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Abstract

Background Acetone-butanol-ethanol (ABE) fermentation by solventogenic clostridia can be harnessed to produce
CO, emission neutral bio-based 1-butanol, a valuable compound with a broad range of applications, e.g., in industrial
production, as a solvent and as a fuel additive or replacement. However, the relatively low butanol titers and high
feedstock costs prevent bio-butanol production on an industrial scale. Agricultural side-stream materials, like milling
byproducts, are starch-rich, low-cost and produced all year round. They could be suitable substrates for bio-butanol
production by ABE fermentation.

Results The milling byproducts wheat red dog (WRD), rye second flour (RSF), wheat bran (WB), rye bran (RB)

and ergot sclerotia-containing rye waste stream (ER) were found to contain between ~30 and ~85% glucan, most
of which was starch based. WRD, RSF and ER had the highest glucan content, while the brans contained significant
xylan concentrations. Four strains selected from the collection of solventogenic clostridia available in our group pro-
duced>6 g/L butanol on the majority of these substrates, with Clostridium beijerinckii NCIMB 8052 showing the best
ABE production performance when regarding all tested substrates. Toxic ergot sclerotia-containing waste material
was found to be a suited substrate for ABE fermentation. Strain NCIMB 8052 exhibited butanol titers of up to 9 g/L
on substrate mixtures of WRD plus ER and the highest butanol yield per used sugars. Finally, a semi-continuous ABE
fermentation of C. bejjerinckii NCIMB 8052 on WRD plus ER could be maintained for 96 h. The volumetric ABE pro-
ductivity during the continuous phase of fermentation was~041g L™ h™' and a total of 37.7 g ABE was produced
out of 168.2 g substrate.

Conclusions Based on their carbohydrate composition, WRD, RSF and ER were the milling byproducts best suited
as substrates for bio-butanol production by clostridial ABE fermentation. Importantly, also ergot sclerotia-containing
waste materials can be used as substrates, which can help to reduce process costs. The semi-continuous fermenta-
tion showed that clostridial ABE fermentation on milling byproducts may represent a suitable avenue for commercial
butanol production after further process and/or strain optimization.
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1-butanol, have the potential to relieve the pressure on
the climate by human made carbon emissions [4].

1-Butanol is used as solvent in the production in coat-
ings, painting and cleaning products as well as of plas-
ticizers, lubricants as well as intermediate in chemical
syntheses [4, 5]. Due to its high energy density, reduced
hygroscopy and chemical properties, which are compara-
ble to diesel or gasoline, butanol can be used as fuel addi-
tive or replacement [6, 7]. Furthermore, blends of butanol
and diesel exhibit reduced nitrogen oxide and carbon
monoxide emissions [8].

Solventogenic clostridia can produce acetone—
butanol-ethanol (ABE) through fermentation [9]. ABE
fermentation is a bi-phasic process, where acetic and
butyric acids are produced during the growth phase, fol-
lowed by their re-assimilation and conversion into the
respective solvents [9]. This process was already used on
a large scale for butanol production in the Soviet Union,
but the fermentation plants were closed in the 1960s,
when cheaper chemical methods became available [10].
Still, by overcoming economically limiting factors, such
as substrate cost, large-scale ABE fermentation plants
might be lucrative and ecological alternatives for butanol
production. Using agricultural side-stream materials,
e.g., corncob residues, rice bran or milling byproducts, as
substrate for ABE fermentation can significantly reduce
operating costs of fermentation plants, while still allow-
ing sufficient ABE productivity [11-13].

Milling byproducts are low-cost side-stream materi-
als of the milling industry, which are produced all year
round and account for ~25% to 30% of milling products
[14]. So far, they are mostly used as animal feeds [14], but
they contain a significant amount of starch and hemicel-
luloses, but almost no lignin or cellulose [15, 16]. This
makes them suitable substrates for ABE fermentation,
as most industrially relevant solventogenic clostridia
can utilize the majority of plant derived mono-, di- and
polysaccharides, e.g., starch, xylan or xyloglucan, as car-
bon source [17-19]. Furthermore, milling byproducts
were recently evaluated as substrate for clostridial ABE
fermentation. The economic analysis showed that small-
to mid-scale fermentation plants can be profitable when
wheat red dog (WRD) is utilized as substrate [13].

However, there are more milling byproducts besides
WRD that could be used for ABE fermentation. Espe-
cially ergot sclerotia-containing rye waste-streams are
currently not utilized, as they contain a variety of alka-
loids, such as ergometrine, ergotamine and ergocryp-
tine, which are toxic for animals and humans [20-23].
These can cause severe symptoms including convulsions,
hallucinations, muscle spasms, nausea, vomiting, and
peripheral vasoconstriction and burning sensation [24].
The pharmacological effects of these alkaloids are likely
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due to their structural similarity to human neurotrans-
mitters such as noradrenaline, dopamine, and serotonin
[25]. Effects on bacterial fermentation have not been
investigated.

Ergot sclerotia are produced by Claviceps spp., which
mostly infect rye, but also barley, oat and wheat [26—28].
Currently, ergot sclerotia are separated from rye during
the milling process by optical cereal grain sorting tech-
niques and later disposed of by burning [29, 30]. As these
waste-streams have no economic value, but are rich in
starch, they could be valorized using clostridial ABE
fermentation.

In this study, we determined the sugar composition
of the milling byproducts WRD, rye second flour (RSF),
wheat bran (WB), rye bran (RB) and ergot sclerotia-con-
taining rye (ER) waste. Based on these results, the usa-
bility of these materials as substrate for clostridial ABE
fermentation was determined. To optimize the econom-
ics of ABE fermentation with milling byproducts, it was
also of interest to evaluate the use of mixtures of WRD
plus ER as substrates together with enzymatic pretreat-
ment with (hemi)cellulases. A semi-continuous fermen-
tation approach was used to test a mixture of selected
milling byproducts for ABE productivity in order to
assess if they could be suitable substrates for industrial
scale fermentations.

Results and discussion

Polysaccharide composition of milling byproducts

Wheat red dog (WRD) and wheat middlings were ana-
lyzed as substrates for ABE fermentation in a previous
study [13]. An economic analysis showed that WRD can
be suitable for butanol production in small- to mid-scale
fermentation plants. However, other milling byprod-
ucts may also be of interest for industrial ABE produc-
tion, such as rye second flour (RSF), wheat bran (WB),
rye bran (RB) and ergot sclerotia-containing rye (ER)
(Fig. 1a).

To assess the suitability of these substrates (kindly sup-
plied by Bayerischer Miillerbund e. V., Munich, Bavaria,
Germany) for ABE fermentation, we first performed
acidic hydrolysis of the biomass samples to determine
their sugar composition (Fig. 1b). Only Lr-arabinose,
D-galactose, D-glucose and D-xylose moieties were
detected in this experiment.

The used milling byproducts show a total sugar con-
tent between 49 and 67% (WRD 67%, RSF 58%, WB 52%,
RB 63%, ER 49%). WRD, RSF and ER showed the high-
est glucose content of the substrates (86, 59 and 60%,
respectively). Additionally, RSF, WB and RB contained
21, 33 and 43% xylose, while WB and RB also contained
significant amounts of arabinose (12% each). Expectedly,
the bran substrates were richer in hemicellulose-typical
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Fig. 1 Compositional analysis of milling byproducts. a Texture of the used cereal grist. b Determination of main sugar contents of substrate
by acidic hydrolysis. Monosaccharides were measured using HPAEC-PAD. Ash content was determined by dry weight. ¢ Analysis of soluble starch
content in the respective substrates. Starch content was determined through enzymatic digestion of the substrates followed by reducing end assay.

Error bars represent standard deviation (N=3)

pentose sugars, as they consist mostly of grain husk,
while WRD, RSF and ER were rich in glucan. These data
are in accordance with published carbohydrate composi-
tion of typical Poaceae species, such as Triticum aestivum
(common wheat) and Secale cereale (rye), which contain
mainly hemicelluloses formed of xylan backbones (20 to
50%) or mixed linkage glucans (10 to 30%, only present in
primary cell wall), with little to no mannan content [15,
31]. Wheat and rye grains also contain larger fractions
of hemicelluloses (rye: 9.3%, wheat: 8.2%) composed of
xylose and arabinose, but they are mainly composed of
61 to 67% starch. However, they contain only a very small
amount of cellulose (<1.7%) and almost no crude lignin
[31, 32].

To determine the amount of soluble starch that con-
stitutes the majority of the glucan fraction of milling
byproducts, we performed an enzymatic digest of the
biomasses with a a-amylase and a-glucosidase mix-
ture (Fig. 1c). Our analysis showed that starch con-
tent was high in WRD, RSF and ER, with soluble and

enzymatically accessible starch contents between 30
and 45%, while both bran substrates contained only
small amounts of soluble starch (between 13 and 20%).
In literature, starch contents between 65 and 75% are
described for WRD and RSF, while the brans contain
only 10 to 25% starch [16, 33]. It is feasible, that the
remaining ~ 30% glucan in WRD and RSF in our study
are primarily composed of insoluble starch. Starch is
composed of amylose and amylopectin, with differ-
ences in their structure and physicochemical proper-
ties. Amylopectin is branched and water-soluble, while
amylose forms helical and overlapping chains, which
make the polysaccharide insoluble in water and more
recalcitrant [34—36].

Overall, the compositional analyses of the milling
byproducts indicate a high suitability of WRD, RSF and
ER for clostridial ABE fermentation, as they are rich in
starch and contain small amounts of hemicellulose.
Both starch and hemicelluloses can be utilized as carbon
sources by certain clostridia strains [18].
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Milling byproducts as substrates for ABE fermentation

To determine which milling byproducts were suitable for
clostridial ABE fermentation, we incubated four strains
selected from the strain collection at the Chair of Micro-
biology (Technical University of Munich, Germany)
on GM plus 15% of either WRD, RSF, WB, RB, or ER
(Table 1). The fermentation products in the culture super-
natant were measured with GC. The strains Clostridium
beijerinckii NCIMB 8052 (CBEI), C. saccharobutylicum
DSM13684 (CSAC), C. diolis DSM 15410 (CDIO) and
C. saccharoperbutylacetonicum N1-504 (CSPA) were all
able to utilize the substrates rich in starch WRD, RSF
and ER and produced>6 g/L butanol. Only C. beijer-
inckii NCIMB 8052 produced more than 6 g/L butanol
on WB and RB. These results align with previous stud-
ies, where these strains also showed good ABE pro-
duction on starch-rich substrates, but reduced solvent
production on fiber- and hemicellulose-rich materials
[13]. The reduced ABE production of the tested strains
on the bran substrates could be caused by multiple fac-
tors. Firstly, starch is rich in glucose and a relatively easily
macerated substrate [37], which can cause carbon catab-
olite repression (CCR). CCR describes the preference of
organisms to utilize easily metabolizable carbohydrates,
such as D-glucose, over polysaccharides, which require
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an increased energy and material expenditure on the side
of the organism for degradation [38-40]. Also, the bran
substrates contain a lower concentration of the easily
degraded glucans compared to the other substrates. Sec-
ondly, hemicellulose is a more complex polysaccharide
than starch, usually decorated with sugar side chains on
the xylose backbone [41], and more enzyme activity types
are required for its complete degradation [42, 43]. Fur-
thermore, hemicellulase expression is usually downregu-
lated during CCR inducing conditions [6, 44]. Hence,
hemicellulose is most likely utilized after the depletion
of most of the starch, which leads to delayed hemicellu-
lase expression and less available carbon source for ABE
fermentation. The starch-rich milling byproducts WRD,
RSF and ER are therefore better suited as substrates for
commercial ABE fermentation.

C. beijerinckii NCIMB 8052 showed the best or sec-
ond-best butanol production on all tested substrates and
therefore was used as the main test strain in all following
experiments.

Using mixtures of different milling byproducts may be
a suited strategy to overcome material shortages in the
future and could help to reduce feedstock costs of the
fermentation process. Especially ER is suited as substrate
supplementation, as it is produced in relatively low but in

Table 1 Solvent production of clostridia strains on medium with milling byproducts as substrate

Substrate strain Solvent production [g/L]
Acetone Butanol Ethanol
15% WRD C. beijerinckii NCIMB 8052 44 + 0.4 13.1 + 0.7 N.Q
C. diolis DSM 15410 22 + 0.1 7.2 + 0.2 N.Q
C. saccharobutylicum DSM 13864 6.4 + 0.8 12.8 + 1.9 N.Q
C. saccharoperbutylacetonicum N1-504 7.0 + 28 10.0 + 4.0 N.Q
15% RSF C. beijerinckii NCIMB 8052 53 + 04 135 + 1.0 N.Q
C. diolis DSM 15410 52 + 0.6 133 + 19 N.Q
C. saccharobutylicum DSM 13864 55 + 1.0 9.8 + 1.7 N.Q
C. saccharoperbutylacetonicum N1-504 0.8 + 0.0 9.9 + 1.7 N.Q
15% WB C. beijerinckii NCIMB 8052 14 + 0.0 7.1 + 0.9 N.Q
C. diolis DSM 15410 1.3 + 0.1 4.1 + 0.1 N.Q
C. saccharobutylicum DSM 13864 4.2 + 32 74 + 04 N.Q
C. saccharoperbutylacetonicum N1-504 1.6 + 0.0 22 + 0.1 N.Q
15% RB C. beijerinckii NCIMB 8052 35 + 06 99 + 0.2 N.Q
C. diolis DSM 15410 1.6 + 0.1 54 + 0.6 N.Q
C. saccharobutylicum DSM 13864 1.8 + 0.2 1.8 + 04 N.Q
C. saccharoperbutylacetonicum N1-504 04 + 0.0 23 + 0.2 N.Q
15% ER C. beijerinckii NCIMB 8052 3.3 + 0.1 1.1 + 04 N.Q
C. diolis DSM 15410 3.7 + 0.2 13 + 06 N.Q
C. saccharobutylicum DSM 13864 6.6 + 0.7 11.6 + 0.8 N.Q
C. saccharoperbutylacetonicum N1-504 33 + 0.1 10.3 + 04 N.Q

The strains were incubated 72 h at 34 °Cin GM plus 15% of respective carbon source. The fermentation products acetone and butanol were measured using GC-FID.
Ethanol was found, but concentrations were low and not quantified (N.Q.). The experiment was performed in duplicate
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significant quantities, has no value on the market, but is
rich in starch. Therefore, we tested the ABE production
of C. beijerinckii NCIMB 8052 on mixtures of WRD and
ER. The strain was incubated for 72 h in GM plus one
of the following substrate mixes; 10% (w/v) WRD plus
5% (w/v) ER, 7.5% (w/v) WRD plus 7.5% (w/v) ER or 5%
(w/v) WRD plus 10% (w/v) ER (Fig. 2a). Additionally,
GM with 15% (w/v) WRD or 15% (w/v) ER were used as
controls. All tested conditions showed a similar butanol
production of~9 g/L, including the controls. Mixing
WRD with ER is therefore a suitable option to increase
the available amount of fermentable substrate, as well as
to keep substrate costs low. It also shows that there is no
inhibition of the butanol production by the ergot sclero-
tia in the substrate.

Butanol production on complex substrates, e.g., corn
stover, rice bran or milling byproducts, can be improved
by (partially) hydrolyzing the substrates prior to fer-
mentation [12, 13]. Dilute acid pretreatments are effec-
tive at macerating plant material and liberating soluble
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sugars [45], but prolong the whole process and are costly
[46]. Recently, ionic liquids emerged as another route to
deconstruct polysaccharides [47-49], but economic anal-
yses of ABE fermentations using ionic liquid pretreated
substrates were not performed to date. Enzymatic pre-
treatment of substrates can also be used to increase the
amount of available soluble sugars in the fermentation
broth [13, 45, 50]. We therefore determined if enzymatic
pretreatment of ER, WRD or a mixture of both milling
byproducts can significantly improve butanol production.

The commercially available cellulase and hemicellu-
lase mixture cellic ctec2 was used to macerate 5% (w/v)
ER, 5% (w/v) WRD or 5% (w/v) ER plus 5% (w/v) WRD
in GM (Fig. 2b). The substrates were incubated for 24 h
at 50 °C with 0.5% (v/v) enzyme mixture, followed by
incubation with C. beijerinckii NCIMB 8052 for 72 h at
34 °C. Interestingly, the strain produced less than half the
amount of butanol on ER (1.6 g/L) compared to WRD
(3.7 g/L), which differed from the similar solvent pro-
duction observed at a higher concentration (15%) of the
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Fig. 2 ABE production of C. bejjerinckii incubated on WRD and ER mixtures or enzymatically pretreated substrates. a The strain was incubated
over 72 h on GM with the mixtures of WRD and ER. 15% WRD and 15% ER were used as control conditions. b The substrates were enzymatically
pretreated for 24 h at 50 °C with 0.5% (v/v) of the cellulase and hemicellulase mixture cellic ctec2. Afterwards, C. bejjerinckii NCIMB 8052

was incubated on these substrates as described in a). Error bars represent standard deviation (N=3)
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substrates (Fig. 2a). Enzymatic pretreatment with cel-
lic ctec2 improved butanol production by C. beijerinckii
incubated on ER by 76% to 2.9 g/L, while butanol pro-
duction on WRD was merely improved by 14% to 4.2 g/L.
Butanol production of C. beijerinckii incubated on a mix-
ture of 5% WRD and 5% ER on the other hand was not
improved after enzymatic pretreatment. It appears that
the combined amount of 10% (w/v) substrate contained
sufficient starch for the strain to produce large quantities
of butanol.

It is possible that the effects of the enzymatic hemicel-
lulose degradation on ABE production is diminished by
the abundance of starch in WRD, which likely causes
CCR. Furthermore, the uptake of soluble sugars is also
subject to a form of CCR, as most organisms prefer glu-
cose over other monosaccharides [38, 40, 51]. This behav-
ior leads to diauxic growth, prevents the simultaneous
utilization of different sugars and abolishes the positive
effects more readily available non-glucose sugars could
have on ABE production [52].

Our data indicate that cellulase and hemicellulase pre-
treatment is not necessary for fermentations using high
concentrations of starch-rich substrate. It is still pos-
sible that long-term (semi-)continuous fermentations
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benefit from an early depolymerization of hemicellu-
lose, which might reduce the transition time of clostridia
from starch-rich to low starch metabolism and extenuate
losses in ABE production.

Profiling substrate degradation and solvent production

To characterize the substrate degradation ability of dif-
ferent strains, we cultured C. beijerinckii NCIMB 8052
(CBE]), C. saccharobutylicumm DSM13684 (CSA) and
C. saccharoperbutylacetonicum N1-504 (CSPA) in 100 ml
serum flasks on GM with 5%, 10% and 15% substrate
(w/v) at 34 °C for 120 h. The substrate consisted of a 2:1
ratio of WNM and ER. Polysaccharide degradation was
determined by acid hydrolysis of 1.0 ml dry residue of
used culture broth or culture broth prior to fermentation
as reference. In unfermented broth, about 65% of the dry
weight corresponded to the monosaccharides glucose,
xylose, arabinose, galactose, which were set to 100% in
following analysis.

At 5% substrate load, the strains left only 18.0%
(CSPA), 23.2% (CSAC) and 27.6% (CBEJ]) of total
sugars unfermented (Fig. 3b). The glucose frac-
tion (82.96%), consisting mainly of starch and minor
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Fig. 3 Substrate degradation profile different Clostridia. C. beijerinckii NCIMB 8052 (CBEJ), C. saccharobutylicum DSM 13864 (CSA) and C.
saccharoperbutylacetonicum N1-504 (CSPA) were incubated in GM with a mixture of 10% WRD plus 5% ER as carbon source for 120 h at 34 °C. a The
remaining polysaccharide composition of the used substrate was determined through acidic hydrolysis and measured with HPAEC-PAD. The total
sugar residue in percent is given above the bars. b Product formation of this experiment was measured with GC-FID. (N=3)
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amounts of mixed linkage glycan (~3%) and cellu-
lose (~2.5%) [31], was reduced to 9.1% (CSPA), 13.5%
(CSAC) and 14.0% (CBE]J).

Xylose fractions were reduced from 9.51% of the
total sugars to 4.4% (CSPA), 5.0% (CSAC) and 7.2%
(CBEJ). The same pattern is followed by arabinose, as
it is mostly found in the hemicellulose arabinoxylan.

All three tested strains were more efficient utiliz-
ing complex substrate at 5% substrate load. C. saccha-
roperbutylacetonicum achieved the best ratio of sugar
utilization, the lowest butyrate titer, and the highest
butanol titer of 6.9 g/L (Fig. 3a). This may be due to
the strain’s superior ability to reutilize formed acids
and has been described previously [53]. Under this
condition, the best substrate productivity of all strains
for butanol of 0.136 g/g substrate was achieved with
C. saccharoperbutylacetonicum (Fig. S1).

Higher substrate loads reduced degradation perfor-
mance of all strains. C. saccharoperbutylacetonicum
leaves significantly more sugars at 10% substrate load,
while C. beijerinckii shows a strong increase at 15%
load. C. saccharobutylicum is the least affected and can
still degrade substrate to 35.3% residual sugars at 15%
load. The tolerance of C. saccharobutylicum to high
substrate loads and butanol titers is described in the
literature for molasses fermentation [54, 55]. At 15%
load C. saccharobutylicum and C. beijerinckii produced
up to 12.6 g/L and 12.9 g/L butanol, which is close to
the butanol production limit of native ABE-producing
strains [56, 57]. In this of concentration range, butanol
is toxic and inhibits further cell growth [58, 59].

Although C. beijerinckii achieved a slightly lower
substrate degradation than C. saccharobutylicum, it
showed a superior butanol yield per substrate and per
sugar used in all fermentations, which was 0.255 g/g
and 0.115 g/g at 10% substrate loading, respectively.
The strain was therefore used in further experiments.
The butanol titer and yield per used sugars are com-
parable with conventional batch fermentations on glu-
cose, only the amount of residual sugars is higher since
here complex substrate was used [56, 60].

In general, higher butanol titers from batch fermen-
tations are desirable to reduce extraction costs. Here,
the substrate load is a critical parameter and must be
balanced to achieve high butanol yields with high sub-
strate utilization.

These data will help to find and optimize a suit-
able production process. Another way to regulate the
process and cope with catabolite inhibition is to use
different fermentation modes such as fed-batch or
continuous fermentation processes [61]
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Effect and fate of ergot alkaloids in clostridial fermentation
The ergot-sclerotia-contaminated substrate (ER) used
in this study contained high levels of sclerotia, approxi-
mately 30% ergot sclerotia. We demonstrated that both
pure ER substrate and mixtures with WRD resulted in
similar butanol titers when fermented by C. beijerinckii,
with no negative effects observed (Fig. 2). In addition,
other strains of solventogenic clostridia were able to
ferment pure ergot-sclerotia-contaminated rye to high
butanol titers of 10.3 to 11.6 g/L (Table 1). Small differ-
ences in total butanol from the fermentation of pure ER
compared to WRD are rather explained by the lower
sugar content. WRD and ER contain 67% and 49% sug-
ars, respectively (Fig. 1). Our experiments show that
ergot alkaloids have no significant effect on fermentation
and that contaminated substrate can be successfully con-
verted to solvents.

The release of ergot alkaloids in the fermentation broth
and later into the extracted products must be considered
as risk factor when utilizing ER as substrate. The need to
remove alkaloids would also increase post-fermentation
processing costs. To this end, using ErgoREAD ELISA
assays we determined the ergot alkaloid concentration in
the ER substrate, the fermentation broth before and after
fermentation, as well as after extraction of ABE from cul-
ture supernatant. C. beijerinckii NCIMB 8052 was grown
on GM with 15% (w/v) ER for these experiments.

The ER substrate contains an ergot alkaloid concentra-
tion of ~ 49 pg/g biomass, which was reduced to ~ 28 pg/g
biomass after fermentation (Fig. 4a). The sterilization of
the medium by autoclaving may have contributed to the
ergot alkaloid reduction, as intense heat can significantly
degrade ergot sclerotia alkaloid content [62]. Pure ergot
sclerotia contain an average ergot alkaloid concentra-
tion of 659 pg/g, but the concentration in the samples
can significantly differ from 1 to 6003 pg/g [23]. As the
ER substrate was a mixture of materials (ergot sclerotia,
plant residues, small stones, insects, etc.) separated from
the milling process, it only contained about 30% of ergot
sclerotia.

The culture supernatant prior and post-fermentation
with C. beijerinckii contained similar ergot alkaloid con-
tents of ~2.3 and 2.4 pg/mL (Fig. 4b), respectively. After
extraction of the produced ABE from the fermentation
broth using rotary evaporation, no ergot alkaloids were
detectable in the liquid extract (Fig. 4b), as ergot alkaloids
are non-volatile [24]. Extraction methods like distilla-
tion or gas-stripping are therefore well suited for product
recovery, as they result in solvents without alkaloid con-
tamination. The ergot alkaloids in the fermentation broth
or remaining water phase could also be purified this way,
which would allow recycling of the water in the fermen-
tation process.
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Semi-continuous ABE fermentation on a WRD plus ER
mixture

Based on the results presented so far, we wanted to evalu-
ate if a semi-continuous fermentation of C. beijerinckii
NCIMB 8052 on WRD plus ER could increase ABE pro-
ductivity. As the substrates are insoluble, continuous fer-
mentation was deemed not feasible, as tubes would run
the risk of clogging and the substrate may settle in the
fermenter.

For this experiment, C. beijerinckii NCIMB 8052 was
incubated in 750 ml GM without L-cysteine at pH 6.5 and
with 16.6% (w/v) WRD plus 8.3% (w/v) ER as substrate.
The large amount of milling byproducts was chosen to
prevent an early abortion of the fermentation due to sub-
strate limitation. For the first 16 h, the fermentation was
performed without any medium replacement and 50 rpm
stirring. During this period, the pH in the vessel dropped
to~5.0 and increased thereafter to a pH of ~5.4. At this
point, stirring was increased to 200 rpm and new GM
medium without carbon source (because the substrate
was solid and gelatinized after autoclaving, continuous
addition of new substrate was not possible) was pumped
into the system. At the same time, spent medium was
removed from the vessel. A dilution rate (D) of 0.058 h™*
was maintained for the remainder of the fermentation
process and samples were taken every 24 h.

The fermentation process could be maintained
for~120 h. At this point, almost no butanol (0.6 g/L)
was formed anymore, and the pH had dropped below

5.0. The process was therefore terminated at this point
in time. During the first 96 h of fermentation, the aver-
age ABE and butanol concentration in the broth reached
7.04+1.04 g/L and 4.30+0.46 g/L, respectively (Fig. 5).
The decrease in ABE production in the last 30 h of the
fermentation may be explained by nutrient depletion and
oxygen diffusion through tubing connectors [63]. Addi-
tionally, changes in strain morphology over the course of
the fermentation, pointing to stress conditions, may have
influenced ABE formation [64]. Especially the onset of
sporulation may have reduced solventogenesis, but we
did not monitor strain morphology during the course of
the fermentation presented here.

A total of ~37.7 g ABE containing ~ 25.2 g butanol was
produced throughout the fermentation. The process
showed an average volumetric ABE productivity dur-
ing the continuous phase of 0.41+0.07 g L™* h™! for 96 h
and ABE productivity per available sugars of 0.37 g g™
(calculated for 100% sugars used). This is already better
than in the batch fermentations of C. beijerinckii NCIMB
8052 with 10% substrate loading, which achieved a volu-
metric ABE productivity of only~0.14 g L™ h™ and an
ABE vyield of 0.17 g/g. The amount of substrate in the
fermentation vessel was reduced by ~74% (from 168,2 g
to 43.2 g dry weight). With a substrate sugar content of
approximately 61%, the low residual material suggests
significant sugar degradation, reaching at least the batch
fermentation level and showing the substrate’s good
fermentability.
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Ezeji et al. could reach volumetric ABE productivities
of 1.16 and 0.92 g L™! h™! in fed-batch and continuous
fermentations of C. beijerinckii BA101 and ABE yield
per used sugar of 0.46 und 0.41 g/g, respectively [63, 65].
However, they also performed in situ product recovery
by gas-stripping in these fermentations, and additionally,
a hyper-producing genetically modified strain C. beijer-
inckii BA101 was used by Ezeji et al. [57].

In terms of ABE vyield, the process is already com-
parable with other processes but productivity can be
improved [56, 66, 67]. By adopting state-of-the-art in-
process product recovery procedures and improved
strain derivates could significantly increase ABE pro-
duction. Targeted genetic engineering of C. beijerinckii
NCIMB 8052, e.g., down-regulation of CCR and sporula-
tion, should also lead to increased ABE production in this
strain.

Still, our data show that efficient butanol production
can be achieved by semi-continuous fermentation using
milling byproducts as substrate. Milling byproducts (feed
wheat ~200 €/t and WB 120 €/t on average in the first
half of 2024, source: Bavarian Commodities Exchange)
are at least twofold cheaper than glucose, which was 430
€ in 2019 and exceptional since the beginning of 2024
(~650 €/ton; first quarter 2024, source: www.procuremen
tresource.com). As they were well utilized during the
semi-continuous fermentation, even slight improvements
of the ABE productivity of the process should lead to an
economically viable production scale [13].

Conclusions

In this study, milling byproducts were analyzed as a car-
bon source for bio-butanol production using clostrid-
ial ABE fermentation. The carbohydrate composition
of WRD, RSF, WB, RB and ER was determined, which
revealed that WRD, RSF, and ER contained significant
glucan contents, while WB and RB also contained large
amounts of xylan. The glucan portion of all tested milling
byproducts is mainly composed of starch, which is a suit-
able substrate for clostridial fermentation. This was con-
firmed by ABE fermentation of C. beijerinckii NCIMB
8052, C. diolis DSM 15410, C. saccharobutylicurn DSM
13864 and C. saccharoperbutylacetonicum N1-504 on
these substrates. All strain produced between~7.0
and ~ 13.5 g/L butanol on WRD, RSF and ER. Further-
more, C. beijerinckii NCIMB 8052 was also able to pro-
duce more than 7 g/L butanol on the bran substrates. The
ergot sclerotia-containing waste stream materials can
be used to supplement other substrates, as the material
alone already led to the production of~9 g/L butanol.
ER has no market value and released ergot alkaloids can
be removed during butanol extraction without any addi-
tional clean-up procedures.

To determine how milling byproducts could be utilized
for industrial butanol production, we performed a semi-
continuous ABE fermentation of C. beijerinckii NCIMB
8052 on a mixture of WRD and ER. The fermentation
could be maintained over 96 h and had a productivity
in the continuous phase of ~0.41 g I™' h™ was achieved,
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leading to the production of 37.7 g ABE out of 168.2 g
substrate. The substrate was utilized to a great extent, as
74% of the WRD plus ER mixture was consumed during
the fermentation process. A semi-continuous clostridial
ABE fermentation on milling byproducts may therefore
be a suitable avenue for commercial butanol production,
although the productivity and yield of the process have to
be further improved. A feasible approach to achieve these
goals might be in situ product recovery and the utiliza-
tion of genetically engineered clostridia strains.

Methods

Clostridia strains and cultivation

The strains Clostridium beijerinckii NCIMB 8052,
Clostridium diolis DSM 15410, Clostridium saccharobu-
tylicumm DSM 13864 and Clostridium saccharoperbutyl-
acetonicum N1-504 were from the strain collection of the
Chair of Microbiology (Technical University of Munich,
Germany). The strains were stored as spore suspensions.

Cultivation was performed in 20 or 100 ml butyl rub-
ber-stoppered serum bottles, which were made anaerobic
by venting the air with vacuum and replacing the head-
space with 98% N, +2% H,, followed by autoclaving [68].
The strains were incubated in Grundmedium YAF25
(GM), which was composed of 5 g/L yeast extract (Carl
Roth, Germany), 65 mM ammonium acetate (Carl Roth),
1 g/L L-cysteine hydrochloride monohydrate (Carl Roth)
and 90 pM iron (II) sulfate heptahydrate (Merck, Ger-
many) dissolved in tap water [13]. The pH of the medium
was adjusted to 6.8. To activate spores, they were diluted
1:100 in GM with 4% (w/v) sterile filtered p-glucose (Carl
Roth) and incubated for 10 min at 60 °C. The spore cul-
tures were incubated for 48 h at 34 °C. Afterwards, the
cells were diluted 1:10 in new GM with 4% (w/v) sterile
filtered D-glucose and incubated for an additional 24 h.
A volume of 5 ml pre-culture was used to inoculate
50 ml GM with wheat red dog (WRD), rye second flour
(RSF), wheat bran (WB), rye bran (RB) or ergot sclerotia-
containing rye (ER). If substrates were treated with cel-
lic ctec2 (Merck), they were incubated at 50 °C for 24 h
with 0.5% (v/v) enzyme mixture prior to inoculation.
The strains were incubated for 72 h at 34 °C and culture
supernatant samples were taken for gas chromatography
(GQ).

The substrates were provided by the Bayerischer Miil-
lerbund e.V. (Munich, Germany) and the amount of sub-
strate is listed in the respective experiments. ER was a
mixture of rye grains, ergot sclerotia and other unwanted
products, such as small stones, insects, and straw, which
resulted from optical separation methods during the
milling process. The content of ergot sclerotia in these
samples was ~30%. ER was the only substrate that con-
tained whole grains and therefore had to be milled prior
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to fermentation (Fig. 1a). This was done using a Retsch
PM 100 planetary ball mill.

Semi-continuous fermentation

A bioreactor system BIOSTAT® B plus (Sartorius, Ger-
many) was used with a 1 1 vessel for semi-continuous
fermentation. The fermenter contained 750 ml GM with-
out L-cysteine and a mixture of 16.6% (w/v) WRD and
8.3% (w/v) ER was used as carbon source. The pH of
the medium was set to 6.5. The vessel was autoclaved at
121 °C for 20 min and made anaerobic by sparging the
medium with N, at 65 °C for 30 min. GM without carbon
source was prepared the same way and connected to the
fermenter as new medium feed. The medium bleed was
removed into a separate reservoir bottle. The medium
was inoculated with 75 ml of a 24 h old C. beijerinckii
NCIMB 8052 culture. Prior to inoculation, the fermenter
temperature was set to 34 °C and it was sparged with
N, for 30 min after inoculation. The culture was incu-
bated for 16 h at 34 °C and 50 rpm stirring, followed by
additional 104 h of incubation with continuous medium
change and 200 rpm stirring. The dilution rate (D) was
set to 0.058 h™!. Samples of the fermentation broth were
taken daily and measured using GC. The biomass of the
remaining substrate after fermentation was transferred to
aluminum pans and dried overnight at 105 °C. The mass
of the substrate was measured as dry weight.

Gas chromatography

The concentrations of acetone, ethanol and 1-butanol
were determined using a Nexis GC 2030 system (Shi-
madzu, Japan). The samples were diluted 1:10 with dis-
tilled water at pH 2 (set with hydrochloric acid) and
0.05% (w/w) 1-propanol was added as internal standard.
A volume of 0.5 pl sample was injected at 250 °C on a
30 m Restek Stabilwax®-DA column with an inner diam-
eter of 0.32 mm and film thickness of 0.5 pm. The column
temperature was set to 40 °C for 5 min. Afterwards a
temperature gradient of 15 °C/min from 40 to 100 °C was
applied, followed by a gradient of 30 °C/min from 100 to
240 °C. The final temperature was held for 2 min. A flame
ionization detector was used to measure the eluted com-
pounds at 260 °C.

Evaporation of solvents from fermentation broth

A Hei-VAP Core system (Heidolph, Germany) was used
to extract solvents from fermentation broth by rotary
evaporation according to the manufacturer’s instructions.
A volume of 100 ml fermentation broth was poured into
a 1-L evaporation flask and attached to the system. The
water bath temperature was set to 32 °C and the cooler
temperature was set to~ 10 °C. Vacuum was applied and
the evaporation flask was lowered into the water bath.
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The evaporation process was performed for 10 min at
180 rpm. The extracted solvent—water mixture was col-
lected in a 500-ml collection flask.

Compositional analysis of substrates

The carbohydrate composition of WRD, wheat bran
(WB), rye second flour (RSF), rye bran (RB) and ER was
determined as described by [69]. The substrates were
dried overnight at 60 °C and analyzed for structural car-
bohydrates and ash content by using acidic hydrolysis
following the National Renewable Energy Laboratory’s
(NREL) protocol [70]. Released monosaccharides were
measured by high-performance anion exchange chroma-
tography with pulsed amperometric detection (HPAED-
PAD) as described previously [49]. The samples were
injected into an ICS-3000 instrument (Thermo Scientific,
USA) using a 4 mm X250 mm CarboPac PA1l column
(Thermo Scientific) with a 4 mm X 50 mm guard column
of the same type (Thermo Scientific). Elution was per-
formed with an isocratic mobile phase of 20 mM sodium
hydroxide at 30 °C for 20 min and a flow rate of 1.0 ml/
min. Afterwards, the column was equilibrated to 100 mM
sodium hydroxide over 3 min, directly followed by a gra-
dient of 0-150 mM sodium acetate in 100 mM sodium
hydroxide over 18 min. Ash content of substrates was
determined by measuring the dry weight of the remain-
ing biomass after acidic hydrolysis.

The starch content of the substrates was determined
using a-amylase from Aspergillus oryzae (Merck) and
a-glucosidase from Saccharomyces cerevisiae (Merck).
10 mg of dry substrate was suspended in 900 ul 50 mM
sodium acetate buffer pH 6 containing 1 mM CaCl, and
incubated at 80 °C for 60 min with 950 rpm shaking.
After cooling down to room temperature, 100 pl of a 500
U a-amylase and 500 U a-glucosidase mixture was added
to the substrate suspension. The enzyme reaction was
performed for 24 h at 37 °C with agitation at 950 rpm.
Full degradation of soluble starch was confirmed by con-
ducting the same experiment with 10 mg soluble starch
(Carl Roth) as control. Released monosaccharides were
determined using a modified version of the Megazyme
p-hydroxybenzoic acid hydrazide (PAHBAH) reducing
end assay [71].

Determination of the ergot alkaloid concentration

The ergot alkaloid content of ER was determined using
the ELISA Schnuelltest ErgoREAD (LCTech, Germany)
according to the manufacturer’s instructions. Addition-
ally, the ergot alkaloid concentration of culture superna-
tant and the solvent—water mixture extracted by rotary
evaporation were measured using the same kit.

Abbreviations
ER Ergot sclerotia-containing rye
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GC Gas chromatography
GM Grundmedium YAF25
HPAEC-PAD  High-performance anion exchange chromatography with

pulsed amperometric detection

NREL National Renewable Energy Laboratory
PAHBAH p-Hydroxybenzoic acid hydrazide

RB Rye bran

RSF Rye second flour

TUM Technical University of Munich

WB Wheat bran

WRD Wheat red dog
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