C. beijerinckii. Butanol (biosyn-
thesis) is an important electron acceptor in solventogenic Clostridium species (Figure 9).
In the absence of butanol production during growth on glycerol as a sole carbon source,
coupled with greater NADH generation than on glucose [1,3,4,11,12], glycerol-grown cells
would likely undergo redox crisis. However, it is important to note that if NADH accu-
mulates in glycerol-grown cells, this should promote butanol biosynthesis, especially in
glycerol-grown cultures without acetate supplementation in which the culture pH dropped
to as low as 4.9 (Figure 3B)—a pH value that normally triggers solventogenesis. Remark-
ably, this did not lead to solventogenesis, particularly acetone and butanol production.
Notably, aside from the absence of butanol production in standard glycerol-based P2
medium, ethanol production—another outlet for NADH re-oxidation (Figure 9)—did not
improve in glycerol grown cultures. In fact, ethanol production reduced 1.3-fold with
glycerol relative to glucose (Figure 2C). These results point to a strong overriding factor
that may be linked to the altered cell membrane architecture during growth on glycerol
(discussed above). Alternatively, as mentioned earlier, glycerol catabolism might release an
uncharacterized metabolic intermediate(s) that directly impair the activities/expression of
solvent-producing enzymes/genes. In the absence of butanol biosynthesis, C. beijerinckii
appears to recruit butyric acid production for NADH re-oxidation.
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Figure 9. An abbreviated schematic of the acetone-butanol-ethanol pathway of solventogenic Clostrid-
ium species based on glycerol and glucose substrates. GldA: glycerol dehydrogenase; DhaK: dihydrox-
yacetone phosphate kinase; Tpi: triosephosphate isomerase; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; CoAT: coenzyme A transferase (encoded by ctfAB); BDDH: butyraldehyde dehydro-
genase; BDH: butanol dehydrogenase (encoded by bdhA or adhE).
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Upon careful examination, the acid profiles of glycerol-grown cultures suggest that
acetate is absorbed in glycerol-grown cultures for butyrate biosynthesis. As depicted in
Figure 3C,D, when acetate is supplemented in the growth medium, acetate concentration
reduced 7.3-fold (from 2.47 to 0.34 g/L). In acetate un-supplemented cultures, however,
acetate reduced from 0.31 to 0.0 g/L. Clearly, after the acetate that was carried over from
the preculture was exhausted, acetate was not produced in the acetate un-supplemented
glycerol-grown cultures. Concomitantly, butyrate concentrations increased from 0.25 to
1.81 g/L and from 0.29 to 0.51 g/L, respectively, in the acetate-supplemented and un-
supplemented cultures. What these figures indicate is that only a fraction of the butyrate in
the glycerol-grown cultures is produced directly from glycerol catabolism. By absorbing
exogenously supplied acetate in the culture medium and funneling it through a truncated
ABE pathway (leading to butyrate biosynthesis), glycerol-grown C. beijerinckii appears to
use pre-synthesized acetate to drive butyrate production, which consumes 2 molecules of
NADH (Figure 9; [50]). Mathematically, with a final butyrate concentration of 1.81 g/L
in the acetate-supplemented glycerol-grown cultures (having absorbed 2.13 g/L acetate)
and 0.51 g/L in the acetate un-supplemented cultures (having absorbed 0.31 g/L acetate),
glycerol-grown cells utilized ~59.0% and 30.4% exogenously supplied acetate for butyrate
biosynthesis, respectively (Figure 3C,D). Hence, we speculate that acetate conversion to
butyrate likely relieves redox crisis in glycerol-grown C. beijerinckii, such that, in the absence
of butanol biosynthesis, this strategy deploys externally supplied acetate to dispose of
glycerol-derived NADH. The disparity in the percentage amounts of acetate consumed
in the acetate supplemented (~59.0%) and un-supplemented (30.4%) cultures perhaps,
accounts for the greater reduction in pH in the acetate un-supplemented cultures (1.3-fold)
than in the acetate-supplemented cultures (1.1-fold; Figure 3B). Even though the acetate-
supplemented cultures contained a greater amount of residual acids, it appears there was
greater net change in acidity in the cultures not supplemented with acetate.

The acetate and butyrate profiles of furfural- and butyraldehyde-supplemented cul-
tures grown solely on glycerol (Figure 4C,D and Figure 7C,D) further support the notion
that acetate reabsorption is used to circumvent NADH-related redox stresses via conversion
to butyrate. Both furfural and butyraldehyde are reduced to their respective alcohols using
NAD(P)H as electron donor. Thus, in the presence of these aldehydes, glycerol-grown
C. beijerinckii should consume a fair amount of NADH, which in turn, reduces the need
for acetate reabsorption. With furfural (1 g/L) supplementation, acetate concentrations
decreased 2.5-fold, whilst reducing 5.3-fold without furfural (Figure 4C). In fact, furfural-
supplemented cultures contained twice the amount of acetate detected in the furfural
un-supplemented cultures. Additionally, butyrate concentration increased 8.4- and 6.8-fold
with and without furfural supplementation, respectively (Figure 4D). Lower acetate and
higher butyrate concentrations in the furfural-supplemented cultures suggest that addi-
tional butyrate is produced from glycerol catabolism in the presence of furfural. Previously,
we have shown that the presence of furfural, which negatively affects cellular ATP levels,
increases acetate and butyrate production in C. beijerinckii, as a measure to replenish cellular
ATP (Figure 9; [4]).

With acetate production being impaired on glycerol as a sole carbon source, it appears
C. beijerinckii increased butyrate biosynthesis from glycerol catabolism as a strategy to
improve ATP generation in response to furfural-mediated stresses. Thus, we reasoned
that butyraldehyde, a native metabolic intermediated in C. beijerinckii, which is reduced to
butanol (Figure 9), should pose less stress to this organism when supplied exogenously.
Notably, butyraldehyde (3 g/L) supplementation led to the production of only ~0.1 g/L
butanol on glycerol as a sole carbon source (Figure 7B). It is likely that butyraldehyde is
poorly taken up by C. beijerinckii, hence, the reason for poor conversion of exogenously sup-
plied butyraldehyde to butanol. In addition, it is possible that butyraldehyde conversion
to butanol is somewhat inhibited in glycerol-grown cells. Nonetheless, it is important to
note that in glycerol-grown butyraldehyde un-supplemented cultures, acetate concentra-
tion reduced 1.3-fold, whilst increasing 1.1-fold in butyraldehyde-supplemented cultures
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(Figure 7C). Furthermore, butyrate concentration increased 1.3- and 2.0-fold with and
without butyraldehyde supplementation (Figure 7D), and butyraldehyde-supplemented
cultures had a 1.7-fold higher cell biomass (Figure 7A) than the un-supplemented cultures.
Therefore, it appears that in NADH-consuming aldehyde reduction particularly, the less
toxic butyraldehyde dampens the need for acetate absorption in glycerol-grown C. beijer-
inckii (Figure 7D). In fact, butyraldehyde appears to mildly elicit acetate production on
glycerol as a sole carbon source, whilst dampening butyrate production (Figure 7C,D).
The inability of C. beijerinckii to completely convert the supplied 3 g/L butyraldehyde
to butanol in glycerol-grown cultures points to additional, perhaps, NADH-unrelated
limitations during growth on glycerol as a sole carbon source. Clearly, some form of
impediment exists at the butyric acid-butyraldehyde-butanol and the acetyl-CoA—acetyl-
phosphate—acetate—acetone arms of the ABE pathway, when C. beijerinckii is grown solely
on glycerol. The fermentation profiles of cultures grown on a glucose—glycerol mixture and
those grown on glucose alone (Figure 5 and Figure S1A), further highlight the impaired
ability of C. beijerinckii to produce acetate, acetone and butanol in the presence of glycerol.
For example, despite achieving a 1.4-fold higher optical density (Figure S1), cultures grown
on the glucose-glycerol mixture produced 1.3- and 1.2-fold reduced amounts of acetone
and butanol, respectively, compared to the cultures grown on glucose alone (Figure 5A,B).
Similarly, acetate concentrations decreased 1.9- and 3.4-fold in glucose-only and glucose-
glycerol cultures, respectively (Figure 5C). This implies that even in the presence of glucose,
growth on glycerol elicits a strong acetate absorption, perhaps to aid the disposal of excess
glycerol-derived NADH, which may account for the 1.2-fold higher residual butyrate in
glucose-glycerol cultures, when compared to the glucose-only cultures (Figure 5D).

4.3. Glycerol-Mediated Gene and Enzyme Inhibitions and the Attendant Solvent Profiles

The expression patterns observed for the genes assayed by qRT-PCR clearly show
that acetate supplementation is essential for the cellular health of C. beijerinckii. This was
more pronounced in glycerol-grown cells, in which a greater number of genes showed
significant decreases in relative expression in the absence of acetate (Table 2). This is not
surprising as acetate supplementation has been previously reported to enhance overall
growth and solvent production by C. beijerinckii and C. acetobutylicum EA 2018 [51,52]. The
relative expression of gldA and dhaK in glycerol-grown cells both at 12 and 24 h, relative
to cells grown on glucose are indicative of greater flux via the glycerol catabolic pathway
on glycerol as a sole carbon source (Figure 9; Table 2). This, therefore, suggests that a
likely impediment to glycerol utilization lies downstream of the GIdA- and DhaK-catalyzed
steps. A possible candidate for such an impediment to flux during growth on glycerol
is triosephosphate isomerase (Tpi). The expression level of tpiA (subunit A) in glycerol-
grown cells was 1.7-fold greater than the relative expression in glucose-grown cells at
12 h (Table 2). However, even though the expression level increased at 24 h for both sets
of cultures, it was ~1.7-fold lower in the glycerol-grown less than in the glucose-grown
cells, representing a total reversal of comparative expression patterns for this gene between
glycerol- and glucose-grown cells at 12 h. More importantly, this is indicative of greater
glycolytic flux with glucose than with glycerol (Figure 9). Interestingly, at 12 h, there
was no significant difference in the expression profiles of gapdh-1 between glycerol- and
glucose-grown cells, with acetate supplementation. However, at 24 h, relative expression
of the same gene was 1.5-fold higher in the glucose-grown cells. Again, this represents
another indication of reduced glycolytic flux in the glycerol-grown cells as fermentation
progressed. GAPDH is NAD*-dependent, thus, it is likely that increased NADH pool
from glycerol catabolism [1,3,4,11,12] might account for reduced expression of the gapdh
gene in the glycerol-grown cells over the course of fermentation. This might explain the
observed 1.5- and ~2.0-fold increases in the expression of gapdh-N1 and gapdh-N2 (Table 2),
both of which are NADP*-dependent at 24 h, in the glycerol-grown cells, compared to the
glucose-grown cells.
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Except for bdhA, which was upregulated, all solventogenic genes studied [ctfA
(2 copies), ctfB (2 copies) and adhE] were significantly downregulated at 12 h in glycerol-
grown cells, relative to cells grown on glucose (Table 2). The high expression levels observed
for these genes (except bdhA) in glucose-grown cells is characteristic of the onset of sol-
ventogenesis, which is apparently absent in the glycerol-grown cells at 12 h. Interestingly,
with acetate supplementation, all the solventogenic genes studied were upregulated at 24 h
with glycerol as a substrate, compared to glucose-grown cells. This suggests that the signal
for inception of solventogenesis might be delayed in glycerol-grown cells. Notably, the
degrees of upregulation observed for these genes (in glycerol-grown cells at 24 h) were
significantly less than the levels observed with glucose-grown cells at 12 h. This further
buttresses possible overall sluggish growth on glycerol as a sole carbon source. However,
it is worthy of note that despite the slow growth observed with glycerol, the culture pH
in most cases were low enough to trigger solventogenesis. Thus, other factors unrelated
to poor growth likely inhibit solventogenesis in glycerol-grown C. bejjerinckii. In addition,
despite marginal upregulation of solventogenic genes at 24 h, acetone and butanol were
not produced in glycerol-grown cells, except with the supplementation of butyraldehyde
(~0.1 g/L butanol; Figure 7B) and excess butyrate (0.7 g/L acetone and 0.5 g/L butanol;
Figure 6A,B). More importantly, BDH, BDDH, CoAT and ACDC activities were either
greater in the glycerol-grown cells, or considerably similar to the activities observed with
lysates from glucose-grown cells, with or without 0.6 g/L glycerol supplementation in the
assay mixture (Figure 8A,C-E).

There is clear incongruity in the activities of these enzymes in vitro relative to their
activities in vivo (based on the solvent profiles), which suggests that an unknown mech-
anism might inhibit solventogenesis in C. beijerinckii grown on glycerol as a sole carbon
source. The existence of such a mechanism is buttressed by the transience and weakness
of acetone and/or butanol biosynthesis in glycerol-grown cultures supplemented with
either butyraldehyde or excess butyrate. Both butyraldehyde and butyrate induced acetone
and/or butanol biosynthesis, which terminated shortly after inception A,B and Figure 7B).
Although the permeability of the cell membrane of C. beijerinckii to butyraldehyde is not
known, this organism has an established mechanism for butyrate uptake. As a result, sup-
plementation of butyrate (3.5 g/L) in glucose-grown cells led to the production of 20 g/L
butanol (Figure 6B). Conversely, the glycerol-grown cells supplemented with the same
concentration of butyrate produced 0.5 g/L butanol, thus, underscoring a likely metabolic
inhibition of solventogenesis in glycerol-grown C. beijerinckii.

Progressive accumulation of butyrate in glycerol-containing cultures (even when
glycerol is supplied alongside glucose; Figure 5D) leads us to speculate that coenzyme
A transferases—which are also central to acetone biosynthesis (Figure 9; [53])—are in
some way, inhibited in vivo in glycerol-grown cultures, transcriptionally and/or post-
translationally (Table 2, Figure 8D). When glucose was supplemented to a glycerol broth
in which C. beijerinckii was previously grown, butyrate concentration fell sharply in the
early stages of fermentation, when glucose should be abundant in the medium (Figure 5D).
However, as fermentation progressed, glucose concentration reduced sharply in these
cultures, while a higher concentration of glycerol persisted in the medium. Remarkably;,
butyrate concentration increased over time in these cultures (glucose—glycerol mixture),
starting at 36 h up to the end of fermentation. Indeed, in vivo, the CoAT activity is somehow
disrupted if not completely inhibited in glycerol-grown cells, which impedes acetone and
butanol biosynthesis. Relative expression of ctfAB suggests that the expression of the
genes that encode the components of the heterodimeric coenzyme A transferase are not
favored transcriptionally, despite considerably low culture pH—a known trigger for ctfAB
expression [53]—in some glycerol-grown cultures. However, the CoAT assay suggests
that this limitation extends beyond the transcriptional stage in vivo. This is because, even
with 0.6 g/L glycerol, our enzyme assay showed that there was no significant difference in
CoAT activity between glucose- and glycerol-grown cells. In fact, Wiesenborn et al. [53]
demonstrated that 20% (v/v) glycerol stabilized the activity of purified CoAT in the closely
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related C. acetobutylicum ATC 824. Thus, it is unlikely that glycerol inhibited the activity of
CoAT in vivo in glycerol-grown cells of C. beijerinckii. Perhaps, a metabolic intermediate of
glycerol catabolism might account for this effect, which is probably mitigated allosterically
when glycerol is co-utilized with glucose.

The inability of C. beijerinckii to produce butanol in particular, cannot be solely ex-
plained by lack of CoAT activity in vivo, during growth on glycerol as a sole carbon source.
This is because, even when butyraldehyde is supplied in the medium, thereby bypassing
the CoAT-catalyzed step of the ABE pathway, a transient and weak butanol production
was also observed (Figure 7B). In fact, butanol production with butyraldehyde (~0.1 g/L) is
5-fold less than the concentration (0.5 g/L) observed with high butyrate supplementation
(Figure 6B). Apparently, the same or different factors inhibit CoAT and BDH activity in
glycerol-grown C. beijerinckii, because with butyraldehyde, acetone production (mediated
by CoAT) appears to be completely inactive in vivo, whilst 0.7 g/L was produced with
3.5 g/L butyrate supplementation. Interestingly when glycerol concentration in the assay
mixture was increased to 10 and 20 g/L using lysate from glycerol-grown C. beijerinckii,
BDH activity decreased by at least ~2.0-fold, relative to the glycerol un-supplemented
assay (Figure 8B). However, BDH activity remained unaffected with 10 and 20 g/L glycerol
supplementation using lysate from glucose-grown cells. The fact that decreases were ob-
served only in assays conducted with lysate from glycerol-grown cells raises the question
as to whether some enzymes or perhaps, solventogenic enzymes in particular, undergo
conformational changes that inhibit or significantly limit their activity during growth on
glycerol as a sole carbon source. Purification and characterization of solventogenic enzymes
from glycerol-grown C. beijerinckii will prove instructive towards understanding the reason
for the disparity in activity observed for glycerol- and glucose-grown cells with 10 and
20 g/L glycerol.

5. Conclusions

The solvent and acid profiles of C. beijerinckii grown on glycerol as a sole carbon source
show that acetate, acetone and butanol are not produced during glycerol fermentation.
Glycerol-grown C. beijerinckii appears to rapidly couple acetate assimilation and butyrate
biosynthesis, as a means to dispose of excess glycerol-derived NADH. Inability to synthe-
size saturated long chain fatty acids necessary for stabilizing the cell membrane architecture
might account for lack of butanol biosynthesis and perhaps, poor resistance to the accu-
mulated butyrate in glycerol-grown C. bejjerinckii. The activities of solventogenic enzymes
compared to their gene expression patterns point to a strong inhibition of solventogenesis
in vivo, during growth on glycerol as a sole carbon source.
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