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Abstract

Background Inhibitors that are released from lignocellulose biomass during its treatment represent one of the major
bottlenecks hindering its massive utilization in the biotechnological production of chemicals. This study demonstrates
that negative effect of inhibitors can be mitigated by proper feeding strategy. Both, crude undetoxified lignocellulose
hydrolysate and complex medium supplemented with corresponding inhibitors were tested in acetone—butanol-
ethanol (ABE) fermentation using Clostridium beijerinckii NRRL B-598 as the producer strain.

Results First, it was found that the sensitivity of C. beijerinckii to inhibitors varied with different growth stages, being
the most significant during the early acidogenic phase and less pronounced during late acidogenesis and early
solventogenesis. Thus, a fed-batch regime with three feeding schemes was tested for toxic hydrolysate (no growth

in batch mode was observed). The best results were obtained when the feeding of an otherwise toxic hydrolysate
was initiated close to the metabolic switch, resulting in stable and high ABE production. Complete utilization of glu-
cose, and up to 88% of xylose, were obtained. The most abundant inhibitors present in the alkaline wheat straw
hydrolysate were ferulic and coumaric acids; both phenolic acids were efficiently detoxified by the intrinsic meta-
bolic activity of clostridia during the early stages of cultivation as well as during the feeding period, thus prevent-

ing their accumulation. Finally, the best feeding strategy was verified using a TYA culture medium supplemented
with both inhibitors, resulting in 500% increase in butanol titer over control batch cultivation in which inhibitors were
added prior to inoculation.

Conclusion Properly timed sequential feeding effectively prevented acid-crash and enabled utilization of otherwise
toxic substrate. This study unequivocally demonstrates that an appropriate biotechnological process control strategy
can fully eliminate the negative effects of lignocellulose-derived inhibitors.
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Background

Lignocellulose biomass represents one of the most abun-
dant and promising renewable materials on the planet
and, as such, it could serve for sustainable production of
bulk chemical commodities via fermentation [1], includ-
ing solvents such as acetone—butanol-ethanol (ABE)
produced by solventogenic clostridia [2—4]. To reap the
indisputable environmental benefits of utilizing lignocel-
lulose biomass, a number of obstacles need to be over-
come, including the recalcitrant nature of the material
[5, 6] and the low sugar content of the resulting hydro-
lysate due to limitations in the solid-to-liquid phase ratio
[7, 8]. There are many methods that assist in loosening
the structure of tightly interconnected cellulose, hemi-
cellulose and lignin [9]; biological [10], physical, chemi-
cal [11] and their various combinations [12]. More severe
conditions of lignocellulose hydrolysis may support the
achievement of a higher yield of fermentable saccha-
rides but at the same time, produce a range of inhibitory
compounds that negatively influence microbial produc-
ers and, subsequently, process performance. Based on
the origin and composition of lignocellulose, and the
treatment method, the range of inhibitors can be quite
extensive [13] and must be considered in the design of an
appropriate biotechnological scheme. One of the biggest
advantages of employing Clostridium cells in fermenta-
tive valorization of lignocellulose lies in their wide detox-
ification potential [14], which has been demonstrated as
an ability to naturally transform a number of inhibitors
[15, 16].
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Solventogenic clostridia are also able to effectively uti-
lize pentose sugars [17, 18] as well as hexoses [19, 20].
Nevertheless, even this group of microorganisms is only
able to tolerate inhibitors to a limited extent and under
particular circumstances, and their increased exposure
leads to a deterioration in production characteristics
[21], including cases when fermentation is inhibited com-
pletely [22, 23].

In brief, ABE fermentation consists of two major
phases: acidogenic, when predominantly acids (butyric
and acetic) are formed and the pH of the fermentation
medium decreases, and solventogenic, where, at some
threshold point, a metabolic switch can be observed,
accompanied by the onset of solvent production and par-
tial acid reutilization. In addition, different phenotypic
manifestations are typical for each phase [24]. Distor-
tion or full abortion of this scheme due to the presence
of inhibitors results in poor solvent production [25-27],
over-acidification of the fermentation medium and cessa-
tion of growth.

Among the most common inhibitors released from
lignocellulose are furfural and hydroxymethylfurfural,
generated from cellulose and hemicellulose [28], phe-
nolic compounds from lignin, acetic acid released by
the hydrolysis of hemicellulose acetyl groups and, to
a smaller extent, many others. Last but not least, pH
adjustment required for particular steps and conse-
quent neutralization increases overall salinity that con-
tributes to the toxicity of lignocellulosic hydrolysates. A
partial solution is often found in efficient prevention of
inhibitory effects by removal of inhibitors, commonly
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by discarding of the first liquid fraction after pretreat-
ment followed by additional washing of the solid frac-
tion [29-31], and subsequent hydrolysate detoxification
[32]. This leads to a partial loss of soluble carbohydrates
from hemicelluloses, an increase in required process
steps and increased water and chemical consumption.
Another promising approach is to search for or con-
struct more tolerant strains [33—35]; the use of mul-
tispecies consortia [36] and strains having inherent
enhanced detoxification capacity [14].

A plethora of works were published dealing with ABE
production from lignocellulosic materials. Transcrip-
tomic studies, the outputs of which are summarized in
our recent review [37], show that responses to inhibitors
are rather complex, involving the differential expression
of a significant number of genes [25, 38] and consider-
able changes in metabolism [39]. The more prominent
effect was observed, surprisingly, in connection to sol-
vent production rather than to cell growth, while the
exact mechanism affecting the regulation of solven-
togenesis has not been revealed. There are also publica-
tions showing that the effect of some inhibitors may not
be unequivocally negative. Stimulatory effect of furfural
and hydroxymethylfurfural (HMF) on the growth or ABE
production was observed when their concentration in the
medium was between 0.5-2.0 g/L for various strains of
solventogenic Clostridia [40, 41]. Co-presence of organic
acids in the fermentation media enhanced significantly
the production of total solvents compared to fermenta-
tion of medium with phenolic inhibitors but without
acids revealing that the synergy of multiple inhibitors can
have a surprisingly milder effect [42]. Finally, the action
of these substances could vary depending on when they
are introduced during ABE fermentation. Pulse addition
of furfural and HMF to an exponentially growing culture
of C. acetobutylicum was more lethal than their addition
at the fermentation outset [43]. When C. beijerinckii was
subjected to furfural stress during the acidogenic growth
phase, ABE production was enhanced compared to the
control group without stress. However, fermentation
ceased when the same strain was exposed to furfural dur-
ing the solventogenic growth phase [38].

Despite indications that inhibitors may be stimulatory
in some cases, fermentative processing of truly crude
hydrolysates results in very low solvent production [44,
45] in the vast majority of cases. Thus, interventions are
necessary, either in the composition of the fermentation
medium in the form of detoxification, masking of the
negative effect by the addition of other substances, or
intervention in the genome of the production strain. We
show here a different approach using the natural detoxifi-
cation capacity of the production strain.
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With this study, we would like to demonstrate that sol-
ventogenic clostridia can exhibit varying sensitivities to
inhibitors at different stages of growth. Proper timing
and a chosen strategy of gradual dosing of the otherwise
toxic substrate can significantly mitigate the negative
impact of inhibitors and enable its utilization. An opti-
mized fermentation design was introduced for Clostrid-
ium beijerinckii NRRL-B598 grown on alkali pretreated,
and subsequently enzymatically hydrolysed, wheat straw.
All input streams were processed as a whole, with no
washing steps or detoxification. Finally, the alleviating
effect of sequential feeding was verified using a standard
culture medium supplemented with the artificial addi-
tion of inhibitors. This study is the first to demonstrate
the power of the fed-batch strategy for processing crude
lignocellulosic hydrolysates prepared without steriliza-
tion, detoxification or the need for external carbohydrate
addition at any step.

Materials and methods

Microorganisms and cultivation conditions

The microorganism used was the bacterial strain
Clostridium beijerinckii NRRL B-598 [46]. It was stored
at a temperature of 4 °C in the form of spore stocks in
distilled water. The inoculum was prepared as described
in [47] by pipetting 500 pl of heat shocked (80 °C, 2 min)
spore suspension in 200 ml TYA medium (20 g/L glucose,
2 g/L yeast extract, 6 g/L tryptone, 0.5 g/L KH,PO,, 3 g/L
ammonium acetate, 0.3 g/L MgSO,.7H,0O and 0.01 g/L
FeSO,, pH 6.8).

Impact of individual inhibitors. Testing of inhibitors
was carried out in TYA medium containing a glucose
concentration of 45 g/L. Three concentrations of each
inhibitory compound: 0.2; 0.4 and 0.6 g/L ferulic or cou-
maric acids (Sigma-Aldrich) were added prior to inocu-
lation. The experiment was carried out in Erlenmeyer
flasks inoculated with a stock spore suspension by pipet-
ting 100 pl of spore suspension into 50 ml of medium
supplemented with inhibitor.

Impact of inhibitor mixture at different growth stages.
To reveal growth stage-dependent susceptibility of
Clostridium cells, 20 empty Erlenmeyer flasks residing
in the anaerobic chamber were filled with 45 ml of fresh
TYA medium containing 40 g/L glucose and inoculated
with 5 ml of exponential Clostridium culture. Ethanol
(control experiment) or a mixture of coumaric and ferulic
acid (dissolved in ethanol) were pipetted into these flasks
(five replicates each) at times zero, 7 h, and 23 h (to a final
concentration of 0.2 g/L each inhibitor). After a sample
t0 was taken, the cotton plugs that sealed the flasks were
wrapped with parafilm and cells were cultivated for 96 h.

Impact of increased salinity at different growth stages.
The inhibitory impact of salt was tested in TYA medium



Branska et al. Biotechnology for Biofuels and Bioproducts (2024) 17:87 Page 4 of 17
Table 1 Overview of parameters of batch and fed-batch experiments carried out in bioreactors
Cultivation Supplement Inoculum  Final TYA

volume components**

Batch cultivation_Type |
260 ml of hydrolysate prepared using 0.6% NaOH

Batch cultivation_Type Il
260 ml of hydrolysate prepared using 1.2% NaOH

Batch cultivation_Type lll

260 ml of hydrolysate prepared using 0.6% NaOH mixed with 500 ml of hydrolysate
prepared using 1.2% NaOH

Fed-batch_Type |

Batch phase 260 ml of hydrolysate prepared
using 0.6% NaOH

Feed phase 438*+10 ml hydrolysate prepared

t10.5-1t26 using 1.2% NaOH

Delayed Fed-batch_Type Il

Batch phase 260 ml of hydrolysate prepared
using 0.6% NaOH

Feed phase 483*+ 10 ml hydrolysate prepared

15131 using 1.2% NaOH

Pulse addition_Type Ill

Batch phase 260 ml of hydrolysate prepared
using 0.6% NaOH

Pulse phase 451%+10 ml hydrolysate prepared

t21-126 using 1.2% NaOH

Fed-batch_Type I—verification experiment with TYA medium

Batch phase 300 mI TYA without glucose

Feed phase 441*+10 ml modified TYA

1551215 with inhibitors

45 mI TYA without glucose and ammo- 70 ml 375ml 60%
nium acetate (5x)

45 mI TYA without glucose and ammo- 70 ml 375ml 60%
nium acetate (5x)

100 mI TYA without glucose and ammo- 70 ml 930 ml 54%
nium acetate (5x)

45 mI TYA without glucose (5x) 70 ml - -
37 mI TYA without glucose (5x) - 850 ml 48%
45 ml TYA without glucose (5x) 70ml - -
43 mI TYA without glucose (5x) - 901 ml 49%
45 ml TYA without glucose (5x) 70 ml - -
41 mITYA without glucose (5x) - 867 ml 50%
33 ml sugar solution (250 g/L glu- 70 ml - -

cose+ 150 g/L xylose)
- - 844 ml 100%

" exact volume fed into the bioreactor was counted after determining the residual liquid in the bottle when fed-batch mode was stopped

™ Amount of TYA medium components without glucose (composition is described above) added concerning final volume

in microtiter plates, which were inoculated with various
types of inocula that varied in age, so that cells were in
different growth, metabolic or sporulation phases. The
salt solution was added to reach a given concentration of
Na* ions by pipetting known amounts of Na,HPO, water
solution (the pH was adjusted to 6.3 with HCI solution)
into TYA medium. The inoculum was added in a volu-
metric ratio of 1:10. Microtiter plates were cultivated in
an anaerobic chamber, statically at 37 °C for 24 h, and
growth was evaluated based on visual control of colour
change using bromocresol purple as a pH indicator.
Wheat straw hydrolysate preparation. Wheat straw
was collected from the field located in the Czech Repub-
lic, after a regular mechanical wheat harvest, and was
kept indoors at laboratory temperature until process-
ing. It was first subjected to alkaline and then enzymatic
hydrolysis. Before hydrolysis, the straw was milled for
2 min at 4 000 rpm in a knife mill (Grindomix Retsch).
The required sample size was mixed with a solution of
0.6% or 1.2% NaOH in a ratio of 1w:10v and hydrolysed
in Erlenmeyer flasks on an orbital shaker for 20 h at 80 °C

and 150 rpm. The pH was then adjusted to 5.0+ 0.4 with
H,PO, and a cellulolytic enzyme complex Cellic CTec2
(Novozymes, Denmark) was added to the mixture (1 ml
of enzyme/10 g of straw, corresponding to 35 FPU/g [7]).
The mixture was further hydrolysed for 24 h at 50 °C at
150 rpm. The hydrolysate was transferred to 1-L cuvettes
and centrifuged (10 min, 6 000 rpm, Sorvall centrifuge).
The supernatant was used as the carbon source in all
experiments. Hydrolysates were freshly prepared prior to
each cultivation and were not stored for longer than 48 h.
All steps after alkaline hydrolysis were carried out using
sterile equipment and environment, while added chemi-
cals and solutions were not sterilized, neither by heat
nor filtration, except for 5X TYA without glucose (and
where indicated also without ammonium acetate). It was
prepared as a concentrated solution and added to wheat
hydrolysate prior to cultivation, as indicated in Table 1.
Batch and fed-batch experiments in bioreactors. Cul-
tivations were carried out in 1-L Infors laboratory bio-
reactors. The medium was added to sterile bioreactors
according to Table 1 and contents of all reactors, as
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Glucose Xylose Ferulic acid Coumaric acid
Hydrolysate 1.2 (Figs. 3-5) 282+09 0.226+0.005 0.208+0.001
TYA feed (Fig. 6) 235+09 50+06 0.336+£0.011 0.379+£0.014

well as bottles with feed, were bubbled with nitrogen
for 10 min prior to the start of the experiments. The
pH was adjusted prior to inoculation, to a value of 6.3,
and was not controlled during cultivation. The pH of
feed was adjusted to 6.0. Each experiment was first per-
formed once and all parameters were monitored during
the entire ABE fermentation. Subsequently, each tested
mode was repeated in triplicate and only the final out-
puts were analysed.

The verification experiments with TYA medium and
artificial addition of inhibitors were carried out to mimic
experiments with hydrolysates with no or negligible
changes. Only, instead of hydrolysates, TYA medium
was prepared without saccharides, these were dosed
into a bioreactor from concentrated solution (250 g/L
glucose+150 g/L xylose) prior to inoculation. Inhibitors
were resuspended in ethanol and added into bioreactor
prior inoculation in case of batch experiment. In case of
fed batch, inhibitors were added to the bottles with feed.
For saccharides and inhibitors concentration see Table 2
and corresponding charts in Figs. 1, 3, 4, 5, 6.

Analysis of the fermentation medium

Samples were collected during cultivation, frozen imme-
diately, and kept at — 18 °C until analysis. Prior to analy-
sis, samples were thawed, centrifuged (5 min, 6 000 rpm)
and supernatants were thermostatically conditioned

Glucose/xylose consumption in batch mode

30

zo-r_—‘\‘\“ﬂ

10+

Concentration (g/L)

0 ' I ; I . .
0 20 40 60
Time (h)

—— Glucose (0.6 type) —— Xylose (0.6 type)

-+ Glucose (0.6+1.2 type) -¥ Xylose (0.6+1.2 type)

(24 °C) for conductivity measurements, which were car-
ried out using a Jenway 3540 laboratory conductometer.
Samples for HPLC analysis were filtered through a cel-
lulose microfilter with a porosity of 0.2 um and analysed
first for metabolite content on an Agilent Technologies
1200 HPLC and subsequently for inhibitors on an Agi-
lent Series 1260 Infinity UHPLC. To analyse metabolites
and sugar content, the following conditions were used:
Watrex Polymer IEX H form column, 250X 8 mm, 8 pum;
mobile phase 5 mM H,SO,, 1 ml/min, injection volume
20 pL, column temperature 60 °C, refractometric detec-
tion. Inhibitors were quantified using a Zorbax Eclipse
Plus Phenyl-hexyl column, 4.6x100 mm, 1.8 Micron,
gradient elution with 0.025% H3PO, in demi H,O (A),
acetonitrile (B) flow rate 1.0 ml/min. Temperature was
ambient, injection volume 5 pL, and detection was car-
ried out at 320 nm using a DAD detector.

Values for product yields and substrate consumption
were calculated from absolute amounts of particular sub-
stances according to the following formulas:

Substrate consumed (%)x
=(Q1

_ VFin X CFin
(Vio X ¢t0 + VFeed X CFeed)

) x 100.

Solvents production in batch mode
5=

Concentration (g/L)

0 20 40 60
Time (h)
—=— Acetone+EtOH (0.6)
-8 Acetone+EtOH (0.6+1.2)

—— Butanol (0.6)
-6~ Butanol (0.6+1.2)

Fig. 1 Concentration of glucose, xylose, and ABE during batch cultivation carried out with two types of hydrolysates prepared with different doses
of NaOH (0.6 and 1.2%). The graphs show the concentrations of carbohydrates and solvents. Numbers 0.6 and 1.2 in the legend specify the type

of hydrolysate used



Branska et al. Biotechnology for Biofuels and Bioproducts (2024) 17:87

Yields Yp/s =
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VEin X ¢p_Fin

)
(VtO X Cgic,y + VEeed X Calcrpey T Vio x Cxylyy + VEeed X CXylpeed) — VFin X (CglcFin + nylpi,,)

where t0 stands for time zero and batch mode initial con-
ditions, Feed indicates medium fed into bioreactor, V is
volume and c¢ concentration, Fin indicates final values,
while P means product, S—substrate, glc—glucose and
xyl—xylose.

Results

Utilization of wheat straw hydrolysates in batch mode

Two different types of alkali pretreated and enzymati-
cally digested hydrolysates from wheat straw were used
as a sole carbon source in ABE fermentation carried out
under various cultivation modes using Clostridium bei-
jerinckii NRRL B-598 as a producer strain. The hydro-
lysates were used in their crude form. First, the batch
mode was tested for hydrolysates prepared with fixed
solid loadings of wheat straw (10% w/v), and two different
hydroxide concentrations used in pretreatment (0.6% and
1.2%). C. beijerinckii was able to growth on hydrolysate
prepared with the lower hydroxide concentration (0.6%)
showing a negligible lag-phase and standard two-phase
metabolism. The final concentrations of solvents were
4.8 g/L of butanol and 6.2 g/L. ABE. Double the hydroxide
concentration in hydrolysate pretreatment totally inhib-
ited ABE fermentation in batch mode (data not shown as
no growth was recorded). Subsequently, both hydrolysate
types were mixed in a ratio of approximately 1:2 low:high
alkali (for details see Table 1) and subjected to the same
experimental conditions. Results of the experiments are
shown in Fig. 1. Mixing the hydrolysates did not improve
fermentation performance and no butanol production
was recorded.

Inhibitory compounds in wheat straw hydrolysate—
phenolic acids and salinity
To determine what compounds inhibited clostridial
growth, both types of hydrolysates were analysed for the
presence of furan derivatives and phenolic substances
typical for lignocellulose treatment. Neither furfural
nor hydroxymethylfurfural were detected. Among the
phenolic substances, the most abundant were coumaric
and ferulic acids. Their concentrations in the hydro-
lysate prepared with a lower hydroxide concentration
were 0.157+0.004 g/L and 0.194+0.007 g/L, respec-
tively. Wheat straw hydrolysate prepared with 1.2%
NaOH contained 0.226+0.005 g/L of coumaric acid and
0.208 £0.001 g/L ferulic acid.

The impacts of these two inhibitors on glucose con-
sumption, acid and butanol production were tested in

small-scale batch experiments, where inhibitors were
added to TYA medium prior to inoculation. The results
are summarized in Table 3. The inhibitory effect of both
substances was evident from the lowest concentration
tested. This concentration corresponded to the levels
detected in wheat straw hydrolysates. Increasing concen-
trations of inhibitors led to decreased butanol formation,
and complete inhibition occurred when 0.6 g/L of inhibi-
tor were added. This observation proves the inhibitory
effect of ferulic and coumaric acid but does not provide
an explanation for the inability of C. beijerinckii to grow
on hydrolysate with concentrations of these compounds
around 0.4 g/L (as the sum of both).

Additional or synergistic effects of increased salinity
were considered and explored in a subsequent experi-
ment. Inhibitory activity was tested using the micro-
dilution method and only growth ability was evaluated.
While NaOH and H;PO, were used to adjust the pH
in all steps of hydrolysate preparation, Na,HPO, was
used in screening for the inhibitory effect. To reflect
the possible variation in sensitivity of different culture
stages, sensitivity to salts was tested for four different
types of inoculum, varying in age: early acidogenic (very
early growth stage—shortly after growth was visually
detected), late acidogenic (culture 6 h older than the pre-
vious one), mid-solventogenic (culture from the second
day in which a decrease in gas production was already

Table 3 The effect of coumaric or ferulic acids on ABE
fermentation. Values in the table show mean values and standard
deviations of three biological replicates for glucose consumption
and the amount of butyric acid and butanol formed after 70 h of
static fermentation with C. bejjerinckii NRRL B598

Glucose Butyric acid Butanol (g/L)
consumption (% (g/L)
from 45 g/L)
0.2 g/L Coumaric = 551 06+0.1 50+£0.1
ac
04 g/L Coumaric 279 14+0.2 14£0.5
ac
0.6 g/L Coumaric 0 0.0 0.0
ac
0.2 g/LFerulicac 441 0.8+0.0 36+0.1
04 g/L Ferulicac  36+2 14£0.1 27+03
0.6 g/LFerulicac 0 0.0 0.0
Control 572 0.7+£0.0 54+02
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Table 4 Inhibitory impact of increased salinity on growth of C. beijjerinckii NRRL B-598 at various stages of their life cycle

Concentration of Na (mol)/ 0.00 0.21 0.25 0.28 0.31 0.34
Inoculum age*

Early acidogenic (18 h) + - - - -
Late acidogenic (24 h) + + + n + +
Mid solventogenic (42 h) + + +
Late solventogenic (48 h) + + -

For each salt concentration and inoculum age, 8 wells were tested:
(-) no growth was observed in all 8 parallels with identical conditions
(+) growth was observed in all 8 parallels with identical conditions

(£) both patterns or insignificant growth were observed within 8 parallels

“inoculum age indicates the time difference between the inoculation of spore suspension into TYA medium and the time when an already growing culture was
transferred into wells with various concentrations of salts. Particular growth stages refer to the status of the culture transferred into individual wells

visually observed), late solventogenic (the second day cul-
ture 6 h older than the previous one). The Nat concen-
tration tested was up to 0.34 M. As expected, the effect of
salts was growth stage dependent, with the early acido-
genic phase being the most sensitive to increased salinity,
see Table 4. Late acidogenic to mid-solventogenic stages
seem to be the least susceptible to the inhibitory effect
of salts. This experiment also confirmed that increased
salinity may contribute to the inhibitory effect.

Testing the inhibitory effect of phenolic compounds

at different stages of culture growth

The previous results indicate that the sensitivity of
clostridia might be dependent on the particular stage of
growth. To verify this hypothesis, inhibitors were added
to the Erlenmeyer flasks at various stages of growth and
production. To minimize the impact of culture variability,
all experiments were started from a single inoculum and
cultivated under exactly the same conditions. The con-
centration of coumaric and ferulic acids was constant at
0.2 g/L each (added together, so that final concentration
of inhibitors was 0.4 g/L). Because the inhibitors were
dissolved in ethanol, the total solvent production was
not evaluated as the sum of ABE, but only for butanol
and acetone (AB). The resulting values are depicted in
Fig. 2, together with an indication of the variability of
the results obtained in five identical parallels. This graph
clearly demonstrates that there are physiological stages
of C. beijerinckii culture that are almost unaffected by
the addition of inhibitors, those that are very sensitive
to the addition of inhibitors, and finally those that show
extreme variability in relation to inhibitors.

The concentrations of glucose and metabolites at the
time of addition of inhibitors and the concentrations at
the end of the experiment are summarized in Table 5.
From the results, it appears that the physiological stages
of C. beijerinckii cells show the highest resistance to

antimicrobial substances from late acidogenesis to early
solventogenesis. Therefore, this hypothesis was subse-
quently used to design a technological process that would
allow for the fermentation of toxic hydrolysates.

Testing different feeding strategies

A fed-batch cultivation was suggested as a possible
approach to cope with the toxicity of inhibitory com-
pounds in crude hydrolysates. In the following experi-
ments three different strategies were tested. All cultures
started in batch mode with hydrolysate prepared using
0.6% NaOH and differed in the timing of dosing of toxic
hydrolysate (prepared using 1.2% NaOH). The timing was
chosen according to the on-line monitored pH values. In
the first experiment, the feed was started just before the
pH began to rise due to the metabolic switch (Fed Batch_
Type I). In the second scheme, the feed was started only
after a demonstrable rise in pH indicating active acid reu-
tilization (Delayed Fed Batch_Type II). In both cases, the
dosing of the toxic hydrolysate was gradual and lasted
16 h. In the third scheme, the later start of feeding was
chosen, but toxic hydrolysate was pumped at a 3 times
higher speed (Pulse addition_Type III). The resulting
ratio of hydrolysates at the end of the fed-batch phase
was the same for all experiments, i.e. 1:2 (details are sum-
marized in Table 1).

The first scheme (Fed Batch_Type I), started when a
change in pH indicated an approaching switch to solven-
togenesis (apparent reduction in rate of pH decrease).
This was observed at the 10.5th hour of batch cultivation
(Fig. 3 lower-left). Feeding rate was set to approximately
30 mL/h, was stopped at the 26th hour, and cultivation
was continued in batch mode until the apparent cessation
of microbial activity. All glucose and 76.4% of xylose were
utilized and the final concentration of butanol achieved
was 7.6 g/L (12.1 g/L ABE). Both glucose and xylose were
consumed simultaneously, although at a higher rate for
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Inhibitors added 23 h after inoculation
Inhibitors added 7 h after inoculation
Inhibitors added at inoculation

Control

T T
0 2 4 6 8 10

Concentration (g/L)

Fig. 2 Comparison of the total solvent concentration produced
(acetone plus butanol) for different inhibitor addition times. The
columns correspond to the mean values and standard deviations are
depicted as error bars for the five biological replicates

glucose. The time courses of changes in sugar and metab-
olite levels are shown in Fig. 3. Both phenolic inhibitors
present in the hydrolysate were degraded within the early
growth stage and efficient degradation was also observed
during the feeding period. The upper right chart in Fig. 3
shows ferulic and coumaric acid concentrations dur-
ing the experiment while the dotted line simulates an
increase in their concentrations when they were not
metabolized. Finally, the lower right chart in Fig. 3 shows
a gradual increase in medium salinity allowing cells to
adapt. This fed-batch design allowed successful fermen-
tation in medium that originally did not enable growth of
C. beijerinckii at all.

The second scheme tested (Delayed Fed Batch_Type II)
copied the first one while the start of feeding was initi-
ated a few hours later (in 15th hour), when the pH curve
clearly showed extensive acid reutilization (see Fig. 4—
lower left) and hence putative solventogenesis. The other
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parameters were kept similar to the first strategy. Results
are shown in Fig. 4. 76.7% of available glucose and 22.7%
of xylose were utilized, resulting in a final butanol con-
centration of 5.3 g/L (9.1 g/L ABE).

In the third scheme (Pulse addition_Type III), a later
start of feeding was chosen (at 20th hour) and toxic
hydrolysate was fed at approximately a 3 times higher
speed resembling a pulse feed rather than a fed-batch.
Data are shown in Fig. 5. The overall time of cultivation
was similar to previous experiments while results were
very promising with the highest butanol concentration
reached (7.9 g/L; ABE 12.8 g/L).

To verify the robustness and repeatability of the
suggested concepts, all experimental strategies were
repeated in three parallel bioreactors under similar con-
ditions. The resulting values, showing the mean and
standard deviations, are summarized in Table 6. Similar
to the inhibitor testing (Fig. 2), we observed a substan-
tial variability in results for multiple repetitions of the
selected feeding strategies, with stable and high perfor-
mance achieved only when the toxic hydrolysate feeding
was started close to the metabolic switch (Fed-batch_
Type I).

Even though non-detoxified crude wheat straw hydro-
lysate was used, results were comparable with those
reached using laboratory medium, pure glucose and
strain C. beijerinckii NRRL B-598 (see e.g. [36, 37] and/
or Supplementary material_Fig. S1 for glucose and xylose
mixture). Moreover, the butanol concentration was 46%
higher than in the batch experiment carried out with the
hydrolyzate prepared with 0.6% NaOH (Fig. 1). On the

Table 5 Concentration of glucose and metabolites at the moment of addition of inhibitors and at the end of the cultivation (96 h)

ing/L Control Inhibitors added at Inhibitors added 7 h after Inhibitors
inoculation inoculation added 23 h after
inoculation
Glucose Start 37106 37.1£05 354+0.7 292410
End 88+09 186£6.1 31.8+£06 106+0.8
Acetic acid Start 25+£03 23+0.1 25+0.1 1.8+0.1
End 12+03 1.7£0.1 25+0.1 1.1+£00
Butyric acid Start 0.0+00 0.0+0.0 0.7+0.1 04+0.1
End 1204 1204 21+0.1 0.7+0.1
Ethanol* Start 14401 1.0+£0.2 1.2+0.1 11401
End 13+£00 1.0£0.0 1.0+£00 1.1+£0.1
Acetone Start 0.0+0.0 0.0+0.0 0.0+0.0 09+0.1
End 1.7+0.1 14406 04+0.0 20+0.1
Butanol Start 0.0+£0.0 00+£00 0.0+£0.0 1.7£0.1
End 6.7+0.2 51416 1.0+0.2 6.2+0.1

“The increased ethanol concentration at the beginning of the experiment is due to the addition of inhibitors that were dissolved in ethanol, since DMSO commonly
used for these purposes interferes with the HPLC determination of butyric acid and acetone under the chosen separation conditions

Coumaric and ferulic acids (each at 0.2 g/L, dissolved in ethanol) were added to the fermentation medium at various stages of growth. The numbers in the table
correspond to the mean value and standard deviation of the five biological replicates carried out in TYA medium with 40 g/L initial concentration of glucose
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(if no degradation occurs). The lower part shows pH recorded on-line (left) and conductivity (right). Black vertical lines indicate the start and end
of feeding. Interim data are presented for one bioreactor. Summary data for three replicates with standard deviations indicated are shown in Table 6

other hand, the other two feeding regimes failed to pro-
vide stable repeatable results. Even though the yield coef-
ficients were little affected, final titers varied considerably
within three parallel bioreactors. One of our hypotheses
for decreased solvent production is that the addition of
a more basic hydrolysate (pH 6.0) after the metabolic
switch may have reduced the need to adjust the pH by
the acids reutilization, consequently, more acids could
have been produced at the expense of solvents.

In addition to metabolites, presence of inhibitors was
analysed for all experimental settings. It was observed
that in any experiment where clostridial growth was
recorded, the concentration of inhibitors dropped to
zero or near-zero values, independent of the resulting
solvent production. This verified the robust capability of
the strain to transform coumaric and ferulic acid initially
present or added to the medium.

Verification of fed batch concept for eliminating inhibitory
effect of coumaric and ferulic acid

Finally, to verify the hypothesis that appropriately cho-
sen feeding strategy can eliminate the negative effect

of lignocellulose-derived inhibitors in ABE fermenta-
tion, batch and fed-batch cultivations were carried out
in modified TYA medium with artificial addition of
ferulic and coumaric acid. The experiments mimicked
those with crude hydrolysate using the best strategy
(Fed-batch_Type I). The sugar composition was set to
resemble glucose and xylose content in hydrolysates, 25
and 15 g/L resp. Both ferulic and coumaric acids were
added together. In case of batch experiments inhibitors
were added prior to the inoculation in a concentration
of 0.2 g/L each. For fed-batch experiments, cultivation
was started as a batch without inhibitors, and ferulic and
coumaric acids were added to feed in concentrations cor-
responding to 0.2 g/L each calculated for the final vol-
ume of medium in bioreactor at the end of experiment
(Table 2). The course of the experiments is shown in
Fig. 6.

In the batch culture experiment, where ferulic and cou-
maric acid (0.2+0.2 g/L) were added prior to inoculation,
the final butanol concentration was only 1.5+0.4 g/L.
Glucose and xylose utilization was 31+6%, and 21 +2%,
resp. The implementation of a fed-batch approach yielded
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significant enhancements. Sequential feeding of medium
with the inhibitors (ferulic and coumaric acids corre-
sponding to 0.2+0.2 g/L in final bioreactor volume) ini-
tiated during metabolic switch resulted in 500% increase
in butanol concentration (over batch regime), reaching
7.5+£0.1 g/L of butanol. Glucose and xylose utilization
were 100% and 65.5+0.6% resp. These numbers reached
by fed-batch strategy are fully comparable to experiments
without inhibitors at all under similar conditions (TYA
medium containing mixture of glucose and xylose, batch
cultivation of strain C. beijerinckii NRRL-B598 (see Sup-
plementary Fig. 1)).

A comparison of the final butanol concentrations
achieved in selected studies before and after intervention
leading to a reduction in the negative effect of inhibitors
is shown in Table 7. These data clearly show that the use
of crude, non-detoxified hydrolysates leads to reduced
butanol production and that either the culture medium
or the production strain needs to be modified for effec-
tive use of lignocellulosic hydrolysates. In this study, we
have shown that both can be circumvented by optimized
dosing of an otherwise toxic medium.

Discussion

Our results indicate that the toxicity of lignocellulose-
derived inhibitors can be overcome by the appropriate
selection of cultivation conditions and design of a fer-
mentation strategy. Two major assumptions were used in
suggesting the proposed technological scheme: firstly—
the susceptibility of Clostridium cells to lignocellulose-
derived inhibitors would vary alongside their live cycle.
Secondly, sequential intermittent feeding can alleviate
inhibitor toxicity owing to the clostridia ability to trans-
form them into less toxic compounds.

Solventogenic clostridia belong to microorganisms with
high biodegradation potential of lignocellulose-derived
inhibitors [14] while the best described is the transfor-
mation of furfural and HMF into their respective alco-
hols using aldo/keto reductase (AKR) and short-chain
dehydrogenase/reductase (SDR) [15, 38, 50]. Similarly,
AKR integration into the C. beijerinckii NCIMB 8052
genome led to increased tolerance to phenolic substances
4-hydroxybezaldehyde, and syringaldehyde [33]. In our
study, the abundance of ferulic and coumaric acids was
determined in alkali-treated wheat straw hydrolysates.
Detoxification of coumaric acid by C. beijerinckii NCIMB
8052 was shown to takes place through its reduction into
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Table 6 Yield of butanol and total ABE production, glucose, xylose and acetic acid consumption in fed batch and pulse cultivations

Fed-batch_Type | Delayed Fed-batch_Type I Pulse
addition_
Type lll
Glucose consumption (%) 100.0+0.0 65.5+8.0 873+144
Xylose consumption (%) 88.3+45 216+44 37.1+20.1
Acetic acid consumption (%) 368+1.8 61.5+6.9 10.1+375
Butanol (g/L) 7.0+0.0 41+08 43+17
ABE (g/L) 122401 72114 70+32
Y ABE (g/9) 0.31+0.00 0.34+0.02 0.30+0.04
Y Butanol (g/9) 0.18+0.00 0.19+0.02 0.18+0.02

corresponding 3- phenylpropionic acids [16] and a simi-
lar reduction to the corresponding propionic acid may be
responsible for the biotransformation of ferulic acid as
was shown for selected members of Clostridiales [51]. All
of these reactions are assumed to use intracellular pool
of reduced NADH or NADPH cofactors, which in turn
leads to their deficiency for the production of solvents.
Rapid depletion of both ferulic and coumaric acid
occurred shortly after metabolic activity was manifested
and a growing culture was able to transform levels gradu-
ally dosed into the bioreactor. Published data suggest an

average inhibitory concentration of ferulic and coumaric
acids, varying between strains, of approximately 0.5 g/L
in the case of a single substance presence in the medium
[41, 49, 52, 53]. C. beijerinckii strain NCIMB 8052, which
is closely related to strain NRRL B-598, showed a very
strong inhibition of solvent production by the addition
of 0.5 g/L of these compounds, with a resulting butanol
concentration of less than 1 g/L [49, 54]. At a coumaric
acid concentration of 0.5 g/L, C. beijerinckii NCIMB
8052 production was inhibited by 98.8% [45], C. ace-
tobutylicum 824 by 90% [40], and C. beijerinckii BA101
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by 30% [41]. Exposure of C. beijerinckii BA101 to 0.3 g/L
ferulic acid in a batch fermentation resulted in little
or no ABE production [41]. Addition of 0.5 g/L ferulic
acid to culture of C. beijerinckii NCIMB 8052 resulted
in butanol production decrease by 52.1% [45]. These
results are in compliance with our findings but does not
provide an explanation of total growth inhibition by the
wheat straw hydrolysate used. Inhibitors originating from
the processing of lignocellulose are variable; it is never
just one specific substance but interactions between
several, accompanied by additional factors. Elevated

salinity levels could potentially hinder growth in our
experiments, as solventogenic clostridia tend to be quite
susceptible to its effects [55—57]. Together, combinations
of inhibitors present in the fermentation mixture might
have different effects than a model solution [42]. Gradual
dosing of the toxic substrate allows the bacteria to acti-
vate expression of required genes and smoothly adapt to
the changing environment. If it simultaneously removes
certain inhibitors, as was the case for ferulic and cou-
maric acids, it reduces the overall burden represented by



Page 13 of 17

(2024) 17:87

Branska et al. Biotechnology for Biofuels and Bioproducts

uonNpoid 013z JsuteBe UolIeIND|ED JUBASISI JOU -YN ‘D]ge|IeA. Jou elep -yN ‘spunodwod dljousyd 3|gn|os |30} Dd L

SpoW Yd1eg-paj Ul Siol

8€°0 P9} pIde dLBWINOD
€0 :pa3} poe d|nia4
0

:UD1eq pIoe dlIeWNOD)

051:pa3y
9SOJAX G'ET ;o) 950D
N9 'L L 1y21eq 350IAX

pioe duuewnod pue

ApnissiyL 8659 TN /youlaliag 9005 §'/ -qyut o Buisop jenpeis Sl C'0:y23eq pide dinisd 9'CC-Y21eq 9500N|9  JlNIS) YHUM WINIPIW VA L
Lco
P99} PIDE DLPWNOD) £7°0 1’91 -po9y
9poW Yd1eq :pa3) pIde DIINIR 610 3SOJAX 7'8T :p93) 950D sisKjoJpAY
-pay} Ul 1eSA|0JPAY JO :yoleq PIDE DURWNOD)  -N[D '€l 1YD1eq 3SOAX  SWAzZUS quswiealaid
ApMIS SIUL 8659 THYN /youLafiag D N 0/ Buisop [enpeisy 0 910:ydieq pie dijnied ¥'17:yd3eq 8502n|9 HOBN ‘Mesis 13y
SISAj0IpAY
7508 uonedy QG| :9SOJAX  dWAzUS Juswiealaid
[S¥] GWIDN /ousaliag dN 08 -IXOI9p [eDIWSYD011I93 0 £02dL 6'¢C 9S00N|H YOSH ‘Mens 21y
1uawiealiald sisAjoIpAy
1]e3]|e Ja3e SpI1|Os Jo bul |7°T1L S0k dwAzus uawieanald
[1€] Y78 Wn2iANqoiadn VN S0/ -ysem pue uoneledas VN VN G/'6€ 250oN|9 HOBN ‘Me.ls 1BayA\
EpIIET o] pIoe DLNYNS
SI0)QIYUI PaseaIdul J0) 99°0 [enyIn €€ :950UIqeIy  AIN|IP YUM pa1eail aiqy
vl IppuLRfiaq > /2508 UoI123|3s pue 8€°0 4WH 9t :9S0JAX u102 Jo a1esjoipAy
[6v] AWIDN /ypuLaliag D %SCy 89 uopeinu ujels 9l £LCDdL [ 9500N|9 payixolop-uoN
6’| ;950U
G1°0 :PI2E dLBPWNOD /€0 U 78| :950108|eD)
‘PIoe d1NIs4 910 Ull|lueA 8¢'¢dsoulqely |LT'e sishjoIpAy
71082010 apy|ns €1°0 9pAYap|eBUIAS  :9501q0||9D £S5'07 :9SOIAX  dUWAZUS WuswIealiaid
[8¥] wnliA1nqo1adn %8Y €9/ wnipos Jo uonippy LIS 961 [BINgIN ¢S'CHINH SO'L¢®s0aNH OSTH ‘mes 1eay
uisal sisKjoIpAY
108 abueydxs uoled poe 96'| :[einyn4 191 :9S0[AX  dwAzuUs 1uswieaniald
[yl DDID wndiAingoian %8S ¢y Buons:uopesyixoieq 8l'L 75T HAH 650 :2502N[9 YOSEH ‘Meiss 1eaym
(/6) siouqyul (1/6)
uonuIAIUI J0 1099 aAnebau uonuIAIUI
sJ9y ulens 9 juswanosduwi J9)je jouelng  SWODIINO0 0) POYId| Joud joueing :(7/6) sa0uqiyu| :(71/6) 3uaju0d JBBNG e\

S103/Q1Yu] JO 12242 dAIIROAU dY3 YUM [eap 01 saydeoldde Jualayip Buisn pue sa1pnis Je[IWls Ylim pauieiqo sUofieliusduod jouring Jo uosiiedwod £ ajqer



Branska et al. Biotechnology for Biofuels and Bioproducts (2024) 17:87

a “deadly” mixture of crude non-detoxified hydrolysate or
artificially added inhibitors.

Recent studies unequivocally demonstrate that adopt-
ing a "piecemeal" approach generally enhances fer-
mentation performance, whether through intermittent
but delayed additions or continuous feeding methods.
Chacoén et al. [22] used a fed-batch strategy for utilizing
a non-fermentable substrate by gradually dosing hydro-
lysate into the medium based on sugarcane molasses.
Molasses was used in the first stage of ABE fermentation
while hemicellulose hydrolysate was fed into the fermen-
tation mixture after 24 h. The best results were obtained
for a molasses:hydrolysate ratio of 3:1, but the conversion
decreased with an increasing ratio of hydrolysate. Ade-
sanya et al. [58] demonstrated improved fermentability
of non-detoxified hydrolysate by splitting it into two por-
tions (30:70), where 70% were intermittently fed into a
culture already propagated in a smaller volume (30%) of
switch grass hydrolysate.

Moreover, the crucial effect of the timing of inhibitor
addition on the subsequent culture response has been
reported for a furfural challenged culture by Zhang et al.
[38]. While its supplementation during acidogenic phase
slightly improved ABE production, the similar dose dur-
ing solventogenesis had a detrimental effect and clear
differences were also evident from the transcriptomic
profile of differentially expressed genes. The advantage
of a fed-batch strategy to decrease the inhibitory effect
of substrate might theoretically turn into a disadvantage,
especially in the case of ABE fermentation, owing to the
accumulation of toxic fermentation products in later
stages. This is based on the combined effect of increasing
concentrations of inhibitory and toxic products [38], thus
Qureshi et al. [23] integrated sequential feeding of toxic
hydrolysate into a non-toxic medium with in situ butanol
recovery.

Proper timing of fed batch might also benefit from
increased capability of cells to efflux inhibitors, so that
cells earn more time for their transformation while inhib-
itors are kept out of the cell interior. Increased efflux
pump activity is associated with improved capability to
cope with xenobiotics in general. Insertion and overex-
pression of certain components of efflux pumps from
less susceptible strains might considerably enhance tol-
erance to different inhibitors [59]. Moreover, genes for
efflux pumps are commonly upregulated in response to
lignocellulose-derived inhibitors and among them those
of the ABC type [38, 60]. The highest efflux pump activity
during ABE fermentation was detected just prior to the
metabolic switch, with a predominant representation of
ABC-type pumps [61], which is in agreement with our
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observation that late acidogenic stages belong to the least
susceptible stages to inhibitor impacts.

Unfortunately, the fed-batch itself does not prevent
“acid-crash’, a phenomenon in which acid production
is prioritized over solvent production [62] and leads to
very low final ABE concentrations and premature ter-
mination of fermentation. Definitely, the presence of
inhibitory substances of different natures promotes a dis-
ability to produce solvents at high yields [33, 41, 63—65]
and induces an “acid-crash-like” effect. In our study,
this could be clearly seen on the example of the artificial
addition of a mixture of ferulic and coumaric acid at the
beginning of cultivation (Fig. 6). Su et al. [66] success-
fully integrated intermittent feeding together with pre-
vention of acid crash by temporary pH adjustment. This
might provide another explanation of our results reached
for fed-batch regime, where the best and stable outputs
were reached when toxic hydrolysate feeding was started
in late acidogenesis. The medium fed into the bioreac-
tor had been adjusted to pH 6.0, so that it slightly equili-
brated the pH in the bioreactor in the critical interval of
metabolic switch.

Regarding the efficient utilization of carbon sources
present in hydrolysates, the experimental design mat-
ters too [67, 68]. The most abundant monosaccharides
in wheat straw hydrolysate were glucose and xylose in
an approximate ratio of 25:15 (g/L) in this study. Glucose
and xylose were utilized to various extents depending
on cultivation scheme while xylose was utilized directly
from the beginning of the experiment, even though at a
lower rate than glucose. It was clearly demonstrated that
by selection of appropriate cultivation design, 100% of
glucose and up to 88% amount of xylose might be con-
sumed after 54 h of fermentation of undetoxified hydro-
lysate using a wild-type strain. The xylose consumption
was even higher than the median value calculated for lig-
nocellulose hydrolysates in a comparative study compiled
by Birgen et al. [69] from multiple studies. The xylose
utilization median was 80.8% including the detoxified
hydrolysates and the same applies for ABE production
with the median of 9.33 g/L [69]. Nevertheless, a com-
parison of different strains, hydrolysate types and their
sources must be performed very cautiously since each
strain has different production characteristics and maxi-
mum concentrations that it can reach.

Conclusion

In this study, we have demonstrated that by proper bio-
process design, it was possible to reach fully compara-
ble outputs for toxic substrates as for culture medium
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without inhibitors. We have used the strain we have the
most experience with, C. beijerinckii NRRL B-598, inte-
grated various contributions aimed at eliminating the
inhibitory effect, and suggested robust and repeatable
production of ABE using otherwise toxic substrate. The
crude hydrolysate preparation omitted many common,
economically and ecologically burdensome interventions,
such as the first biomass separation after pre-hydrolysis,
washing the solid fraction, sterilization and detoxifica-
tion. We are convinced that the proposed concept is
applicable to a wide range of hydrolysates and produc-
tion strains. Thus, among others, this study proposes an
option for a feasible process of lignocellulose transforma-
tion to ABE that complies with the concept of a circular
economy.
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