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Abstract The production of acetone, butanol and ethanol by
fermentation of renewable biomass has potential to become a
valuable industrial process. Mechanisms of solvent produc-
tion and sporulation involve some common regulators in some
ABE-producing clostridia, although details of the links be-
tween the pathways are not clear. In this study, we compare
a wild-type (WT) Clostridium beijerinckii NRRL B-598 with
its mutant strain OESpoOA, in which the gene encoding
Spo0A, an important regulator of both sporulation and
solventogenesis, is overexpressed in terms of solvent and acid
production. We also compare morphologies during growth on
two different media: TYA broth, where the WT culture spor-
ulates, and RCM, where the WT culture does not. In addition,
RT-gPCR-based analysis of expression profiles of spo0A,
spollE, sigG, spoVD, ald and bukl genes involved in sporu-
lation or solvent production in these strains, were compared.
The OESpoOA mutant did not produce spores and butanol
titre was lower compared to the WT, but increased amounts
of butyric acid and ethanol were produced. The gene spo0A
had high levels of expression in the WT under non-sporulating
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culture conditions while other selected genes for sporulation
factors were downregulated significantly. Similar observa-
tions were obtained for OESpoOA where spo0A overexpres-
sion and downregulation of other sporulation genes were dem-
onstrated. Higher expression of spo0A led to higher expres-
sion of buk! and ald, which could confirm the role of spo0A in
activation of the solventogenic pathway, although solvent pro-
duction was not affected significantly in the WT and was
weakened in the OESpo0OA mutant.

Keywords Clostridium - spo0A - Butanol - qPCR -
Overexpression - ABE - Sporulation

Introduction

The acetone-butanol-ethanol fermentation (ABE) process is a
promising option for production of biochemicals and biofuels
from renewable resources in a future biorefinery. Although
butanol is the main product of the ABE process, other metab-
olites, acetone, organic acids or hydrogen also represent valu-
able chemicals that may increase the attractiveness of this
technology (Sauer 2016). Unfortunately, there are still obsta-
cles preventing implementation of industrial large-scale pro-
duction of butanol or other products by ABE fermentation,
primarily a poor understanding of process regulation, making
substantial improvements in this technology difficult to
achieve. Solventogenic strains of Clostridium sp., performing
ABE fermentation, are Gram-positive strictly anaerobic mi-
croorganisms with a complex cell cycle including endospore
formation. The regulation of sporulation includes the activa-
tion or repression of genes that are expressed sequentially
during the course of the sporulation cascade. The sporulation
mechanism in clostridia differs significantly from that de-
scribed for the Bacillus model and for some steps, details of
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the cascade remain unclear (Al-Hinai et al. 2015).
Furthermore, some sporulation regulatory factors, especially
the main regulator Spo0A, may have a major impact on other
cellular functions, including solventogenesis. Despite prog-
ress in genetic engineering of solventogenic clostridia, as well
as the successful implementation of modern “omics” methods
in clostridial research over the last decade, the interconnection
between sporulation and solventogenesis is still unexplained.

The SpoOA protein is a master transcriptional regulator in
all known endospore formers (Brown et al. 1994). In Bacillus
sp., Spo0A is activated by phosphorylation, mediated by
KinA and KinB orphan kinases through activation of SpoOF
and SpoOB proteins, and activation of the sporulation cascade
is initiated by starvation or the recognition of an unfavourable
environment (Piggot and Hilbert 2004). In clostridia, the
mechanism of SpoOA phosphorylation is in dispute (Al-
Hinai et al. 2015), but most probably some genomic orphan
histidine kinases are likely to be involved in activation of the
Spo0A regulator (Steiner et al. 2011; Mearls and Lynd 2014).
A lack of nutrients generally prevents sporulation in clostridia,
a property that is also in variance with bacilli (Jones and
Woods 1986).

The activated SpoOA protein is able to regulate expression
of different genes. Spo0A-P together with o' activates the
spollA operon, including the first pre-spore specific sigma
factor o', which initially is blocked by anti-sigma factor
SpolIAB. For o' activation, membrane-bound SpollE factor
is necessary. Activation of ¢* leads to the activation and ex-
pression of about 50 specific genes and operons in the pre-
spore, including the SpolIR regulator that activates expression
of the sigFE operon (Higgins and Dworkin 2012; King et al.
1999; Al-Hinai et al. 2015). Active o® (encoded by the sigk
gene) is located in the mother cell and controls expression in
this compartment, especially during sporulation stage II. oY
(encoded by the sigG gene) is a second pre-spore specific
sigma factor that is expressed and activated directly after .
Factor ¢ is the main regulator of sporulation stage III and
controls expression of many pre-spore specific genes and op-
erons; some of them are involved in activation of the last
sigma factor o™. Expression of this last, mother cell located
sigma factor starts during sporulation stage III and regulates
all remaining reactions necessary for maturation and release of
an endospore from the mother cell, including genes guiding
spore cortex and coat synthesis, e.g. SpoVD, CotJ, CotJC and
many others (Al-Hinai et al. 2015).

C. beijerinckii NRRL B-598, previously C. pasteurianum
(Sedlar et al. 2017), is a solventogenic strain suitable for pro-
duction of butanol, acetone or hydrogen (Lipovsky et al.
2016) and which excels in oxygen resistance (Kolek et al.
2016b) and overall robustness. The complete genomic se-
quence (Sedlar et al. 2015) and transformation methods
(Kolek et al. 2016b) are also available for this strain. In this
work, expression of the spo0A global regulator and its impact
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on the expression of genes selected from different stages of the
sporulation cascade (spollE—stage 1I; sigG—stage 111,
spoVD—stage V), as well as genes involved directly in
solventogenesis (ald, coding an aldehyde dehydrogenase)
and acetogenesis (buk, coding a butyrate kinase), were inves-
tigated in cultures showing different patterns of sporulation.
The genes of interest were selected to cover different periods
of'the cell cycle, i.e. acidogenesis, solventogenesis and differ-
ent phases of sporulation, because Spo0OA is a global transcrip-
tional regulator that may affect expression of individual genes,
both directly and indirectly. Based on previous experience
(Kolek et al. 2016a), two different cultivation strategies were
used for solvent production: with and without spore forma-
tion. Furthermore, the same analysis was performed for a nov-
el strain, C. beijerinckii NRRL B-598 OESpo0A, bearing sim-
ple overexpression of the spo0A regulator. In this work, we
have extended knowledge on the regulation of sporulation and
solventogenesis beyond that of the well-described strains
C. acetobutylicum ATCC 824 and C. beijerinckii NCIMB
8052.

Material and methods
Bacterial strains, growth and maintenance conditions

Solventogenic bacterium C. beijerinckii NRRL B-598
(NRRL/ARS Culture Collection, Peoria, Illinois, USA)
and mutant strain C. beijerinckii B-598 OESpoOA (this
article) were used in this study. The WT was maintained
as a spore suspension in distilled water, OESpoOA strain
was cryopreserved in 30% glycerol and — 80 °C. TYA
medium (containing in g/l: 50 glucose; 2 yeast extract
(Merck, Darmstadt, Germany); 6 tryptone (Sigma-
Aldrich, St.Louis, Missouri, USA); 0.5 KH,PO,4; 3 ammo-
nium acetate; 0.3 MgS0O4.7H,0; 0.01 FeSO,4) and modi-
fied RCM broth (containing in g/l: 50 glucose; 10 meat
extract (Merck, Darmstadt, Germany); 10 peptone
(Sigma-Aldrich, St.Louis, Missouri, USA); 3 yeast extract
(Merck, Darmstadt, Germany); 1 starch; 5 sodium chlo-
ride; 3 sodium acetate; 0.5 L-cysteine hydrochloride) were
used for growth and fermentation of microorganisms and
were supplemented with erythromycin (15 pg/ml) in the
case of strain OESpo0A.

Escherichia coli strains DH5x and JM110 (both pur-
chased from the Leibnitz Institute DSMZ- German
Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) were cryopreserved in 20%
glycerol solution (maintained in — 80 °C) and grown on
LB medium (containing in g/l: 10 tryptone; 5 yeast ex-
tract; 5 NaCl) in 37 °C. LB broth or plates (1.5% agar)
were supplemented with erythromycin (500 pg/ml) if
necessary.
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Plasmids, oligonucleotides and DNA manipulation

High pure PCR template preparation kit (Roche Diagnostics,
Basel, Switzerland) was used for preparation of the template
for PCR reactions and high pure plasmid isolation kit (Roche
Diagnostics, Basel, Switzerland) was used for all plasmid iso-
lations from E. coli strains; plasmid extraction from
C. beijerinckii was performed as we described previously
(Kolek et al. 2016b). For PCR reactions, gbELITE
MasterMix was used (Generi-Biotech, Hradec Kralove,
Czech Republic). Restriction enzymes, T4 ligase and kit for
DNA isolation from an agarose gel were purchased from
Thermo Fisher Scientific (Waltham, Massachusetts, USA).
DNA was introduced into E. coli cells by electroporation with
the GenePulser Xcell™ electroporator (BioRad, Hercules,
California, USA) using conditions for E. coli pre-set by the
manufacturer and using 0.1-cm gap electroporation cuvettes.
Transformation of C. beijerinckii NRRL B-598 was carried
out by sono/electroporation as described previously (Kolek
et al. 2016b).

Preparation of C. beijerinckii B-598 OESpo0A and control
strain

The spo0A gene was amplified by PCR from the chromosome
of C. beijerinckii NRRL B-598 with primers
OESpo0A Sacl addF (5-TACAGTGAGCTCAAAAAATA
TGGAAGATTC-3') and OESpo0A Xmal addR (5'-TAGT
ATCCCGGGTACATAAAAAAAAGACC-3). The product
obtained, including an extra region of 12 nt downstream and
463 nt upstream, was isolated from an agarose gel, digested by
Sacl and Xmal and cloned into the pMTL83253 plasmid
(Heap et al. 2009) digested by the same enzymes. The
resulting plasmid pMTL83253::0ESpo0A was transformed
into E. coli DH5x and control restriction digestion was per-
formed. Plasmid pMTL83253::0ESpo0A was subsequently
extracted and transformed into E. coli JIM110 (dam—/dcm—)
and extracted for C. beijerinckii NRRL B-598 transformation.
Plasmid extraction and control restriction digestion by Sacl/
Xmal and Smal/Xmnl were performed for several erythromy-
cin resistant colonies. The control strain was prepared by
transformation of pMTL83253 into C. beijerinckii NRRL
B-598.

Cultivation in bioreactor

Parallel Multiforce 2 bioreactors (Infors HT, Bottmingen,
Switzerland) were used. Cultivations were performed at
37 °C with 360 ml TYA or RCM broth without pH control
during fermentation and agitation at 250 rpm. Oxygen was
removed from bioreactors by bubbling with N, for 30 min
and pH was adjusted to 6.3—6.4 using 10% NaOH if necessary
prior to cultivation. All bioreactors were inoculated with 40 ml

of inoculum that was cultured previously in an anaerobic
chamber overnight (Concept 400; Baker Ruskinn
Technology, Bridgend, UK) under a stable anaerobic atmo-
sphere (90% N,, 10% H,). Samples were taken at specific
times (in hours: 6; 11; 21; 26 and 48) and processed for gravi-
metric analysis, HPLC analysis, microscopy and RNA isola-
tion (except for time 48).

Microscopy

Phase contrast microscopy (Olympus BX51; Olympus,
Tokyo, Japan) was used to determine the morphological status
of cells and the presence of spores or pre-spore stages. Native
bacteria were observed by phase contrast microscopy at x400
and x1000 magnifications.

Growth measurement and HPLC analysis

Cell concentration was determined gravimetrically as biomass
dry weight. Dry weight was measured from 2 ml samples that
were centrifuged (x13.000g, 4 °C, 2 min), washed with
deionised water, and dried at 105 °C until constant weight
was achieved. Results represent average values of three
measurements.

The concentrations of glucose, butyric acid, acetic acid,
lactic acid, formic acid, ethanol, acetone and butanol were
measured in the supernatant of culture broth by HPLC.
Samples were diluted 1:1 with internal standard solution
(100 mM valeric acid in 1M H,SO,) and microfiltered.
Analyses were carried out using a Waters HPLC system
(Waters, Milford, Massachusetts, USA) equipped with an
autosampler using a Shodex KC-211 column (Shodex,
Tokyo, Japan) and refractive index (Waters model 2414) as
well as UV absorbance (Waters model 2487) detectors.
Conditions of analysis were as follows: column temperature
80 °C, mobile phase 3 mM H,SO,, flow rate 1 ml/min. The
concentrations of glucose, ethanol, acetone and butanol were
determined using a refractive index detector, and acid concen-
trations were determined at 210 nm by UV detector.

RNA isolation

Samples of culture broth for RNA isolation were centrifuged
(x13.000g, 4 °C, 2 min), washed with chilled RNase free
water and suspended in RNase free water to obtain a suspen-
sion having an optical density (measured at 600 nm) of ap-
proximately one immediately after collection. A 3-ml diluted
sample was centrifuged and the cell pellet was stored in
— 80 °C for subsequent isolation.

Frozen samples were thawed on ice and RNA was isolated
using high pure RNA isolation kit (Roche Diagnostics, Basel,
Switzerland). Quality and concentration of RNA samples
were checked using a nanodrop machine (Thermo Fisher
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Scientific, Waltham, Massachusetts, USA); RNA quality and
integrity were also determined using the Agilent RNA 6000
Nano kit (Agilent, Santa Clara, California, USA) with the
Agilent 2100 bioanalyzer (Agilent, Santa Clara, California,
USA).

Reverse transcription and RT-qPCR analysis

For reverse transcription of RNA samples, the Transcriptor
First Strand cDNA Synthesis kit (Roche Diagnostics, Basel,
Switzerland) was used. Concentration and quality of cDNA
samples were checked using a nanodrop machine (Thermo
Fisher Scientific, Waltham, Massachusetts, USA).

RT-qPCR analyses were performed with BioRad CFX 96
Touch™ (BioRad, Hercules, California, USA) using a
Universal Probe Library (Roche, Switzerland) system of
probes and FastStart Universal Probe Master (ROX)
mastermix (Roche Diagnostics, Basel, Switzerland);
Universal ProbeLibrary Assay Design Center software
(https://lifescience.roche.com) was used for oligonucleotide
and probe design (all oligonucleotides and probes used in
this study are shown in Table 1). Reactions were performed
in an overall volume 10 pl with concentrations of components
and reaction conditions as described in the mastermix
protocol.

Relative expression of genes spo0A, spollE, sigG, spoVD,
ald and bukl were monitored; gene rpsJ was chosen as the
reference gene from a selection of candidate genes (including
gyrA, 16S rrn, adk and alaS) based on analysis by RefFinder
algorithms. Reaction efficiency was determined for each assay
using a x5 serial dilution of cDNA samples, see Table 1. A
sample taken at 6th hour of cultivation in TYA medium was
chosen as a calibrator and a reference value for calculation of
relative fold expression of each gene in other samples. All RT-
qPCR analyses were performed in triplicate using no-template
as well as no-RT controls.

Table 1
8052 and C. acetobutylicum ATCC 824

Bioinformatics analysis

PromoterHunter at psiSITE (Klucar et al. 2010) was used to
predict promoter regions of the genes studied. Further identi-
fication and analyses of DNA regulatory motifs were provided
by DMINDA (Yang et al. 2017).

Results
Construction of the OESpo0A mutant

Plasmid pMTL83253::0ESpo0OA harbouring the spoA gene
under the control of the constitutive Pfdx promoter was con-
structed. For plasmid construction details, see Fig. S1. Plasmid
pMTLS83253 (for control strain) or pMTL83253::0ESpo0A
(for OESpo0A mutant strain), extracted from a Dam—/Dem—
E. coli strain, was transformed into WT C. beijjerinckii NRRL
B-598 using a previously described method developed for this
microorganism. More than a hundred erythromycin resistant
colonies were obtained after transformation and five random
colonies of each transformant were screened for plasmid se-
quence by extraction and specific restriction cleavage. All pick-
ed colonies contained the correct plasmid and one of each (mu-
tant and control) was used in subsequent experiments.

Several attempts to construct C. beijerinckii NRRL B-598
with spo0A gene disruption were also performed previously.
Unfortunately, no colonies were obtained during these
experiments.

Fermentation performance and phenotype
of C. beijerinckii NRRL B-598 WT and OESpo0A mutant

Profiles of fermentations carried out with the WT, see Fig. 1,
in TYA and RCM media were very similar to each other in
terms of solvent and acid production; 9.8 and 9.1 g/l in TYA
and RCM media respectively after 24 h cultivation. Butanol

Oligonucleotides used in RT-qPCR analyses, reaction efficiencies and homology of the analysed genes with those in C. beijerinckii NCIMB

Target gene [GenBank locus tag  Left primer
in reference sequence
NZ _CP011966.2]

Right primer

UPL PCR
# eff.

Homology with
C. beijerinckii
NCIMB 8052 (%)

Homology with
C. acetobutylicum
ATCC 824 (%)

spo0A [X276_RS08400] ccaaataacctgttaatcgcttc tgaaagagcaataagacatgcaa 144 1.980 100 75
spollE [X276_RS00600] agcactgctcaatagagaaactatgt aaagcggtagggttaagattagatt 17 2.011 99 59
sigG [X276_RS05925] cctttataaaagtttctcttgegttc tggcgttaatacttcaaaactcc 78 1.952 100 84
spoVD [X276 RS08115] gggaatacttctgcetecatge gtggaggttcattaaaagttgga 67 1.954 98 63
ald [X276_RS20360] accagccttttctatatcagcagt tctggtaagaaagctataggtgetg 138 1.961 98 Not relevant®

bukl [X276_RS01200]
rpsJ [X276_RS00930]

agcaccttgagctaaagcaagt
aatagctcctgettgacctgtaa

tccagaccttaaagcaaaagttg
tggaactaaggatagatttgacgtt 77

45 1.970 99 64
2.013 100 85

*In C. acetobutylicum, there is a different gene, adhE, in the sol operon
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Fig. 1 Fermentation NRRL B-598/TYA
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and acetone were detectable in the medium from ca. the 6th
hour of cultivation in both media and production of organic
acids and glucose consumption were similar, see Fig. 1 and
Table 2. Biomass production was also nearly equivalent but
from pH monitoring it was apparent that the second pH de-
crease was slower in RCM, see Fig. 2, which is probably
connected with slower acid reutilization.

Motile, rod-shaped cells were observed in both media at the
6th hour, see Fig. 3. In TYA medium, the start of sporulation
was clearly observed as a thickening of cells, which is a typ-
ical sign of granulose accumulation (Robson et al. 1974). Cell
thickening was visible from the 11th hour. From the 21st hour
of cultivation, mature spores and pre-spores were observed.
On the other hand, no cell thickening or other stages of spor-
ulation were observed in the RCM culture.

C. beijerinckii strain B-598 OESpo0OA and the control
strain harbouring the parental plasmid (pMTL83253) were

(3.
o
oy
-
o

20 30 40 50

t[h]
—-acetone  -=lactic acid
butanol -+acetic acid
——ethanol -=butyric acid

cultured in parallel with the WT, see Fig. 1. Butanol and
acetone productions in the control strain were overall
slightly higher in RCM compared to WT (cf right upper

Table 2 Comparison of fermentation parameters

Strain Glucose consumption ~ Butanol
rate g/l h productivity g/l h
TYA RCM TYA RCM
WT 1.54 1.50 0.24 0.22
OESpo0A 0.92 042 0.13 0.01
Control strain harbouring 0.95 1.50 0.16 0.24
pMTL83253 plasmid

Both glucose consumption rate and butanol productivity were calculated
for the period of first 24 h of respective cultivations
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Fig. 2 Course of pH and growth
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graph with right lower graph in Fig. 1), while production of
butanol and acetone were reduced significantly in TYA
medium (cf left upper graph with left lower graph in
Fig. 1). Butyric acid and ethanol productions in the control
strain (were greater than WT in both media (cf upper and
lower graphs in Fig. 1). The mutant strain, OESpoOA, pro-
duced lower titres of solvents and exhibited higher produc-
tion of butyric acid and a lower consumption of acetic acid
compared to the control strain (cf middle and lower graphs
in Fig. 1). The maximal concentrations of biomass pro-
duced in both media were similar for the control strain
and OESpo0OA and was ca. two times lower than in the
WT, see Fig. 2. The control strain, produced spores only
in TYA medium and not in RCM, which is consistent with
WT strain results. No mature spores, pre-spores or thick-
ened cells were identified in any of the OESpo0OA cultures,
grown on either TYA or RCM media, see Fig. 3.
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Bioinformatics analysis

Genes participating in different stages of the sporulation cas-
cade, spo0A, spollE, sigG and spoVD (see Introduction), were
selected for monitoring sporulation in this work. Gene ald was
selected as a marker gene involved in butanol (solvent) pro-
duction and buk! for monitoring of butyrate (acid) production.
As the strain studied, C. beijerinckii NRRL B-598, is not
normally used to investigate butanol production, similarities
in all gene sequences with those occurring in the more well
studied strains C. beijerinckii NCIMB 8052 and
C. acetobutylicum ATCC 824, are given in Table 1.
Polypeptide sequences of the SpoOA master regulator were
almost the same in strains C. beijerinckii NRRL B-598 and
C. beijerinckii NCIMB 8052, differing in only a single amino
acid, and the binding motif, helix-turn-helix, sequence was the
same in both strains. This motif is also shared by
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wt/RCM

control/TYA

control/RCM  OESpoOA/TYA OESpoOA/RCM

Fig. 3 Morphology of C. beijerinckii NRRL B-598, control strain and OESpo0OA mutant cells in the course of fermentation in TYA and RCM media

C. acetobutylicum ATCC 824, which showed only 75% sim-
ilarity with the SpoOA polypeptide sequence from
C. beijerinckii strains and which is coded for by the antisense
strand.

The genes spollE, sigG and ald are believed to be directly
controlled by SpoOA. The SpollE sequence of C. beijerinckii
NRRL B-598 and NCIMB 8052 strains share 99% homology.
Moreover, the SpollE promoter sequence was the same in
both strains and contained almost ideal consensual bacterial
— 35 (TTGACA) and — 10 (TATAAT) boxes. The sequence
between boxes was unusually long, consisting of 21 bp, and
the whole promoter ended 25 bp upstream of the transcrip-
tional start site (TSS). In contrast, the sequence preceding the
promoter did not contain any putative A0 boxes, for
C. beijerinckii or C. acetobutylicum, defined by the consensus
sequence TGNCGAA (Ravagnani et al. 2000), nor the A0
boxes for B. subtilis (York et al. 1992). On the contrary, the
sequence TTTGGAA, which could also be the A0 box, was
found between the promoter and TSS.

The SigG gene of C. beijerinckii strains shared relatively
high (77%) homology with C. acetobutylicum and was carried
by the sense strand. In both species, the gene has its own
promotor but is also the most distant gene of the spollG op-
eron that is regulated by its promoter. The putative promoter
sequence of both C. beijerinckii NRRL B-598 and NCIMB
8052 strains was the same and shared only 55% homology
with C. acetobutylicum. Although two putative mutated bind-
ing sites (AACGACA, TTTAACA) were located upstream of
the promoter in C. acetobutylicum, no statistically significant
hit was found for C. beijerinckii species.

The remaining gene under direct regulation, ald, is a part of
the sol operon. In C. acetobutylicum ATCC 824, this operon
was located on a plasmid, and the ald gene was replaced by
the adhE gene. In both C. beijerinckii NRRL B-598 and
NCIMB 8052 strains, the so/ operon was carried by the chro-
mosomal sense strand. While the ald gene of both
C. beijerinckii strains shared 97% homology, the promoter
region was more variable with overall 95% homology and
did not contain any A0 boxes corresponding to the conserved
TGNCGAA motif. However, in both C. beijerinckii strains,
putative AO boxes differing in the second, fourth and fifth
positions were found upstream of the promoter sequence.
The sequences of spoVD and bukl were 98 and 99% homol-
ogous, respectively with C. beijerinckii NRRL B-598 and
NCIMB 8052 strains, as were their putative promoter se-
quences, although putative 0A boxes were not found.
Homologies with C. acetobutylicum genes was lower,
reaching 62 and 71%, respectively.

Expression of genes involved in sporulation
and acids/solvent production in WT

In contrast with production parameters, expression levels of
monitored genes differed in TYA and RCM, see Fig. 4.
Expression of the SpoOA regulator gene was evident from
the first sample, at the 6th hour of cultivation; increase expres-
sion of spollE and sigG occurred in mid cultivation and ex-
pression of spoVD in the last sample—26th hour. The gene for
ald, which is involved in the last steps of butanol production in
C. beijerinckii species, was expressed at the 6th hour and the
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Fig. 4 Relative expressions of monitored genes in WT as obtained by
RT-qPCR analysis in the course of cultivation in TYA and RCM media.
All relative expression data are related to expression found during
cultivation of WT in the 6th hour of cultivation in TYA

next slight increase in expression level was evident at the 21st
hour when the concentration of butanol was maximal.
Butyrate kinase (bukl) was more expressed in the first sam-
ples and showed decreased expression during the course of
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cultivation, which was consistent with maximal butyrate pro-
duction. Very surprisingly, spo0A was significantly more
expressed in RCM compared to TYA at the beginning of the
cultivation, despite the fact that no spores, pre-spores or thick-
ened cells were identified in RCM culture (see above). All
other monitored sporulation factors were strongly downregu-
lated in comparison with TYA culture as well as spo0A at 21
and 26 h and slight overexpression of ald and bukl was re-
corded in RCM.

Gene expression in OESpo0A

The OESpo0OA mutant, overexpressing the spo0A gene,
showed a deficient sporulation pattern. To determine the effect
of overexpression of spo0A on the regulation of sporulation-
related genes, qPCR analysis of expression of the sporulation
genes monitored previously in the WT was performed. As
expected, the spo0A regulator gene was significantly
overexpressed in all samples compared to WT and control
strains, see Fig. 5. In TYA medium, expression of monitored
genes were quite similar in WT and control strains.
Sporulation factors spollE, sigG and spoVD were significantly
repressed in OESpo0A, which was surprising but fully con-
sistent with our observations obtained in RCM culture of the
WT strain.

The ald and bukl genes were also analysed by qPCR. They
were both overexpressed compared to WT in TYA but had a
similar trend as in RCM culture. Similarly to WT cultivation,
OESpo0A in RCM exhibited relatively higher expression of
spo0A compared to TYA.

Discussion

As described previously (Kolek et al. 2016a), C. beijerinckii
NRRL B-598 is able to form solvents in both TYA and RCM
broths, but spores are formed only in TYA medium. It is not
clear what factors block sporulation in RCM broth but very
high concentrations of nutrients, especially sources of nitro-
gen, or different levels of some microelements such as P, Mg
and Fe (Lee et al. 1978), could play some role in this phenom-
enon. Buffering capacity and the buffering system used was
also shown previously to be an important property of the me-
dium, influencing sporulation significantly (Long et al. 1983).

It was also surprising that the control strain of
C. beijerinckii NRRL B-598 bearing parental pMTL83253
produced significantly more ethanol compared to WT. This
was unexpected for this strain although the usual levels of
ethanol production by the WT are very low (Lipovsky et al.
2016) and different behaviours of the WT and plasmid-
bearing strains have been described previously (Harris et al.
2002; Alsaker et al. 2004).



Appl Microbiol Biotechnol

Fig. 5 Relative expressions of
monitored genes in WT, control
bearing parental pMTL83253 and
OESpo0A mutant strain as
obtained by RT-qPCR analysis in
the course of cultivation in TYA
(first column) and RCM media
(second column). All relative
expression data are related to
expression found during
cultivation of WT in the 6th hour
of cultivation in TYA
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NCIMB 8052 (Wang et al. 2012). However, in RCM, the WT
strain exhibited a different non-sporulating phenotype with
different expression profiles of the genes. Nevertheless, a
non-sporulating but butanol-producing phenotype was also
expressed by C. acetobutylicum ATCC 824 under
phosphate-limited continuous cultivation (Bahl et al. 1982;
Grimmler et al. 2011).

Spo0A represents a conserved regulatory protein that is a
master regulator of endospore formation and which is activat-
ed by phosphorylation in the cells (Al-Hinai et al. 2015). The
Spo0A polypeptide sequence was 75% conserved between
C. acetobutylicum ATCC 824 and C. beijerinckii NRRL
B-598 and it is necessary to consider that even a change in a
single residue may affect the SpoOA binding affinity (Hatt and
Youngman 2000). Activated Spo0A is able to bind many reg-
ulatory regions in the genome and can positively as well as
negatively affect transcription of a number of genes. Regions
binding activated Spo0A contain so-called 0A boxes, the spe-
cific motifs of which are recognised by phosphorylated
Spo0A (Brown et al. 1994; Ravagnani et al. 2000).
Searching for 0OA boxes, potential binding sites for Spo0OA,
in C. acetobutylicum ATCC 824 (Sullivan and Bennett
2006) revealed many mutated, reversed or multiple 0A boxes
in upstream regions of other genes or operons that are not
closely related to sporulation or solventogenesis; this confirms
the position of Spo0A as a global transcriptional regulator.
Sporulation is blocked in the case of disruption of spo0A
(Al-Hinai et al. 2015; Huang et al. 2004), but its influence
on other metabolic pathways, including solvent production,
is still not fully described in clostridia.

Spore or pre-spore formation was surprisingly not observed
during cultivation of the OESpo0OA mutant strain. This shows
that high levels of expression of spo0A itself is not able to
initiate sporulation in C. beijerinckii NRRL B-598. There is
the question of why spo0A overexpression did not launch
expression of other genes in the sporulation cascade. This
could be due to the corresponding protein spo0A not being
formed or its formation not corresponding with spo0A over-
expression because of interactions of small RNAs with corre-
sponding mRNAs. Phosphorylation, which is necessary for
protein activation, may also have been impaired. Regulation
of expression by small RNAs was predicted in
C. acetobutylicum and C. beijerinckii (Chen et al. 2011) and
was proven in C. acetobutylicum (Venkataramanan et al.
2013). In contrast, good agreement of spo0A expression with
relevant protein formation in C.acetobutylicum ATCC 824
was confirmed by Sullivan and Bennett (2006).

This behaviour of the OESpo0A strain is generally in con-
trast with expectations and previous findings for
C. acetobutylicum in high levels of spo0A expression led to
higher solvent production compared to the control strain and
produced only ca. 25% less butanol than the WT (Harris et al.
2002). Overexpression of the spo0A gene in
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C. acetobutylicum also significantly accelerated sporulation
compared to the WT. However, in a different study, overex-
pression of spo0A in a mutant of C. acetobutylicum could not
be completely correlated with high butanol production and
butanol production was found to be the highest under moder-
ate expression of spo0A (Alsaker et al. 2004).

The interconnection between sporulation and solvent pro-
duction is an often discussed question in ABE fermentation,
and opinions regarding these issues have changed over the last
few years. C. acetobutylicum ATCC824 and C. beijerinckii
NCIMB 8052 mutants with a disrupted spo0OA (Harris et al.
2002; Ravagnani et al. 2000) abolished granulose and spore
formation, and exhibited a significant reduction in solvent
production. A C. acetobutylicum mutant with SpoOA overex-
pression (Harris et al. 2002) was able to produce more spores
and solvents in comparison with the control strain bearing a
parental plasmid but not compared to the WT. A possible link
between expression of solventogenic genes and activity of
Spo0A was also described previously in several high-
throughput transcriptomic studies (Tomas et al. 2004; Wang
et al. 2012). On the contrary, Grimmler et al. (2011) demon-
strated independent transcriptional regulation of sporulation
and solventogenesis, at least during phosphate-limited contin-
uous cultivation. More recently, it was found that
C. pasteurianum strain M150B bearing a deletion in the
spo0A gene could not produce granulose but produced signif-
icantly more butanol and exhibited a shorter lag phase
(Sandoval et al. 2015). Furthermore, C. beijerinckii NCIMB
8052 spo0A deficient strain prepared by the new CRISPR/Cas
methodology in 2017 (Seo et al. 2017) was able to produce
more solvent than a previous mutant prepared using an inte-
grated plasmid (Ravagnani et al. 2000).

Slight overexpression of ald and bukl, which were ob-
served in OESpo0OA in RCM medium, were probably related
to high levels of expression of spo(A, which may have played
a significant role in their regulation, as was described previ-
ously (Ravagnani et al. 2000). Higher expression of ald and
bukl did not lead to higher concentrations of butanol or bu-
tyric acid in RCM culture. Unfortunately, no mutant strain of
C. beijerinckii with ald overexpression has been described,
but a similar situation was observed, e.g. by Nair et al.
(1994) and Harris et al. (2000) in the case of adhE in
C. acetobutylicum. There is also an open question of how
many alcohol/aldehyde dehydrogenases contribute to the for-
mation of butanol and ethanol in C. beijerinckii NRRL B-598
since in C. acetobutylicum DSM 1731, multiple enzymes
encoded by multiple genes have been found to contribute to
alcohol formation (Dai et al. 2016).

Expressions of spollE, sigG and spoVD were a little
higher in OESpoOA than in control or WT strains but still
lower than in TYA culture of the WT. These results were
contrary to observations in C. acetobutylicum bearing
spo0A overexpression, where expressions of sigG, bukl
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and adhE were observed earlier compared to the control
strain (Harris et al. 2002). On the other hand, Alsaker et al.
(2004) showed in the same mutant strain that spo0A over-
expression led to downregulation of many glycolytic
genes, which could explain poor growth of the mutant
compared to WT. The position of a mutated 0A box
(TTTGGAA) between promoter and TSS would suggest
negative regulation of SpollE by SpoOA and may explain
unexpected down regulation of spollE. The spollE se-
quence of C. acetobutylicum ATCC 824 that was proven
to be positively regulated by SpoOA (Paredes et al. 2004)
shares only 59% homology with C. beijerinckii strains, is
carried on the antisense strand, and contains three putative
0A boxes (TGACAAA, CATCCAA, TATCAAA) up-
stream of the promoter. Regarding potential sigG regula-
tion by Spo0A, a putative A0 box (TGACAAA) is located
only 11 bp upstream of the SpolIG operon, also suggesting
negative regulation by SpoOA. In addition, a lower bind-
ing affinity and mutated binding sites of the spollG pro-
moter for Spo0A was proven in B. subtilis (Fujita et al.
2005). Mutated 0A boxes upstream of the sol operon pro-
moter suggest positive regulation of ald by Spo0OA and
explain higher expression of al/d in strain OESpoOA.

From the point of view of industrial solvent produc-
tion, an asporogenous production strain would be advan-
tageous because sporulation is an energy demanding pro-
cess and part of the carbon source is lost for sporulation
and therefore not used in the synthesis of valuable prod-
ucts. In addition, mature spores are metabolically inac-
tive. Both properties result in decreased yields and pro-
ductivity in a sporulating culture compared to a non-
sporulating one. However, an asporogenous and simulta-
neous solvent-forming clostridial phenotype was ob-
served only rarely, usually during continuous cultivation
of C. acetobutylicum, strains DSM1791 and ATCC 824
(Meinecke et al. 1984; Grimmler et al. 2011). A model
displaying the importance of non-sporulating cultures for
butanol production was described earlier by Qureshi et al.
(1988). These authors showed unequal contributions to
product (butanol) formation by different sub-populations
in a usually heterogeneous sporulating clostridial culture.
In C. beijerinckii NRRL B-598, the non-sporulating but
butanol-producing phenotype has been described under
specific cultivation conditions (Kolek et al. 2016a) and
the results obtained in this study have confirmed this
observation.

C. beijerinckii NRRL B-598 is able to form butanol in
sporulating as well as non-sporulating cultures, suggesting
that solventogenesis is not tightly related to sporulation in
this strain. Surprisingly it was found that the gene for the
main sporulation regulator, Spo0OA, was overexpressed
while other monitored sporulation factors, including sig-
ma factor G were downregulated in a non-sporulating

culture. Similarly, surprising results were also obtained
in an OESpo0A strain that did not produce spores and
spo0A overexpression led to downregulation of other
monitored sporulation factors; this was contrary to
expectations.

These results support the theory that regulation of
solventogenesis by Spo0A is not the same in all solventogenic
clostridia, as previously proven by Seo et al. (2017) and
Sandoval et al. (2015), although the solventogenic species
are genetically closely related to each other. It would be ben-
eficial to study respective protein formation and their potential
activation (phosphorylation) to be able to elucidate the effect
of spo0A overexpression. Activated SpoOA probably induces
production of ald and other genes of the solventogenic path-
way. However, the level of Spo0A transcripts does not always
fit with butanol production, as has been shown for a mutant of
C. acetobutylicum ATCC 824 (Alsaker et al. 2004), which is
an example of the diversity in mechanisms regulating sporu-
lation and solvent production in clostridia.
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