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Abstract: Promising green technologies that can overcome the challenges associated with the use
of fossil fuels require microorganisms that can effectively ferment lignocellulosic hydrolysate for
biochemical production with reduced sensitivity to toxic chemicals derived from the pretreatment
process. In this study, a sequential adaptation approach was developed to obtain new bacterial
lines from Basfia (B.) succiniciproducens strains, which are adapted to inhibitory compounds of the
Arundo (A.) donax hydrolysate or those that accumulate during the fermentation process. The early
adaptation stages resulted in newly adapted B. succiniciproducens bacterial lines that can tolerate
fermentation end-products such as acetic, lactic, and succinic acids, as well as toxic compounds such
as furfural and hydroxymethylfurfural. These adapted bacterial lines were further investigated to
assess their ability to produce succinic acid in an MHM medium supplemented with a filtrate of
A. donax hydrolysate. Batch growth tests on a small laboratory scale showed that bacterial lines 2E
and 4D produced 5.80 + 0.56 g L.~! and 5.81 4 0.39 g L~ of succinic acid, respectively, after 24 h of
fermentation. Based also on its growth rate, the adapted bacterial line B. succiniciproducens 4D was
selected for tests in a lab-scale fermenter, where it was able to synthesize up to 17.24 + 0.39 g L~}
of succinate (corresponding to YSA/gluc 0.96 + 0.02 g g~ ! and to YSA/(G + X) 0.48 + 0.01 g g~ 1)
from MHM medium added with A. donax hydrolysate. Experiments showed an increase of ~17%
compared to the control strain. The overall results demonstrate the potential of adapted bacterial lines
for succinate production from A. donax hydrolysate and the development of improved technologies
for bio-based succinic acid production.

Keywords: Basfia succiniciproducens; adaptation; succinic acid; by-products; inhibitors; lignocellulosic
biomass; Arundo donax; hydrolysate

1. Introduction

Succinic acid (SA) is a four-carbon dicarboxylic acid produced by many microorgan-
isms as an intermediate of the tricarboxylic acid cycle [1,2]. It is a crucial precursor for
various industrial applications, including biodegradable plastics, green solvents, plant
growth promotion ingredients [3], as well as food and pharmaceutical [4,5]. Traditionally,
SA is mainly produced from petrochemical-derived maleic anhydride. The production pro-
cess can be replaced by applying microbial fermentations that employ cheaper renewable
resources while also increasing the environmental benefit by utilizing CO, fixation as a
substrate [5,6]. Nevertheless, the biotechnological pathway for producing succinic acid
faces challenges, particularly concerning the expensive nature of the required raw materi-
als [7]. Furthermore, succinic acid was recognized by the US Department of Energy as an
important building block that can be produced from biomass in biorefineries. As a result,
several companies have tried to produce it on an industrial scale, with varying degrees
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of success [8]. Bio-based succinic acid production is currently estimated at 36,600 tonnes
using various bacterial strains [9,10].

Several succinic acid-producing microorganisms were isolated from the rumen and
other environments. Among these are fungi such as Aspergillus spp. and Byssochlamys nivea,
yeasts such as Saccharomyces cerevisiae, and bacteria such as Actinobacillus (A.) succinogenes,
Anaerobiospirillum succiniciproducens Bacteroides amylophilus, Bacteroides fragilis, Basfia (B.)
succiniciproducens, Fibrobacter succinogenes, Mannheimia succiniciproducens, Prevotella rumini-
cola, and Ruminococcus albus [11-13]. Metabolically engineered Escherichia coli has also been
used for succinic acid production [14].

B. succiniciproducens is a Gram-negative, facultatively anaerobic, capnophilic bacterium
that belongs to the family Pasteurellaceae [15], and it is one of the most efficient wild bacteria
known for producing succinic acid [16]. Several B. succiniciproducens strains were widely
investigated for SA production [16-18], as well as for lactic acid (LA), acetic acid (AA),
and formic acid (FA) productions using different carbon sources such as glucose, xylose,
fructose, sucrose, arabinose, galactose, mannose, and glycerol [18]. LA, SA, and AA are the
major organic acid end-products (or by-products) of the fermentation process carried out
by strains belonging to B. succiniciproducens species [15]. These strains may utilize several
carbon sources as crude renewable resources (such as organic fractions of municipal solid
wastes, non-food dedicated energy crops, and corn stover hydrolysate) supplemented with
various nutrients to produce organic acids [15,19-22].

The investigation and utilization of low-cost materials have been encouraged by the
increased focus on environmental protection and the circular economy; the use of alternative
carbon sources is considered the most promising biotechnological strategy to reduce costs
for producing microbial biomass or organic acids by fermentation [23-27]. This approach
emphasizes the principles of recycling, reusing, and manufacturing by making efficient
use of biological resources derived from diverse alternative sources [28]. Lignocellulosic
biomass, derived from dedicated energy crops such as Arundo (A.) donax, Populus nigra, and
Eucalyptus camaldulensis, is the most abundant and sustainable carbon source, which has the
greatest potential to replace fossil fuels thanks to its low-cost conversion [6]. These crops
can grow in poor, degraded, and polluted soils that are not suitable for food crops as well
as in soils subjected to accelerated erosion [29,30]. Furthermore, the abundance and low
cost of lignocellulosic biomass make it an attractive and sustainable alternative feedstock
for SA production, resulting in green technologies that are cheaper than petroleum-based
ones [24,31]. To meet the growing demand for bioplastics and reduce the dependence
on fossil fuels, the development of biopolymers and bio-based plastics from renewable
resources is essential [32]. Different types of lignocellulosic biomasses have been employed
in small-scale fermentation processes using natural succinic acid producers. However,
the extraction of fermentable sugars from these complex materials is often accompanied
by low sugar yields and the release of substances that impede microbial growth during
hydrolysis [33].

Furthermore, although hydrolysis of plant biomass produces sugar mixtures that are
rich in glucose and xylose, fermentation inhibitors are generated during the pretreatment
required to break down lignocellulosic biomass and expose cellulose and hemicellulose
to enzymatic attack [34,35]. Consequently, several toxic products, such as acids (formic,
acetic, and levulinic acids) and furan aldehydes (furfural and 5-hydroxymethylfurfural;
5-HMF), are formed during pretreatment, which can significantly affect subsequent micro-
bial growth and fermentation performance [22,34]. To advance SA production, research
and technologies must focus on bacterial strains that can tolerate inhibitory compounds
released during lignocellulosic biomass fermentation, as well as efficiently utilize both
hexose and pentose sugars [13,34,35].

Microbial fermentation for SA production is a cost-effective and efficient technology.
However, the use of wild-type strains poses several limitations to yield and productivity.
To enhance SA yield and productivity, numerous research groups are actively involved in
the metabolic engineering of Basfia strains. This technology has significant potential for
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improving microbial production performance [13,36]. To the best of our knowledge, only
Roquette, BASE, and PTT-MCC Biochem continue to operate their bio-succinic acid produc-
tion facilities, primarily using metabolically engineered strains [8]. Genetic engineering
is widely employed to develop new bacterial strains, known as genetically engineered
microorganisms (GEMs), with unique characteristics compared to the wild type, such as
the ability to produce more succinic acid or to tolerate the presence of inhibitors in the
growth medium [36].

Furthermore, it has been widely reported that the presence of inhibitors from ligno-
cellulosic biomass [15], secondary metabolites, auxotrophy, pH sensitivity, and product
inhibition have affected various engineered hosts [8].

In this context, a sequential adaptation protocol for SA-producing bacteria was de-
signed to promote tolerance to inhibitory substances without resorting to genetic engi-
neering. The two selected strains, B. succiniciproducens BPP7 and BPP8, were exposed to
increasing concentrations of toxic by-products and fermentation end-products such as
furfural (F), hydroxymethylfurfural (HMF), AA, LA, and SA to optimize production perfor-
mances during fermentation. The experiment involved exposing the B. succiniciproducens
strains to a single or a mixture of typical inhibitor(s) released during the pretreatment
and fermentation of lignocellulosic biomass. The most promising adapted and resistant
bacterial lines were tested on a small laboratory scale, followed by a lab-scale fermenter, to
evaluate their ability to produce succinic acid from A. donax hydrolysate.

2. Materials and Methods
2.1. Experimental Design

The two SA-producing strains, B. succiniciproducens BPP7 and BPP8, previously iso-
lated from the rumen ecosystem and tested for the ability to synthesize SA from renewable
lignocellulosic biomass [13], were selected for a sequential adaptation procedure. They were
grown with increasing concentrations of toxic by-products and fermentation end-products
such as F, HMF, AA, LA, and SA to enhance bacterial performance during fermentation. The
adaptation process was conducted in several stages. The two strains were adapted to grow
in tube using a synthetic liquid medium, firstly added with individual growth-limiting
compounds (F, HMF, AA, LA, and SA) at increasing concentrations. Line cells able to grow
at the highest limiting concentrations of SA and AA were selected for testing in synthetic
liquid medium with a mix of all inhibiting substances. Then, adapted bacterial lines able to
grow in presence of all inhibiting compounds were evaluated on a small laboratory scale
by adding the synthetic medium with A. donax hydrolysate. Finally, the best-adapted line
cell was selected to test in a lab-scale fermenter.

2.2. Sequential Adaptation of B. succiniciproducens Strains

B. succiniciproducens BPP7 and BPP8 were activated in 10 mL of Brain-Heart Infusion
(BHI, Oxoid, Milan, Italy) by incubation at 37 °C for 24 h in an incubator (Pbi Interna-
tional CO; Incubator, Milan, Italy) at 5% CO,. Adaptation process to toxic by-products
was performed in a working volume of 10 mL of MH medium (10 g L~! polypeptone,
5gL~! yeast extract, 3 g L™! KoHPOy,, 2 g L~ NaCl, 2 g L™! (NH4)SOq4, 0.2 g L~! CaCl,,
0.2 g L~! MgCl,, 0.001 g L~ Na,S, without MgCO3 and supplemented with 20 g L~!
of glucose, pH 6.5- MHM) [16], inoculated with approximately 3.55 x 107 & 2.14 CFU
mL~! of bacterial strains. MHM medium was modified with increasing amounts of single
inhibitory compounds released by lignocellulosic biomass pretreatment process as follows:
from1.8t03.0g L~ of F (>99% purity, Sigma-Aldrich, Milan, Italy), from 3.0to 3.6 g L1
of HMF (>97% purity, Carbosynth, Compton, Berkshire, UK), from 1.0to 5.0 g L~1of AA
(>99.7% purity, Sigma-Aldrich, Milan, Italy). The two strains were also adapted to grow in
presence of increasing concentrations of fermentation end-products as SA (>99% purity,
Sigma-Aldrich, Milan, Italy) from 40 to 60 g L=, and LA from 5.0 to 7.5 g L1 (>85% purity,
Sigma-Aldrich, Milan, Italy). Bacterial growth was determined by observing the devel-
opment of turbidity of cultures and comparing them with McFarland Turbidity Standard
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(0.5-1, about 5 x 107 cells mL’l). Adapted bacterial lines were stored at —20 °C in 2 mL
cryotubes containing BHI liquid medium with 10% glycerol until further analysis.

2.3. Growth Tolerance Tests to Different Inhibitory Mixtures

Resistant bacterial lines of B. succiniciproducens BPP7 and BPP8 to the single in-
hibitory compounds, able to tolerate high concentrations of AA and SA, were inocu-
lated in 10 mL MHM medium [12] using a microbial concentration of approximately
2.82 x 107 4 1.62 CFUmL™! at 37 °C for 24 h in incubator (Pbi International CO, In-
cubator) at 5% CO,. MHM medium was supplemented with different mixtures of the
growth-inhibiting compounds (F, HMFE, AA, SA, LA), as reported in Table 1. In detail, the
inhibiting substances were supplied considering two different concentrations: mid of the
maximum concentration and the maximum concentration achieved in the first selection
phase. Microbial growth was evaluated by comparing turbidity to McFarland Turbidity
Standard (0.5-1, about 5 x 107 cells mL~1). B. succiniciproducens BPP7 and BPP8 wild-type
strains were used as negative controls. Tolerant bacterial lines were stored at —20 °C in
cryotubes (BHI liquid medium with 10% glycerol) until further analysis.

Table 1. Growth of B. succiniciproducens BPP7 and BPP8 adapted bacterial lines in MHM medium
supplemented with mixtures of inhibitory compounds (SA, AA, LA, F, HMF).

Growth of Adapted Bacterial Line (bl)

MH + MIX BPP7 BPPS BPP7 ® BPPS ® BPP7 ¢ BPPS8 $
gLl blAt blB* blCt bID* blE*t blFt
(1) MH +30SA, 2 AA,3.75LA, 1F, - - - i . +
(2) MH + 30 SA, 2 AA, 3.75 LA, 1.8 HMF - - + i + +
(3) MH + 30 SA, 2 AA, 1F, 1.8 HMF - - - - -
(4) MH + 30 SA, 3.75 LA, 1 F, 1.8 HMF - - + + + +
(5) MH + 2 AA, 3.75LA, 1F, 1.8 HMF - - - , - .
(6) MH + 30 SA, 2 AA, 3.75LA - - " : n +

(7) MH + 30 SA,2 AA,3.75LA, 1 E 1.8 HMF - - - - - -
(B)MH +60SA,4 AA,75LA,2F, - - - - - -
(99 MH + 60 SA, 4 AA,7.5LA, 3.6 HMF - - - - - -
(10) MH + 60 SA, 4 AA, 2 F, 3.6 HMF - - - - - -
(11) MH + 60 SA, 7.5 LA, 2 F, 3.6 HMF - - - - - -
(122 MH + 4 AA,75LA, 2 F 3.6 HMF - - - - - -

(13) MH + 60 SA, 4 AA,75LA

(14) MH + 60SA,4 AA,75LA, 2 F 3.6 HMF - - - - - -

Key: Numbers from 1 to 14 indicate the different mixtures tested. * Letters from “A” to “F” indicate the new
bacterial lines adapted to growth in tested mixtures; - no growth, + growth observed after 24 h of incubation
at 37 °C in an atmosphere with 5% CO, and pH 6.5; ® B. succiniciproducens BPP7 and BPP8 strains grown up to
4gL71 of AA. ¢ B. succiniciproducens BPP7 and BPPS strains grown up to 60 g L~ of SA.

2.4. Growth in Inhibitory Mixture Containing Fermentation End-Products and Toxic Compounds

Selected bacterial lines adapted to different growth conditions and controls (B. suc-
ciniciproducens BPP7 and BPP8 wild type) were re-inoculated into the MHM + Mix 7
containing 30 g L1ofSA,3.75 g L 1ofLA,2 g L lof AA, 1 g L 1ofFand, 1.8 g L1of
HMF (Table 1). Microbial growth was investigated by comparing bacterial growth with
McFarland Turbidity Standard (0.5-1, about 5 x 107 cells mL~1). Obtained bacterial lines
were stored at —20 °C in 2 mL cryotubes as described above.

2.5. Study of Succinic Acid Production in Batch Fermentation

Seven adapted strains (1F, 2D, 2E, 2F, 4C, 4D, 4E) resulting from the previous selective
adaptation process were subjected to preliminary batch growth tests to assess their ability
to produce SA in the presence of increasing concentrations of SA, LA, and AA. In detail,
500 mL flasks were filled with MHM medium modified with the addition of A. donax
hydrolysate, obtained as previously described [16]. Briefly, hydrolysis was performed with
20% (w/v) of pretreated A. donax biomass in sodium acetate buffer (0.05 M, pH 5.0) and
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adding the commercial cellulase mixture Cellic® CTec2 Novozymes (Bagsvaerd, Denmark),
with a concentration of 70 FPU/g of pretreated biomass solids. The filter paper cellulase
units (FPUs) of the enzyme Cellic® CTec2 were determined according to the standard
procedure recommended by the International Union of Pure and Applied Chemistry
(IUPAC). Hydrolysis was performed at 37 °C with shaking (120x &) for 72 h. Clarified
hydrolysate, including only the liquid fraction, was obtained by filtering the supernatant
after centrifugation (11,180x g for 20 min). The clarified hydrolysate was supplemented
with MHM components medium in 500 mL flask (pH 6.5). After sterilization, liquid
medium was inoculated with 2% bacterial cells suspension (3.16 x 10° 4- 1.07 CFU mL™1)
and incubated at 37 °C for 72 h under static anaerobic conditions (Whitley DG250 Anaerobic
Workstation, Don Whitley Scientific, Shipley, UK). Wild-type strains B. succiniciproducens
BPP7 and BPP8 were used as controls. During fermentation, samples were withdrawn after
24, 48, and 72 h, and bacterial growth was determined by viable counting on BHI solid
medium. SA, LA, and AA production, as well as glucose and xylose consumption, were
determined by high-performance liquid chromatography (HPLC, refractive index detector
133; Gilson system; pump 307, column Metacarb 67 h-Varian with flow 0.4 mL/min of
H,S0, 0.01 N, Gilson, Villiers le Bel, France). All tests were performed in triplicate.

2.6. Optimization of Culture Conditions in Fermentation Processes

Selected bacterial line B. succiniciproducens 4D was used in a batch experimentina 10 L
fermenter (New Brunswick BioFlo® /CelliGen® 115, Eppendorf, Hamburg, Germany) with
a working volume of 3 L. Strain B. succiniciproducens BPP8 grown under optimal conditions
was used as control. MH-modified medium with A. donax hydrolysate was prepared
as described above. Liquid medium was inoculated with 2% bacterial cell suspension
(~4.68 x 10° 4 1.17 CFU mL~!). The pH was automatically maintained at 6.5 by adding a
solution of 4M NaOH, and the initial pH was corrected by the addition of around 10 mL of
a solution of 5% v/v HySO4. A solution of 3% v/v Antifoam 204 (Sigma-Aldrich, Milan,
Italy) was added at the beginning of the process and after 30 h of fermentation. The
experiment was performed at 37 °C for 48 h, under agitation (150 rpm) and CO, sparging
at 0.1 vvm. Samples were withdrawn after 24 and 48 h of fermentation to determine cell
growth by counting on BHI medium. SA, LA, and AA production and glucose and xylose
consumption were determined by HPLC as described above. The trial was conducted
in triplicate.

2.7. Calculation of Yields and Molar Ratios

SA production (g L™!) and yield per gram of products divided by glucose consumption
(8) (YSA/G, g g~ 1), or per gram of total sugars consumed (glucose + xylose, YSA/(G + X),
g g~ 1); at each sample point of fermentation, were determined. Molar production yields
were calculated for SA, LA, and AA (mol of products mol ! glucose).

2.8. Statistical Analysis and Data Visualization

Data from batch fermentation process were analyzed by linear mixed model Univariate
analysis followed by Duncan’s HSD post hoc for pairwise comparison of means (at p < 0.05)
using SPSS 19.0 statistical software package (SPSS Inc., Cary, NC, USA). Results were
visualized in RStudio (2023.03.0) by ggplot2 (3.4.1). Comparison of data from the lab
scale-up experiment in the fermenter was performed with the Student’s t-test.

3. Results and Discussion
3.1. Sequential Adaptation with Single Inhibiting Compound

This work aimed to generate new B. succiniciproducens bacterial lines capable of toler-
ating inhibitory compounds released during the pretreatment and fermentation processes
of lignocellulosic biomass. To achieve this, native B. succiniciproducens strains BPP7 and
BPP8 were tested at growth-limiting concentrations of inhibitor substances (F and HMF)
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released by pretreatment and fermentation end-products (AA, SA, and LA) deriving from
hydrolysate of A. donax.

Direct inoculation at 60 g L ™! of SA, 7.5 gL ' of LA, 4 g L™ of AA,2 g L~! of F, and
3.6 g L~ of HMF, showed that the strains were unable to tolerate these concentrations
(Figure 1). Sequential inoculation of native B. succiniciproducens BPP7 and BPP8 strains into
MHM medium containing increasing concentrations of inhibitory substances (F and HMF)
and fermentation products (AA, SA, and LA) resulted in 13 adapted B. succiniciproducens
bacterial lines capable of tolerating high concentration of toxic compounds. B. succinicipro-
ducens BPP7 and BPPS8 bacterial lines were able to grow up to 4 g L1 of AA, starting from
an initial concentration of 1 g L~!. The concentration of AA was increased by 1 g L~!
in each subsequent experimental step of adaptation. However, growth was completely
inhibited when the concentration of AA was further increased to 5 g L~! (Figure 1A).
B. succiniciproducens BPP7 and BPPS strains were unable to grow in the presence of 60 g L1
of succinic acid. However, through sequential adaptation with increasing concentrations of
succinate (ranging from 40 g L~! to 70 g L, with an increment of 10 g L ™! for each step),
bacterial lines able to tolerate 60 g L~! of SA were obtained. The final step of 70 g L~! of
SA resulted in a complete inhibition of growth (Figure 1B). Concerning lactic acid tolerance,
the adaptation strategy employed resulted in the growth of B. succiniciproducens BPP7 and
BPP8 bacterial lines capable of tolerating 7.5 g L~! of LA (Figure 1C). Sequential adaptation
was also carried out for inhibitory substances such as F and HMF. The applied procedure
resulted in bacterial lines from B. succiniciproducens BPP7 and BPP8 that could grow with
36¢g L~! of HMF and 2 g L1 of F (Figure 1D, E).

The release of inhibitors during biomass pretreatment can significantly affect the mi-
crobial ability to ferment sugars for succinic acid production in engineered hosts, too [15].
Hydrolysates can contain inhibiting substances such as AA, F, HMEF, and phenolic com-
pounds derived from lignin or xylo-oligosaccharides, that can have detrimental effects on
the fermentation process, strongly delaying the growth of B. succiniciproducens [17,33,37].
Previous studies demonstrated that inhibiting substances can increase the duration of the
lag phase, resulting in decreased SA production [17,33]. These fermentation end-products
have a wide range of applications ranging from traditional ones as food additives or
pharmaceutical intermediates to building blocks for biopolymers and bioplastics [38]. Nev-
ertheless, recent studies suggest the ability of some strains of B. succiniciproducens to detoxify
A. donax hydrolysate [15,17,33], a key feature considered in this paper, as it could potentially
enable the use of A. donax hydrolysate as a feedstock for succinic acid production.

3.2. Sequential Adaptation in a Mixture of Inhibitory Compounds

Two B. succiniciproducens BPP7 and BPP8 bacterial lines, capable of growing with the
highest concentrations of succinic and acetic acid (60 g L~! of SA and 4 g L~! of AA), were
inoculated into MHM medium supplemented with different mixtures of 30 g L1 of SA,
375gL 1of LA,2gL ' of AA, 1 gL ! of F and 1.8 g L~! of HMF (Table 1).

B. succiniciproducens BPP7 and BPP8 bacterial lines adapted to 4 g L1 of AA grew in
the mixtures 2, 4, and 6, resulting in the new bacterial lines 2C, 4C, and 6C, and 2D, 4D,
and 6D for B. succiniciproducens BPP7 and BPPS, respectively. Similarly, B. succiniciproducens
BPP7 and BPP8 bacterial lines adapted to 60 g L' of SA also showed growth in mixtures
2,4, and 6, resulting in three new bacterial lines for each one (2E, 4E, 6E, or 2F, 4F, 6F for
B. succiniciproducens BPP7 and BPP8, respectively). Only bacterial line B. succiniciproducens
BPP8 adapted to 60 g L~ of SA grew in mixture 1 (adapted bacterial line 1F). B. succinicipro-
ducens BPP7 and BPPS8 bacterial lines adapted to grow with 60 g L ™! of SA and 4 g L' of
AA were not able to grow in MHM medium supplemented with maximum concentrations
of inhibitory compounds (mixture 8-14 described in Table 1).

The 13 microbial lines obtained (2C, 4C, 6C, 2D, 4D, 6D, 2E, 4E, 6E, 1F, 2F, 4F, 6F)
were tested in MHM medium added with 1 g L™! of Fand 1.8 g L™! of HMF 30 g L !
of SA, 375 g L7! of LA, 2 g L™! of AA. This increasingly selective growth condition
allowed us to obtain seven new bacterial lines (4C, 2D, 4D, 2E, 4E, 1F, 2F) that tolerated



Fermentation 2023, 9, 573

7 of 15

all the inhibitors considered in this study (Table 2). Microbial strains highly tolerant to
inhibiting substances, whether isolated from natural environments and adapted in vitro
or specifically engineered for that purpose, represent a unique reservoir of information
and biotechnological applications. Improving tolerance to inhibiting substances is relevant
to enhance their utilization of biomass-derived sugars [39]. Adaptation procedures allow
bacteria to develop the necessary genetic regulatory networks, which not only enable
bacteria to survive under stress conditions but also maintain the ability to multiply [35].

Direct inoculation  Subsequential adaptation process

+24h “L24n +24h
- Z & & \
MH+AA MH+AA MH+AA MH+AA MH+AA MH+AA
(4g/) (1g/l) (g/L) (Bg/l) (4g/l) (5g/L)
.................. >
B p— = " Y >
o & o
+48h o +24h| "448h| " 44a8h +48h
MH+SA MH+SA MH+SA MH+SA MH+SA
(60g/L) (40g/L) (50g/L) (60g/L) (70g/L)
------------------ ’
— = — P—
o =
+48h e, +24 h :: +48 h +48 h
= B
‘=t = &Y ‘et
MH+LA MH+LA MH+LA MH+LA
(75g/L) (5g/L) (7.5g/L) (10g/L)
........... >
D - [ — — ‘rf:w —
seih = h2an| haan | Th2an| e24n
p = &
= 2
\ 4 1w ‘ffa (=% )
"(”ZHQ*/FL) MH+F  MHF  MHF  MH+F
(18g/L) (19g/L) (2g/L) (21g/L)
............... >
E = = P— — .__m —
"t =~ w2an|haan| hoan | a2an | le24n
= R = =
: 2 -
bt =\ ¢ &
iy MH+HME MH+HMF MH+HMF MH+HMF MH+HMF
99 (3g/l) (32g/L) (34g/L) (36g/L) (38g/L)

Figure 1. B. succiniciproducens BPP7 and BPP8 response to direct inoculation in MHM medium with
the highest concentration of inhibitory compounds and to sequential adaptation in MHM medium
supplemented with increasing concentration of by-products and end-products inhibitors as (A) AA
(up to 5.0 g L™1), (B) SA (up to 60 g L™1), (C) LA (up to 7.5 g L™1), (D) F (up to 3.0 g L™1), and
(E) HMF (up to 3.6 g L~1) at 37 °C in an atmosphere with 5% CO, and pH 6.5.
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Table 2. Growth of B. succiniciproducens BPP7 and BPP8 adapted bacterial lines in MHM medium
supplemented with a mixture of all inhibitory substances (30 g L-18A,2 g L1 AA,3.75 g L 1LA,
1gL"'F, 1.8 gL~ HMF).

Adapted Bacterial Lines from Growth in
B. succiniciproducens MH + Inhibitory MIX

BPP7 ® 2C
BPP7 ¥ 4C
BPP7 ¥ 6C
BPP8 ¥ 2D
BPP8 ¥ 4D
BPP8 ¥ 6D
BPP7 $ 2E
BPP7 $ 4E
BPP7 ¢ 6E
BPP8 ¢ 1F
BPPS8 § 2F
BPPS ¢ 4F
BPP8 ¢ 6F -

Strains
BPP7 -

BPP8 -

Key: - no growth, + growth observed after 24 h of incubation at 37 °C in an atmosphere with 5% CO, and pH 6.5.
¥ B. succiniciproducens BPP7 and BPPS strains grow up to 4 g L~! of AA. ¢ B. succiniciproducens BPP7 and BPP8
strains grow up to 60 g L~! of SA.

+ o4+ 0+

L

3.3. Performance of B. succiniciproducens BPP7 and BPP8 Adapted Bacterial Lines on A. donax
Hydrolysate in Batch Fermentation Trial

The new bacterial lines 4C, 2D, 4D, 2E, 4E, 1F, and 2F of B. succiniciproducens BPP7 and
BPPS tested in batch experiments on the MHM medium added with A. donax hydrolysate
were able to synthesize different levels of succinate (Figure 2A). After 24 h of incubation,
the concentration of SA recovered from B. succiniciproducens 2E and 4D bacterial lines
was significantly higher (p < 0.05) than BPP7 and BPP8 control strains, reaching values
of 5.80 +- 0.56 g L~ and 5.81 + 0.39 g L ™!, respectively (Figure 2A). Similarly, the molar
ratio of SA productions of bacterial lines 2E and 4D had higher values than control strains
BPP7 and BPPS8 after 24 h of fermentation (p < 0.05, Table 3). Extending the fermentation to
48 and 72 h resulted in a reduction of the differences in acid production among bacterial
lines and controls (Figure 2; Table 3). Moreover, bacterial lines 4D and 2E showed a
YSA/gluc, 0.50 + 0.07 g g~ and YSA/gluc + xyl, 0.42 + 0.06 g g1, and YSA/gluc,
0.50 = 0.05 g g ! and YSA/gluc + xyl, 0.42 + 0.06 g g, respectively (Table 3). Similar
yields (from 0.48 to 0.71 g g~ ') were achieved by an engineered strain of B. succiniciproducens
fermenting corn stover hydrolysate at different concentrations [17].

The well-known toxic effect of A. donax hydrolysate on microbial metabolism, due to
the presence of specific compounds (e.g., furfural, HMF, phydroxybenzoic aldehyde, and
vaniline), limits the efficiency of conversion of fermentable sugars in biochemicals and bio-
fuels [40]. These findings demonstrated the suitability of the sequential adaptation strategy,
highlighting that B. succiniciproducens adapted bacterial lines can promote the fermentation
of A. donax hydrolysate, exhibiting an increase in succinate production and yield.

At the beginning of the fermentation, the amount of AA present in the hydrolysate of
A. donax was 5.58 4+ 0.08 g L~! (Figure 2B). During the fermentation process, all adapted
bacterial lines and B. succiniciproducens BPP8 produced similar amounts of AA, ranging
from 6.19 & 0.03 g L~ to 6.54 + 0.03 g L~! (Figure 2B). The strain B. succiniciproducens BPP7
showed the significantly lowest AA values in all sampling times (Figure 2B). Consequently,
no significant differences were recovered in the Molar Ratio of AA among samples, except
for BPP7, which showed the lowest value (0.01 £ 0.00) in Table 3. Acetate is the second
most important fermentation end-product after succinic acid [15,16]. Acetic acid represents
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a hydrolysis by-product that is present in the hydrolysate due to the pretreatment of the
biomass in sodium acetate buffer [16], and its concentration increases during fermentation.
Concentration levels of acetic acid below the critical threshold of 12 g L~! in the medium
can improve succinic acid production without inhibiting the fermentation process [15,41].
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Figure 2. B. succiniciproducens adapted bacterial lines (from B. succiniciproducens BPP7: 2E, 4E, and
4C; from B. succiniciproducens BPP8: 1F, 2F, 2D, and 4D) and control type strains B. succiniciproducens
strains BPP7 and BPP8, grown in batch fermentation experiments with MHM modified medium
fortified with A. donax hydrolysate. Experiments were conducted at 37 °C with continuous sparging
of CO; at 0.5 vvm. (A) Productions of succinic acid (SA); (B) productions of acetic acid (AA);
(C) productions of lactic acid (LA); (D) viable count of adapted bacterial lines and controls
(CFU mL™1) after 24, 48, and 72 h of fermentation. Bars represent the means 4 SD of three replicates.
Different letters on bars indicate significant differences (p < 0.05).

Lactic acid is one of the major organic acid by-products of A. donax hydrolysate fer-
mentation by B. succiniciproducens strains [15]. Its production showed significant differences
between the adapted bacterial lines (Figure 2C). Cell line 4D had the highest production
(3.71 £ 0.20 g L~1) in 24 h, followed by 2E (3.54 + 0.15 g L), 4C (3.49 + 0.08 g L 1), and
the control BPP8 (3.36 4- 0.03 g L~ ') (Figure 2C). LA production ranged from 3.39 + 0.19 to
3.98 +0.09 g L ! and from 3.36 + 0.04 to 4.59 & 0.10 g L~ ! after 48 and 72 h of fermentation,
although there were no major differences (Figure 2C). Finally, after 72 h of fermentation,
the adapted bacterial line 1F resulted in the highest molar ratio value (0.21 £ 0.01, p < 0.05;
Table 3). Although this work mainly focused on SA, LA production was also considered due
to the relevance of this by-product. The market of LA is expanding due to its importance in
the food, pharmaceutical, textile, leather, and chemical industries. Its production through
microbial fermentation has gained more attention, especially thanks to the possible use of
lignocellulosic biomass as an attractive approach to minimizing the production costs of
lactic acid [42].
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Table 3. Molar ratios (mol molfl) of fermentation end-products SA, LA, and AA and succinic
acid (SA) yields (YSA/gluc, g g~ ') and for both glucose and xylose (YSA/gluc + xyl, g g~ 1) of
B. succiniciproducens adapted bacterial lines (4C, 2D, 4D, 2E, 4E, 1F, 2F) and control strains BPP7 and
BPPS8 after 24, 48, and 72 h of fermentation.

Adapted Time (h) MR * Succinic ~ Yield SA/gluc  Yield SA/(gluc MR * Acetic MR * Lactic
Bacterial Lines Acid gg 1 +xy) gg 1 Acid Acid
4C 24 0.24 + 0.00 2P 0.47 + 0.03 ab 0.37 + 0.02 abe 0.05 + 0.01 @b 0.16 + 0.01 2P
2D 24 0.23 =+ 0.00 be 0.45 + 0.02 ab 0.35 + 0.00 < 0.05 £ 0.00 @b 0.16 & 0.00 2P
4D 24 0.2540.012 0.50 £ 0.052 0.42 + 0.06 2P 0.05 +0.012 0.16 & 0.00 2P
2F 24 0.25+0.012 0.50 &+ 0.07 2 0.42 +0.062 0.06 +0.012 0.16 & 0.01 be
4E 24 0.22 +0.00 ¢ 0.40 4 0.02 be 0.32 4+ 0.01 ¢de 0.06 £0.012 0.15 £ 0.00 ¢
1F 24 020 +£0.014 0.37 +0.03 ¢ 0.29 & 0.01 de 0.05 & 0.00 @b 0.15 & 0.00 be
2F 24 0.20 +0.014 0.34 +0.02°¢ 0.28 +0.02¢ 0.06 +0.012 0.14 +0.01¢
Strains
BPP7 24 0.22 £0.01°¢ 0.45 4 0.05 2P 0.36 & 0.04 be 0.04 +£0.01b 0.17 £ 0.012
BPP8 24 0.22 +0.00 ¢ 0.45 4 0.03 @b 0.37 & 0.02 abe 0.04 & 0.01 2P 0.17 £ 0.002
Adapted
bacterial lines
4C 48 0.25 4 0.00 @b 0.49 + 0.02 ns 0.40 £ 0.03 ns 0.05 +0.022 0.17 & 0.01 abe
2D 48 0.24 + 0.00 2P 0.48 + 0.03 ns 0.38 & 0.03 ns 0.04 +0.002 0.17 +0.01 2P
4D 48 0.25 4+ 0.01 2P 0.51 £ 0.03 ns 0.40 £ 0.04 ns 0.04 £0.022 0.16 = 0.00 bc
2F 48 0.25 4+ 0.01 2P 0.52 £ 0.04 ns 0.42 £ 0.05 ns 0.05 +0.002 0.16 & 0.01 be
4F 48 0.26 +0.002 0.53 + 0.00 ns 0.42 4 0.00 ns 0.05+0.012 0.17 & 0.00 abe
1F 48 024 +0.01b 0.49 + 0.05 ns 0.37 &+ 0.03 ns 0.04 +0.002 0.19 +£0.002
2F 48 0.25 + 0.02 @ 0.50 £ 0.06 ns 0.39 £ 0.04 ns 0.05+0.012 0.16 & 0.02 bc
Strains
BPP7 48 0.25 + 0.01 2 0.50 + 0.01 ns 0.37 &+ 0.01 ns 0.01 +0.00b 0.16 & 0.00 bc
BPP8 48 0.24 4+ 0.00 @b 0.48 + 0.01 ns 0.38 £+ 0.01 ns 0.05+0.012 0.16 £0.01°¢
Adapted
bacterial lines
4C 72 0.25 +0.01b 0.54 + 0.05 b 0.42 + 0.03 2 0.06 + 0.01 2 0.17 + 0.07 bed
2D 72 0.25 4 0.01 be 0.53 & 0.06 2P 0.41 + 0.06 2P 0.05 £ 0.00 @b 0.18 & 0.01 be
4D 72 0.27 +0.002 0.57 +0.022 0.43 +0.032 0.06 £0.002 0.14 +£0.02¢
2F 72 0.25 + 0.02 @ 0.53 £0.042 0.42 £+ 0.052 0.06 & 0.01 2P 0.16 & 0.00 de
4F 72 0.26 &+ 0.00 2P 0.55 4+ 0.012 0.43 +£0.012 0.06 & 0.01 @b 0.18 + 0.00 bed
1F 72 0.24 =+ 0.00 bc 0.54 + 0.04 2P 0.40 £ 0.03 @b 0.05 =+ 0.00 @b 0.21+0.012
2F 72 0.24 + 0.01 be 0.51 + 0.06 2P 0.39 + 0.03 2P 0.05 & 0.01 2P 0.19 +0.02b
Strains
BPP7 72 0.25 +0.00b 0.56 + 0.01 2 0.41 £+ 0.01 2 0.04 £0.01b 0.16 =+ 0.00 cde
BPPS 72 0.23 £0.00°¢ 0.46 +0.01b 0.36 +0.01b 0.05 & 0.01 @b 0.16 & 0.01 ¢de

Key: ¥ MR indicates Molar Ratio. Strains growth in MHM medium fortified with filtrate of A. donax hydrolysate at
37 °C with continuous sparging of CO; at 0.5 vvm. Values represent the means + SD of three replicates. Different
letters after values indicate significant differences (p < 0.05); ns: not significative.

Glucose consumption was approximately 63% after 24 h of fermentation. All adapted
bacterial lines consumed similar amounts of glucose after 24, 48, and 72 h of fermentation,
starting from a concentration of 17.44 g L~! until reaching approximately 6.32 g L1,
Xylose consumption in the first 24 h of fermentation was around 20% (from 13.01 g L~ to
~10.39 g L), although a significant slowdown in its consumption was detected towards
the end of the process. At the end of the trial (72 h), the xylose residues ranged from a
minimum of ~9.25 4- 0.05 g L~! to a maximum of ~10.11 & 0.39 ¢ L~!. Co-consumption
of the main sugars, glucose, and xylose by B. succiniciproducens native strains BPP7 and
BPP8 was previously demonstrated in controlled 48 h batch processes with constant CO,
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sparging using A. donax hydrolysate [15,16,40]. Glucose and xylose were never depleted
from the medium after 72 h of fermentation).

The comparison of viabilities showed that the adapted bacterial lines 2E and 4D achieved
the highest viability after 24 h of fermentation (~6.31 x 10’ CFU mL™!, p < 0.05), whereas,
at the end of the process, the highest viability values (p < 0.05) was reached by the adapted
bacterial lines 4D and 4E (2.83 x 10” & 1.05 and 2.40 x 10° 4+ 1.05 CFU mL ™!, respectively).

Batch experiments showed that the adapted bacterial lines had improved characteris-
tics, particularly tolerance to A. donax inhibitory compounds and higher succinic yields.
The 4D bacterial line was selected for a laboratory scale-up, as it was among the best
producers of succinic acid (5.81 £ 0.13 g L~! of SA and YSA /gluc 0.50 4- 0.05 g g~ ! after
24 h) and high viability value (2.83 x 10° & 1.05 CFU mL™1).

This research work is particularly important in the study and optimization of SA
production. This is particularly important due to the increasing interest in utilizing lignocel-
lulosic biomass as a renewable and cost-effective source of fermentable sugars for biofuels,
biochemicals, and other valuable products [3,15,16,33,38]. Therefore, a better understand-
ing of the potential of B. succiniciproducens for lignocellulosic hydrolysate fermentation
could lead to the development of more efficient and sustainable bioprocesses [12,14-16].

3.4. Fermentation Trial

Based on these observations, B. succiniciproducens 4D was used in a 3 L fermenter
scale trial with MHM-modified medium supplemented with A. donax hydrolysate under
agitation speed set to 150 rpm and CO, sparging at 0.1 vvm. The experiment ran for 48 h
at 37 °C to determine production rates, sugar consumption, and growth. Curtailing the
experiment’s duration, compared to the batch trial, was necessary to reduce the production
cost and make it easier for potential commercialization.

The adapted strain B. succiniciproducens 4D produced a final concentration of
17.24 4 0.39 g L' of SA (final yields 0.96 + 0.02 SA/gluc (g g~') and 0.48 + 0.01 SA/
(gluc + xyl) g g~ (Table 4)). This result represents a 6.49 % increase compared to the control
BPP8 (14.80 + 0.12 g L) after 48h of incubation. Moreover, considering the glucan and
xylan content of A. donax biomass used as the raw material [43], it is possible to calculate
the overall yield of fermentation. The 4D strain exhibited a yield of approximately 31%,
whereas the native strain achieved a yield of 25% per kg of dry A. donax. The total amount
of succinic acid produced by B. succiniciproducens 4D from A. donax hydrolysate depends
on the type of feedstock, which is characterized by low initial sugar concentration and
is a limiting factor in obtaining higher succinic acid values [8]. The use of new biocata-
lysts, which are more effective in the hydrolyzed phase, as well as new bacterial strains
adapted to the toxic chemicals, can make the bioconversion processes of lignocellulosic-rich
biomass more competitive. During fermentation of A. donax hydrolysate by B. succinicipro-
ducens 4D, sugar consumption was delayed because residual glucose was still present
after 24 h (4.58 - 0.09 g), even though it was completely depleted after 48 h. Similarly,
after 24 h of fermentation, B. succiniciproducens 4D consumed less xylose than the native
strain (Table 4). Nonetheless, the biotechnological performance of the B. succiniciproducens
4D adapted bacterial line is comparable to that achieved in other studies using geneti-
cally modified B. succiniciproducens strains in synthetic media added with glucose as a
carbon source [17,23,36]. Moreover, no significant differences were recorded between
B. succiniciproducens 4D and BPP8 in LA and AA production (Table 4).

Microbial growth of B. succiniciproducens 4D increased by roughly three orders of magni-
tude (from 4.17 x 10° 4 1.41 to 1.86 x 100 4 1.35 CFU mL ™) after 24 h of fermentation. In
contrast, the control strain B. succiniciproducens BPP8 increased by only about two orders (from
5.25 x 10° & 1.58 t0 5.89 x 10° & 1.29 CFU mL~!). This finding suggests that the sequentially
adapted B. succiniciproducens 4D is more resistant to the inhibiting compounds contained
in the liquid medium added with filtrate of A. donax hydrolysate. B. succiniciproducens 4D
showed higher growth speed and less metabolic activity in the first 24 h, while at the end of
the trial, it had similar viability to the control (~1.91 x 10° CFU mL™1).
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Table 4. Rates of SA, LA, and AA productions, glucose and xylose consumption, SA yields for both
glucose (YSA/gluc, g g~ ') and xylose (YSA/gluc + xyl, g g~ 1) of B. succiniciproducens 4D, and control
strain BPP8 in 3 L batch fermenter after 24 and 48 h of fermentation.

Strain Time  Succinic Acid  Yield SA/gluc  Yield SA/(gluc + xyl) Glucose Xylose Lactic Acid Acetic Acid
ID (h) gL gg™ gg™ (gl-1 (gL (gL (gL
4D 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 16.85 +1.93 13.90 + 1.74 0.00 £ 0.00 4.65 +0.34

BPP8 0 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 16.73 £ 1.05 12.44 +£1.02 0.00 £ 0.00 4.87 £0.25

Signif. ns ns ns ns ns ns ns
4D 11.07 +1.40 0.83 £0.10 0.30 £ 0.028 4.58 +0.09 8.63 + 1.10 5.89 +1.07 7.55 £0.23

BPP8 24 12.62 £ 0.09 0.70 £ 0.01 0.33 4 0.00 0.00 £ 0.00 528 £0.15 4.62+0.29 7.79 £0.16

Signif. ns ns ns ok * ns ns
4D 17.24 £ 0.39 0.96 £+ 0.02 0.48 £ 0.01 0.00 £+ 0.00 2,62 +1.44 743 £141 8.69 £ 0.45

BPP8 48 14.80 £ 0.12 0.82 +0.01 0.43 +0.01 0.00 £ 0.00 1.05+0.16 4.85+0.29 8.55 +£0.23

Signif. ** i ** ns ns ns ns

Key: B. succiniciproducens 4D and BPP8 strains growth in MHM fortified with filtrate of A. donax hydrolysate at
37 °C for 48 h, speed set at 150 rpm and CO, sparging at 0.1 vvm and pH 6.5. Values represent the means & SD
of three replicates. Different asterisks under values indicate significant differences (0 *** 0.001 “** 0.01 “*” 0.05);
ns: not significative.

The performances of the bacterial line B. succiniciproducens 4D observed in this study
were advantageous compared to the native strain BPPS, as well as also to those described by
other studies. The adapted bacterial line 4D showed promising results in lab-scale fermenter
trials compared to the BPP7 strain mentioned in a prior study, which produced approx-
imately 9.4 4- 0.4 g L ! of succinic acid within 24 h in a working volume of 250 mL [16].
Becker et al. [36] reported the natural capacity of the wild-type strain B. succiniciproducens
DD1, which has the ability to synthesize SA with a metabolic yield of 0.49 g g1, starting
from 45 g L~! of glucose, which is significantly better than the starting concentration
employed in this study (~16.80 g L~1!). This promising result demonstrates how natural
adaptation can be a valuable biotechnology for enhancing the effectiveness and tolerance
of SA-producing strains to lignocellulosic biomasses. The adapted bacterial lines obtained
may be an interesting starting point for genetic engineering to develop strains with en-
hanced ability to withstand inhibitors found in lignocellulosic biomass. Moreover, the
obtained adapted bacterial strain 4D could be further evaluated in fed-batch trials, follow-
ing the methodology described by Cimini et al. [33]. In their study, B. succiniciproducens
BPP7 was tested on a pre-pilot scale of 70-80 L, resulting in the production of 37 g/L of
succinic acid by supplementing pure glucose during the fed-batch phase [33].

Recent research reported the ability to synthesize SA using xylose-rich hemicellulosic
fractions from olive pits and sugarcane bagasse of A. succinogenes (yield from 28 to 34 g L1
and 0.27 g g~ !) [28]. Oil palm biomass has been studied as a carbon source for SA produc-
tion by various strains of A. succinogenes [7]. However, the yields can vary depending on
the treatments applied to the biomass and the fermentation conditions [7]. These recent
studies highlighted the potential of additional low-cost sources for succinic acid production.
Considering the adaptability of strain 4D and its resistance to stress conditions, it could be
potentially applied for alternative sources.

4. Conclusions

In conclusion, the subsequential adaptation strategy employed in this study enabled
the development of new bacterial lines that can tolerate toxic compounds from lignocellu-
losic biomass while also synthesizing succinic acid. The new B. succiniciproducens 4D strain,
obtained through subsequential adaptation, shows promising biotechnological applications
by efficiently fermenting A. donax hydrolysate and producing succinate. Although further
development is required to achieve industrially appealing values, based on these findings,
the strain B. succiniciproducens 4D represents an important microbiological source capable of
utilizing sugars derived from lignocellulosic feedstock to develop ameliorative technologies
for bio-based succinic acid production.
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